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Abstract

Background: Smoking behavior during the first 24 hours of a quit attempt is a significant 

predictor of longer term abstinence, yet little is known about the neurobiology of early tobacco 

abstinence. Specifically, the effects of acute tobacco deprivation and reinstatement on brain 

function—particularly at the level of large-scale network dynamics and assessed across the entire 

brain—remain incompletely understood. To address this gap, this study uses a mixed within- 

and between-subjects design to assess the effects of smoking status (yes/no smoker) and state 

(deprived versus satiated) on whole-brain patterns of intrinsic connectivity.

Methods: Forty-two tobacco smokers participated in resting state fMRI following overnight 

abstinence (deprived state) and following smoking reinstatement (satiated state, randomized order 

across participants). Sixty healthy control non-smokers participated in a single resting state scan 

using the same acquisition parameters. Functional connectivity data were analyzed using both a 

canonical network-of-interest (NOI) approach and a whole-brain, data driven approach, intrinsic 

connectivity distribution (ICD).

Results: NOI-based analyses indicated decreased functional connectivity within frontoparietal 

and salience networks among smokers relative to nonsmokers, as well as effects of smoking 

state on default mode connectivity. In addition, ICD analyses identified novel between-group 

differences in subcortical-cerebellar and cortico-cerebellar networks that were largely smoking 

state dependent.
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Conclusions: These data demonstrate the importance of considering smoking state and the 

utility of using both theory- and data-driven analysis approaches. These data provide much 

needed insight into the functional neurobiology of early abstinence, which may be used in the 

development of novel treatments.

Introduction

Tobacco smoking is a primary cause of preventable death and is particularly prevalent 

among individuals with psychiatric disorders, including other substance use disorders, mood 

disorders, and schizophrenia(1–3). While evidence-based interventions exist, overall rates 

of smoking cessation following treatment remain suboptimal(4). Thus, further research to 

improve existing treatments is needed. Within this context, elucidation of the functional 

effects of different tobacco use behaviors (e.g., abstinence, reinstatement) and corresponding 

brain states (e.g., deprivation, satiation) may inform development of novel intervention 

strategies(5, 6). However, effects of tobacco smoking on brain function—particularly at the 

level of large-scale network dynamics—remain incompletely understood.

Nicotine acts primarily on nicotinic acetylcholine receptors (nAchRs), which are distributed 

widely throughout the cortex, subcortex, and cerebellum(7). Consistent with this, 

prior studies indicate connectivity differences between smokers and nonsmokers within 

distributed neural networks, typically involving decreased connectivity within ‘canonical’ 

networks (e.g., default mode, frontoparietal, salience) among smokers(8). In addition, 

studies using within-subjects designs to compare networks during nicotine deprivation 

(e.g., overnight abstinence) versus satiation (i.e., following smoking reinstatement) indicate 

that patterns of functional connectivity within and between canonical networks differ 

across smoking states(6, 8). In particular, decreased connectivity between salience and 

frontoparietal networks, coupled with increased connectivity between the salience and 

default mode network has been proposed to promote individuals’ focus on the internal 

craving state during acute abstinence(8). Although a number of studies provide partial 

support for this hypothesis(6, 9, 10), very few studies have concurrently examined 

connectivity of these key canonical networks during deprived versus satiated states(11, 

12). In addition, it is not clear whether connectivity changes represent a restoration to 

(i.e., return to premorbid levels)—or deviation from (i.e., alteration from premorbid levels)

—typical patterns of intrinsic connectivity(13). Here, we use a mixed within- and between-

subjects design to assess the effects of smoking state (deprived versus satiated) on intrinsic 

connectivity comparisons of smokers versus nonsmokers in a data driven manner.

Traditional functional connectivity approaches—including those previously used to study 

smoking effects(6, 9, 11, 14–16)—require a priori selection of seed regions or networks. 

