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Abstract

Background: Obesity and cigarette smoking are two leading preventable causes of death. 

Previous research suggests that comorbid smoking and obesity likely share neurobehavioral 

underpinnings; however, the influence of body mass index (BMI) on resting-state functional 

connectivity (rsFC) in smokers remains unknown. In this study, we explore how BMI affects rsFC 

and associations between rsFC and smoking-related behavior.

Methods: Treatment-seeking cigarette smokers (N=87; 54% men) completed a BOLD resting­

state fMRI scan session. We grouped smokers into BMI groups (N=23 with obesity, N=33 with 

overweight, N=31 lean) and used independent components analysis (ICA) to identify the resting 

state networks commonly associated with cigarette smoking: salience network (SN), right and 

left executive control networks (ECN) and default mode network (DMN). Average rsFC values 

were extracted (p<0.001, k=100) to determine group differences in rsFC and relationship to 

self-reported smoking and dependence.

Results: Analyses revealed a significant relationship between BMI and connectivity in the SN 

and a significant quadratic effect of BMI on DMN connectivity. Heavier smoking was related to 

greater rsFC in the SN among lean and obese groups but reduced rsFC in the overweight group.

Conclusions: Findings build on research suggesting an influence of BMI on the neurobiology 

of smokers. In particular, dysfunction of SN-DMN-ECN circuitry in smokers with overweight may 

lead to a failure to modulate attention and behavior and subsequent difficulty quitting smoking. 

Future research is needed to elucidate the mechanism underlying the interaction of BMI and 

smoking and its impact on treatment.
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1. INTRODUCTION

Cigarette smoking and obesity are the two leading causes of premature morbidity and 

mortality worldwide (Goodchild et al., 2018; Janssen et al., 2020; Seidell & Halberstadt, 

2015). Individuals who smoke cigarettes and have obesity incur four times the risk of 

all-cause mortality than lean individuals who have never smoked (Freedman et al., 2006). 

For example, in the United States alone, between 30% – 40% of people with obesity 

smoke cigarettes (Hales et al., 2018) compared to less than 15% of the general population 

(Creamer, 2019). Obese smokers also have a higher daily smoking rate and smoke for a 

greater number of years (Dare et al., 2015). Furthermore, smokers with overweight and 

obesity comprise 70% of treatment-seeking smokers, and when they achieve cessation, 

they tend to gain the most weight after quitting and find the weight gain more intolerable 

(Bush et al., 2008; LaRowe et al., 2009; A. Levine et al., 2007; M. D. Levine et al., 

2013). As a result, smokers with overweight and obesity are more likely to relapse than 

lean smokers (Audrain-McGovern & Benowitz, 2011; Borrelli et al., 1999). Interventions 

targeting smoking and overweight independently have modest success at best (Aubin et al., 

2012; Spring et al., 2009), which may be because behavior change interventions ignore 

potential neurobiological mechanisms shared by smoking and excess food intake (Aubin et 

al., 2012; Bush et al., 2008; LaRowe et al., 2009; A. Levine et al., 2007; M. D. Levine et 

al., 2013; Spring et al., 2009). Upon quitting, smokers lose a primary reinforcer (Caggiula 

et al., 2009; Chaudhri et al., 2006; Perkins et al., 2006), and highly-palatable food increases 

in motivational salience (Audrain-McGovern et al., 2004; Berridge, 2009; Robinson & 

Berridge, 2008), leading to overeating and post-cessation weight gain (Perkins, 1992, 1993; 

Perkins et al., 1990). Conversely, caloric restriction is associated with increased smoking 

(Cheskin et al., 2005; Raffoul et al., 2018; Strauss & Mir, 2001), elevated craving, and brain 

response to cigarette cues (Jenks & Higgs, 2011). Identifying the influence of overweight 

and obesity on neural activity in smokers could help inform neurobiologically-informed 

interventions and improve treatment outcomes for this at-risk population.