Although these approaches can provide insights into regional patterns of connectivity, 

they also have some important limitations. In particular, regions-of-interest defined on the 

basis of brain atlases or cortical parcellations may actually contain multiple distinct time-

courses that are averaged together in traditional seed-based connectivity analyses, yielding 

potentially inaccurate connectivity estimates(17). Furthermore, limiting analyses to specific 

regions or networks also precludes the identification of effects in a data-driven, whole-brain 

manner. To overcome these limitations, we here apply a recently developed approach, 
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intrinsic connectivity distribution (ICD)(17), to characterize large-scale network dynamics 

among smokers across deprived and satiated states, and in comparison to a nonsmoking 

comparison group. Unlike other functional connectivity approaches, ICD requires no 

specification of seed regions, networks, or connectivity thresholds(17–19) and is therefore 

an entirely data-driven, whole-brain analysis approach ideally suited for assessment of 

systems-level effects. However, as clusters identified in whole-brain ICD analyses may 

reflect both global (distributed) and focal (localized) alterations in connectivity. However, 

as ICD and similar voxel-to-voxel connectivity approaches compress all connectivity 

information about a voxel into a single number (in this case, α) any spatial information 

about which connections primarily contribute to differences in connectivity for that voxel 

is lost, necessitating follow-up seed-to-voxel connectivity analyses(17, 20). Thus ICD and 

seed-based approaches may be considered complementary(17).

Based on prior work(6, 8, 12), we anticipated that ICD comparisons would identify 

distributed between-group differences in connectivity between canonical neural networks 

(e.g., default mode, executive control/frontoparietal, and salience networks), involving 

decreased connectivity in smokers relative to nonsmokers, and that these differences 

would be heightened during deprived versus satiated states. Given this hypothesis, and 

to facilitate comparisons with prior work, we also conducted a network-of-interest (i.e., 

non-whole-brain) analysis localized to connectivity within and between these canonical 

networks. Between-network connectivity was summarized using the resource allocation 

index, a composite measure defined as the difference in salience network connectivity to 

frontoparietal versus default mode networks previously implicated in tobacco smoking(12). 

Further, given the widespread distribution of nAchRs throughout the brain(7), we also 

hypothesized that ICD would identify effects of smoking state on connectivity within more 

distributed neural systems; e.g., corticostriatal and corticocerebellar circuits(21, 22).

Methods

Participants and recruitment

Smokers and non-smokers between the ages of 18 and 65 were recruited from the Houston 

metropolitan area via fliers, newspaper, and Internet advertisements, as in our prior work(23, 

24). Smokers were defined as individuals who reported smoking ≥10 cigarettes a day. 

All participants were pre-screened to rule out non-tobacco substance dependence or MRI 

contraindications. This included self-report of being healthy, not having a neurological 

disorder or non-nicotine substance-use disorder. No structured clinical interview or urine 

toxicology screening was conducted. Smokers currently seeking cessation treatment were 

also excluded. A total of 114 individuals (53 smokers, 61 nonsmokers) participated in 

neuroimaging protocols. Following exclusion for excess motion (>.30 mm mean frame-

to-frame displacement(25)), incomplete or missing data (e.g., only one scanning session 

completed for smokers), the final sample included 102 individuals (42 smokers (10 female), 

60 nonsmokers (34 female). Smokers and non-smokers were significantly different in age 

(smokers: 44.64±11.20, non-smokers: 29.27±10.16, t(df=100)=7.20, p<.001) and the smoking 

group had significantly fewer female participants (x2=8.97, p=.003). Smoking history and 

dependence were evaluated using the Fagerström Test for Nicotine Dependence (FTND)
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(26). Smokers had significant smoking histories, with a mean (±standard deviation) smoking 

duration of 27.90(±11.90) years, mean cigarettes/day of 16.93(±7.02) and mean FTND 

scores measured during deprivation of 5.45(±2.04) and of 5.10(±2.00) during satiation. 

Studies were conducted at Baylor College of Medicine and were IRB approved.

Study design and neuroimaging acquisition

Deprived and satiated scans occurred on separate days (approximately 7 days apart) and 

individuals were randomly assigned to either deprived first or satiated first order. Consistent 

with prior work, for the deprived session, smokers were asked to abstain from tobacco 

smoking and other nicotine-containing products since midnight the previous day of the 

scanning sessions, which occurred in the morning (27). For the satiated scan, smokers were 

allowed to smoke ad libitum to achieve satiation. Prior to scanning, participants completed 

self-report assessments of craving and withdrawal and provided CO measurements to 

confirm smoking state (deprived versus satiated). Withdrawal, craving and stimulation/

sedation symptoms were assessed using the Shiffman-Jarvik Withdrawal Questionnaire 

(SJWQ)(28), a widely used self-report measure. For the satiated session, smokers were 

asked to come to the lab smoking as usual, and were given the option to smoke before 

the scan if they feel like doing so. Non-smoking comparison participants were scanned 

once. Neuroimaging data was acquired during resting state using a 3T MAGNETOM Trio 

scanner (Siemens). Each MRI session began with a magnetization-prepared rapid gradient 

echo (MPRAGE) structural scan (160 axial slices, 1× 1×1mm voxels, TE=2.66 ms, TR=1.2s, 

flip angle=12°, 256×256 matrix). Subjects were then scanned while resting (eyes open or 

closed) for 5 min (3.4×3.4×4.0mm voxels, TE=40ms, TR=2.0s, flip angle=90°). An “X” 

was displayed in the screen, but no specific instruction was given except to “let your mind 

wander”.

Pre-processing

Whole-brain functional connectivity analyses were conducted using the BioImage 

suite(29–31). Functional data were motion and slice-time corrected using SPM8 (http://

www.fil.ion.ucl.ac.uk/spm/). Additional preprocessing was conducted using the BioImage 

Suite(32) and included linear and quadratic drift correction, smoothing to 6 mm full width 

half maximum and regression of a 24-parameter motion model (including six rigid-body 

motion parameters, six temporal derivatives, and these terms squared)(33) and of other 

covariates of no interest (linear and quadratic drifts, mean cerebral-spinal-fluid (CSF) 

signal, mean white-matter signal, and mean gray matter signal). Five smokers and 1 non-

smoker were excluded for excess motion (>.30 mm mean frame-to-frame displacement(25)). 

Functional data were temporally smoothed with a Gaussian filter (approximate cutoff 

frequency=0.12Hz).

Canonical, network-of-interest analyses

To facilitate comparison between this study and prior work using localized network-

of-interest based (i.e., non-whole brain) approaches, connectivity within- and between- 

canonical neural networks (default mode, frontoparietal, salience) was also assessed in 

a network-specific matter. For these analyses, the Shen 268-node brain atlas was used 

to define nodes and mean nodal time courses (i.e., average ‘raw’ time course of voxels 
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within the node) for computation of node-by-node pairwise Pearson’s correlations. Fisher’s 

z-transformation was applied to create symmetric 268×268 connectivity matrices, or 

‘connectomes’, comprised of edges representing the connection strength between each pair 

of nodes(30, 34), with only positive edges retained following removal of the global mean(17, 

35). Canonical networks were defined based on prior work using the Shen 268-atlas(36–

38). Consistent with prior work using alternative network definition approaches (e.g., 

independent component analysis)(6), the salience network included bilateral insulae and 

dorsal anterior cingulate; the frontoparietal network included bilateral frontal and parietal 

regions; and the default mode included the posterior cingulate and medial frontal regions 

(Figure 1). Connectivity values for edges corresponding to canonical between-network 

connections (e.g., z-transformed correlation coefficients corresponding to connectivity 

between nodes of the salience network to nodes of the frontoparietal network) were summed 

for each individual participant and used to compute the resource allocation index (RAI), a 

composite measure formally defined as:

RAI = mean   nodal   connectivity   between   salience   and   frontoparietal   networks −
mean   nodal   connectivity   between   salience   and   default   mode   networks

Independent (between-group comparisons) and paired (within-group comparison) t-tests 

were used to compare default mode, frontoparietal, salience and RAI strengths.

Whole-brain ICD analysis

For a complete description of the development and validation of ICD, see (17). During ICD, 

voxelwise correlations, in which the correlation between the time course of a given voxel 

and the time courses of every other voxel in the brain is computed, are conducted across 

the whole-brain. For each voxel, a histogram of the resultant correlations is then constructed 

to estimate the distribution of connections to a given voxel and this histogram is converted 

into a survival function fitted with a stretched exponential with unknown variance, α. By 

modeling the entire connectivity distribution for each voxel in this manner, ICD eliminates 

the need to specify an arbitrary connection threshold. As α corresponds to the spread of the 

distribution of connections, high α values indicate high connectivity(39). This is repeated 

for each gray matter voxel, resulting in a parametric map of α for each participant, where 

each voxel in the map represents that voxels’ correlation to the rest of the gray matter. To 

facilitate group comparisons, these maps are scaled across participants using a z-score-like 

normalization, as in prior work(40, 41), and transformed into MNI space using a single 

transform calculated as the concatenation of the linear transform of connectivity data to 

2D anatomical data, the linear transform of the 2D anatomical data to 3D anatomical 

data, and the nonlinear transform of the 3D anatomical data to MNI space. Concatenation 

of the independent linear and nonlinear transforms to create a single transform reduces 

interpolation error(17, 42). Individual participant aligned images are then concatenated for 

groupwise, whole-brain analyses.

Whole-brain, between-group comparisons of connectivity maps (deprived smokers vs. 

controls; satiated smokers vs. controls) were conducted using general-linear models with 

FSL’s randomise with 5,000 permutations. Statistical maps were family-wise-error corrected 
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for multiple comparisons using FSL’s threshold-free-cluster-enhancement (TFCE). As 

two-tailed group comparisons were conducted twice (once to compare smokers during 

deprivation relative to nonsmokers, once to compare smokers during satiation relative to 

nonsmokers), results were considered significant at pTFCE<.01, in order to correct for 

multiple comparisons.

Seed-to-voxel ICD analysis

Clusters identified in whole-brain analyses as having altered connectivity are used as 

seeds: Voxelwise correlations of mean timecourses for identified clusters (i.e., ‘seeds’) are 

calculated for all other grey matter voxels in the brain to create new connectivity maps and 

entered into groupwise analyses to identify specific connections contributing to connectivity 

alterations for each cluster. In the case of global alterations (i.e., when connectivity from a 

given region is altered to the entire brain), seed-to-voxel analyses may not identify a specific 

region as a primary contributor. However, in the case of focal alterations, seed-to-voxel 

analyses may identify specific clusters as primary contributors to connectivity alterations. 

Seed-to-voxel maps were concatenated and entered into groupwise analyses using randomise 

with 5000 permutations (pTFCE<.05). As seed-to-voxel these analyses by definition are 

simply used to determine the primary spatial contributors to clusters already identified 

as reaching whole-brain significance (pTFCE<.01), no additional statistical correction is 

needed (17).

ICD comparisons across smoking states

To test for within-subject effects of smoking state, intrinsic connectivity values (α) for 

regions identified in between-group whole-brain and seed-to-voxel analyses were computed 

for smokers during deprived and satiated states, respectively, and entered into SPSS 

for within-subject comparisons (paired t-tests). These values were also used to explore 

relationships between smoking variables (withdrawal, craving) and connectivity values 

(Pearson’s r) and to test for effects of scan order (derived first vs. satiated first) on 

connectivity values.

Results

Changes in smoking measures

Consistent with the study design, a significant reduction in measured CO (Micro+ 

Smokerlyzer Monitor, Bedfont Scientific, Kent, England) was observed for smokers during 

deprived (9.41±6.31 ppm) versus satiated (25.00±15.29 ppm; t(40)=−9.01, p<0.001) states. 

These values are consistent with those previously reported among smokers during deprived 

and satiated states, respectively(43, 44). Self-reported craving levels and withdrawal 

scores were significantly elevated during deprived versus satiated states (SJWQ craving: 

t(df=39)=3.81, p<0.001, SJWQ withdrawal: t(df=39)=2.50, p=0.017), but SJWQ stimulation/

sedation scores were unchanged across states (t(df=39)=0.18, p=0.858).

Canonical, network-of-interest analyses

Canonical networks and results of primary analyses for these networks are shown in Figure 

1. Independent t-tests indicated significantly lower salience network connectivity among 
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deprived smokers relative to nonsmokers (t(df=95)=2.12, p=0.037), however this effect was 

not significant when assessed using a general linear model including age (F=2.51, p=0.117) 

or motion (F=1.85, p=0.178) as a covariate. There were no significant between-group 

differences in frontoparietal, default mode or resource allocation index strengths between 

deprived smokers relative to nonsmokers.

Independent t-tests indicated significantly lower salience and frontoparietal network 

connectivity among satiated smokers relative to nonsmokers (salience: t(df=95)=2.52, 

p=0.013; frontoparietal: t(df=95)=1.99, p=0.049) but no significant between-group differences 

in default mode or resource allocation index strengths. These findings were unchanged 

in follow-up analyses controlling for age (salience: F=5.05, p=0.027; frontoparietal: 

F=4.30, p=0.041). However, following inclusion of motion as a covariate, differences in 

frontoparietal networks were no longer significant (F=2.73, p=0.107).

Paired t-tests within smokers indicated decreased default mode connectivity during deprived 

versus satiated states (t(df=38)=−2.25, p=0.03), but no differences in salience, frontoparietal 

or resource allocation index strengths. However, this effect was no longer significant 

when assessed using a general linear model including motion as a covariate (F=2.07, 

p=0.159). There were no significant associations between canonical network measures 

and craving or withdrawal indices during deprived or satiated states. There were no main 

or interaction effects of scan order on canonical network measures. Post-hoc analyses 

of individual RAI components indicated no significant between-group differences or 

differences between smoking states in salience-default mode, salience-frontoparietal or 

default mode-frontoparietal connectivity strengths.

Whole-brain ICD comparisons of smokers versus nonsmokers

ICD comparisons identified four clusters for which whole-brain connectivity was increased 

(i.e., clusters in which connectivity from each voxel to every other voxel of the brain 

was increased) in smokers during deprivation, relative to nonsmokers (pTFCE<.01, k>20, 

Table 1, Figure 2a-b). The first cluster encompassed regions of the left hippocampus, 

parahippocampal gyrus, amygdala, temporal pole, and bilateral regions of the anterior 

cerebellum and left posterior cerebellum (details in Table 1). The second and third clusters 

were located within the right and left cerebellum, respectively. The fourth cluster was 

located within the left caudate. These findings were unchanged in follow-up analyses 

controlling for motion and age. Additional follow-up analyses indicated no significant effect 

of scan order on connectivity within the identified clusters.

Follow-up seed-based analyses from the right cerebellum indicated (a) increased 

connectivity within a single cluster encompassing distributed areas of the left and right 

cerebellum extending into the left brainstem and bilateral occipital and temporal regions 

and (b) decreased connectivity to bilateral anterior cingulate, medial prefrontal cortex and 

right striatum (caudate, accumbens) medial prefrontal anterior cingulate and striatal regions 

among deprived smokers relative to controls (Table 1, Figure 3a). Seed-based analyses 

from the left cerebellar cluster indicated (a) increased connectivity within a single cluster 

encompassing distributed areas of the left and right cerebellum extending into the left 

brainstem and occipital and temporal regions and (b) decreased connectivity to bilateral 
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subgenual cingulate and striatal (caudate) regions (Figure 3c) among deprived smokers 

relative to controls. These findings were unchanged in follow-up analyses controlling for 

motion and age. Seed-based connectivity analyses from the left hippocampus or caudate 

clusters did not identify any specific regions as primary contributors to observed whole-brain 

alterations in connectivity for these clusters (pTFCE<.05).

ICD comparisons across smoking states

Although we applied ICD to compare patterns of connectivity between nonsmokers and 

smokers in both deprived and satiated states, there were no significant whole-brain 

differences in connectivity for smokers in the satiated state relative to nonsmokers 

(pTFCE<.01). However, paired t-tests within smokers indicated significant effects of 

smoking state on connectivity within regions identified in the whole-brain comparisons 

of smokers vs. nonsmokers (reported above; shown in Figure 2c-d) involving increased left 

hippocampal (t(df=40)=3.38, p=0.002) and bilateral cerebellar (left: t(df=40)=3.49, p=0.001; 

right: t(df=40)=4.73, p<0.001) connectivity during deprivation versus satiation, but no 

significant changes in left caudate connectivity (t(df=40)=1.84, p=0.074). These findings 

were unchanged in follow-up analyses controlling for between-scan differences in residual 

motion.

Paired t-tests within smokers also indicated significant effects of smoking state on 

connectivity within regions identified in the seed based analyses (reported above; 

shown in Figure 3b, 3d-g) including stronger within-cerebellar connectivity (right: 

t(df=41)=3.23, p=0.003; left: t(df=41)=4.36, p<0.001), weaker right cerebellar-medial PFC 

connectivity (t(df=41)=−2.60, p=0.01) and weaker left cerebellar-corticostriatal connectivity 

(t(df=41)=−3.33, p=0.002) during deprivation versus satiation, but no significant differences 

in right cerebellar-corticostriatal connectivity (t(df=40)=1.81, p=0.077). These findings were 

unchanged in follow-up analyses controlling for between-scan differences in residual 

motion.

ICD relationship to smoking measures

Self-reported craving was significantly associated with connectivity in the right hippocampal 

cluster during satiated (r(df=41)=0.31, p=0.049), but not deprived (r(df=41)=0.01, p=0.54) 

states. Withdrawal scores were significantly associated with connectivity within right 

hippocampal (r(df=41)=0.34, p=0.03) and left cerebellar (r(df=41)=0.34, p=0.03) clusters 

during satiated but not deprived (r(df=41)=0.13, p=0.43; r(df=41)=0.17, p=0.28) states.

Discussion

Neural changes associated with early nicotine abstinence have been associated with 

symptoms of withdrawal(45, 46) and nicotine craving(12, 15, 16, 47) and may have 

important implications for predicting longer-term abstinence, yet little is known about the 

functional neurobiology of early abstinence and reinstatement. This study used a mixed 

within- and between-subjects design to assess the effects of smoking status (yes/no smoker) 

and smoking state (deprived versus satiated) on systems-level patterns of connectivity, 

using both network-of-interest and whole-brain based approaches. Consistent with prior 
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studies, network-of-interest based analyses indicated decreased functional connectivity 

within frontoparietal and salience networks among smokers relative to nonsmokers, as well 

as effects of smoking state on default mode connectivity. In addition, whole-brain analyses 

identified novel between-group differences in subcortical-cerebellar and cortico-cerebellar 

networks that were largely smoking state dependent. Together, these data demonstrate the 

importance of considering smoking state in between-subject comparisons and the utility of 

using both theory- and data-driven analysis approaches for assessing large-scale network 

dynamics, and provide much needed insight into the functional neurobiology of early 

abstinence and return to smoking(6).

Prior functional connectivity studies of tobacco-use have primarily focused on interactions 

within and between salience, frontoparietal, and default mode networks(6, 8, 9, 11, 14–

16), consistent with theoretical models emphasizing these canonical networks as central to 

addictions and their treatment(25, 48, 49). Within this framework, the salience network 

is posited to moderate frontoparietal and default mode connectivity, and, during early 

abstinence, is theorized to enhance attentional resources to interoceptive states via increased 

connectivity with default mode versus frontoparietal networks(12, 48). However, contrary to 

this, we found no evidence for smoking state related alterations in this tripartite relationship, 

as summarized using the resource allocation index, a commonly used composite measure 

previously implicated in tobacco smoking(12). Further, default mode network connectivity 

was relatively increased during satiated versus deprived states, and connectivity within 

canonical networks was unrelated to subjective craving and withdrawal measures. These 

findings differ from prior work using cross-over designs to compare smokers during 

abstinent versus satiated states over longer periods of time (i.e., scans conducted days 

to weeks apart)(12), but are nonetheless consistent with prior work on acute effects of 

nicotine administration (i.e., same day scans conducted before and after acute nicotine)

(14). Taken together, these data raise the possibility of differential effects of acute versus 

chronic smoking satiation on large scale network dynamics. However, as the networks used 

here were not defined using independent component analysis (ICA), as in prior smoking 

studies focusing on canonical networks, further research directly comparing across different 

states (abstinence, reinstatement, smoking-as-usual) and analysis approaches is needed to 

clarify the role of default mode, salience and frontoparietal network dynamics in smoking 

behaviors.

Consistent with our second hypothesis, whole-brain, intrinsic connectivity comparisons 

identified between-group differences in connectivity within distributed neural systems 

that were smoking state dependent. Specifically, in comparison to nonsmokers, smokers 

during deprivation exhibited increased connectivity within the cerebellum, hippocampus 

and striatum. With the exception of the striatum, these alterations were attenuated 

following smoking reinstatement, indicating possibly normalizing effects of tobacco use 

on intrinsic patterns of connectivity among smokers. Consistent with this interpretation, 

residual craving and withdrawal symptoms following smoking reinstatement were positively 

associated with connectivity within hippocampal and cerebellar regions, such that smokers 

continuing to experience subjective craving/withdrawal symptoms had elevated connectivity 

within these regions. Notably, these data are consistent with diffusion data demonstrating 

direct connections between the limbic system and cerebellum(50). Collectively, these data 
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therefore indicate that smoking deprivation is characterized by greater subcortical and 

cerebellar connectivity and that connectivity within these regions encodes for individual 

differences in subjective craving and withdrawal during satiation.

While the cerebellum has not been a primary focus of prior studies assessing connectivity 

across smoking states, substantial literature indicates cerebellar involvement in tobacco use 

behaviors (and in addictions more generally)(51, 52). The cerebellum is characterized by 

a wide distribution of nAchRs, including those sensitive to nicotinic sensitization (e.g., 

α4β2 subunit-containing nAchRs)(7, 21, 53), and reductions in cerebellar gray matter have 

been frequently reported among smokers(21, 54–57). In addition, recent neuroanatomical 

work indicates dense reciprocal cerebellar connections to cortical and subcortical regions

—including direct connections between the striatum and cerebellum—providing the 

anatomical basis for cerebellar involvement in diverse behaviors beyond simple motor 

control and coordination(58, 59). Within this context, striatal-cerebellar connections are 

theorized to contribute to associative reward learning processes (including automatization of 

drug behaviors) and cortico-cerebellar connections are posited to contribute to craving via 

encoding of predicted internal and external states(59–61).

Consistent with the above theoretical framework, seed-to-voxel analyses indicated 

significantly increased within-cerebellum connectivity and decreased corticostriatal-

cerebellar connectivity among smokers (relative to non-smokers) during deprivation, which 

were partially ameliorated following smoking reinstatement. This included increased 

connectivity between the cerebellum and regions previously implicated in smoking 

behaviors, e.g., anterior cingulate, medial PFC, right caudate(62–64). As the anterior 

cingulate is a central component of the salience network, this finding partially aligns with 

our network-of-interest analysis indicating decreased salience network connectivity among 

smokers across smoking states, but suggests that this canonical network finding might 

also extend to include more distributed cerebellar systems. Taken together with findings of 

increased intra-cerebellar connectivity, these data further raise the possibility that decreased 

connectivity between corticostriatal and cerebellar systems may reflect a reallocation of 

cerebellar resources away from the cortex during abstinence that may be compensatory 

in nature. While speculative, this interpretation is consistent with the hypothesized role 

of cingulo-cerebellar networks in drug craving(60), with recent work implicating the 

cerebellum in relapse risk during a quit-attempt(51), and with our findings of smoking state 

dependent effects on connectivity within these regions. However, further research is needed 

to assess the potential efficacy of interventions directly targeting cerebellar connectivity 

(e.g., via neurofeedback or pharmacotherapy) during early abstinence to prevent smoking 

reinstatement(51, 65, 66). Similarly, additional work is needed to determine the extent to 

which cerebellar findings are simply reflective of large scale network activity (67).

This study has several strengths, including use of both a within- and between-subjects 

design to assess the effects of smoking state on intrinsic connectivity comparisons of 

smokers versus nonsmokers in a data driven manner. To our knowledge, this is largest 

within-subjects study of functional connectivity across smoking states to also include 

a control group, thereby enabling determination of whether connectivity changes in 

smokers represent a restoration to (i.e., return to premorbid levels)—or deviation from 
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(i.e., alteration from premorbid levels)—typical patterns of intrinsic connectivity(13). This 

study also has limitations, including significant age differences between smoking and 

non-smoking participant groups. However, all of our primary between-group findings 

remained significant in follow-up analyses controlling for age. In addition, as between-group 

differences in connectivity were largely smoking state dependent, it is unlikely that this 

variable was a primary contributor to observed differences in connectivity. Other significant 

limitations include a relatively short duration of resting state data acquired relative to 

recent recommendations(37), no maximum cut-off for CO levels on abstinent scan days, 

limited information on co-occurring other substance use for smoking and non-smoking 

participants, no data on potential acute effects of other substances and the small number 

of female participants in smoking group (n=10), which precluded us from assessing sex 

effects. Finally, some findings related to canonical networks (i.e., NOI-based approach) were 

no longer significant following inclusion of residual motion as a covariate, likely due to 

a reduction in statistical power (68). These data nonetheless for the first time demonstrate 

significant effects of smoking state on whole-brain intrinsic connectivity comparisons and 

identify novel targets for intervention strategies (e.g., neurofeedback) aimed at increasing 

abstinence early-on in a quit attempt. They indicate that future studies of nicotine effects 

should consider network dynamics at the whole-brain level, rather than focusing solely on 

frontoparietal, salience and default mode networks.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1 –. Canonical network and resource allocation index comparisons of non-smokers versus 
smokers during deprived and satiated states
Left: Lateral (top) and medial (bottom) maps showing node definitions for frontoparietal, 

default mode and salience networks. Nodes were defined using the Shen-268 parcellation 

and canonical networks were defined based on prior work(37, 38, 69). Right: 

Mean±standard error canonical network and resource allocation index (RAI) strengths are 

plotted for healthy controls (HC), deprived smokers (SM-) and satiated smokers (SM+).
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Figure 2 –. Whole-brain intrinsic connectivity comparisons of non-smokers versus smokers 
during deprived and satiated states
Statistical maps show findings from whole-brain intrinsic connectivity distribution (ICD) 

comparisons of healthy controls versus deprived smokers (pTFCE<.01). Corresponding 

cluster values for healthy controls (HC), deprived smokers (SM-) and satiated smokers 

(SM+) are plotted for (a) right and (b) left cerebellar clusters and for (c) right hippocampal 

and (d) left striatal clusters. Post-hoc analyses indicated significant decreases in connectivity 

with cerebellar and hippocampal regions following smoking reinstatement. Images are 

shown in radiological convention (left=right). *p<.05; n.s.=not significant (p>.05).
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Figure 3 –. Seed-based connectivity comparisons of non-smokers versus smokers during 
deprived and satiated states
Findings from seed-based connectivity analyses (pTFCE<.05) using clusters identified in 

whole-brain intrinsic connectivity distribution (ICD) comparisons of deprived smokers 

versus healthy controls are shown for the right and left cerebellar seeds (boxes at bottom) 

with dotted lines indicating resultant whole-brain maps. Cluster values for healthy controls, 

deprived and satiated smokers are plotted for cerebellar clusters (top, a, b), corticostriatal 

clusters (middle, c, d) and for the medial PFC (bottom, e). The y-axis indicates α. Images 

are shown in radiological convention (left=right). *p<.05; n.s.=not significant (p>.05).
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