Resting-state functional connectivity (rsFC) describes the associations between distinct brain 

regions based on the intrinsic fluctuation in ongoing activity in the brain at rest (Biswal et 

al., 1995; Fox et al., 2005; Zou, Wu, Stein, Zang, & Yang, 2009). The executive control 

network (ECN), default mode network (DMN), and salience network (SN), are three resting­

state networks linked to aberrant reward-related behaviors (for reviews, see Fedota & Stein, 

2015; Sutherland et al., 2012; and Donofry et al., 2019). The ECN, comprising regions of 

the dorsolateral prefrontal cortex and the lateral posterior parietal cortex, mediates cognitive 

control functions such as inhibitory control, planning, and decision making (Laird et al., 

2011a). The DMN consists of the posterior cingulate cortex, prefrontal cortex, angular 

gyri and parahippocampus and is involved in internally-focused (rather than task-focused) 

processes and mental imagery (Laird et al., 2011a). Functionally connected regions of the 

salience network (SN) include the anterior ventral insula and anterior cingulate cortex and 
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have been shown to guide neurocircuit activation (particularly that of the ECN and DMN 

(Fedota & Stein, 2015; Sutherland et al., 2012)) to modulate behavior (Peters et al., 2016). 

Neurobiological research has revealed that chronic cigarette smoking is associated with 

alterations in functional connectivity between brain regions (Claus & Weywadt, 2020; Janes 

et al., 2012; Vergara et al., 2017). In smokers, SN connectivity is positively correlated with 

response to smoking cues (Janes et al., 2015) and may potentially reflect a stable trait of 

elevated cue reactivity. Connectivity within the SN and broader brain networks is associated 

with the severity of nicotine dependence (Claus et al., 2013) and craving (Lerman et al., 

2014; Moran-Santa Maria et al., 2015; Sutherland et al., 2012). Further, resting-state FC 

has been shown to predict treatment outcomes in smokers (Wilcox et al., 2017). Thus, 

identifying factors, such as body mass index, that influence brain network function in 

smokers may point to brain-based treatment targets to improve smoking cessation.

Research on rsFC in obesity in nonsmokers has focused on neurocircuitry related to reward 

and cognitive control, yet findings are inconsistent, possibly due to methodological and 

sampling differences. Few studies have identified differences in rsFC within the ECN, but 

connectivity among frontal regions positively correlates with BMI in healthy adults (Filbey 

& Yezhuvath, 2017). Within the SN, research suggests that rsFC strength increases as BMI 

increases (Figley et al., 2016; García-García et al., 2013; Hogenkamp et al., 2016; Kullmann 

et al., 2013). Within the DMN, higher weight is associated with reduced rsFC (Doucet et 

al., 2018). This pattern of rsFC dysfunction in the ECN, SN, and DMN may manifest in a 

disrupted ability to integrate information from both external and internal sources, resulting 

in dysfunction in inhibition and metacognition. Obesity in smokers may result in a unique 

pattern of rsFC compared to those at lower BMIs, but there is no research on the effect of 

elevated BMI on rsFC in this population.

In a prior study, we found that BMI was negatively associated with activation of the right 

dorsolateral prefrontal cortex (dlPFC) during smoking cue exposure, with significantly 

reduced response in cigarette smokers with overweight and obesity compared to lean. In 

addition, greater commission errors on an inhibitory task (i.e., Go/NoGo) were correlated 

with reduced neural response to smoking cues in the right dlPFC amongst smokers with 

obesity but not those who were overweight or lean. Together, these findings provide 

preliminary evidence that obesity in treatment-seeking smokers is related to neurobiological 

alterations in inhibitory control over cue-potentiated behaviors. The current exploratory 

study used resting-state BOLD imaging data to extend these findings. Specifically, we 

examined the effects of overweight and obesity on resting-state intra-network functional 

connectivity in cigarette smokers and examined whether rsFC was associated with self­

reported smoking behavior and cigarette dependence. Research suggests that BMI is 

associated with increased SN and decreased DMN rsFC in nonsmokers (Figley et al., 2016; 

García-García et al., 2013; Hogenkamp et al., 2016; Kullmann et al., 2013), and elevations 

in SN rsFC in response to smoking cues may be related to greater dependence (Claus et al., 

2013). Thus, we hypothesize greater SN and reduced DMN rsFC in smokers at higher BMIs. 

However, given the paucity of literature on the neural function of those comorbid for obesity 

and smoking, these analyses are primarily exploratory.
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2. METHODS

2.1 Participants

Participants were recruited from the local community for smoking cessation studies 

(Franklin et al., 2009, 2011) via advertisements, online listservs, and word of mouth. 

All eligible and interested participants provided informed consent before participation. 

Telephone screens and an in-person screening visit included medical and psychiatric 

evaluations to assess eligibility. Exclusion criteria included severe Axis I DSM-IV 

psychiatric diagnosis requiring hospitalization, substance use disorder other than nicotine 

use disorder (NUD), pregnancy, history of head trauma or injury causing loss of 

consciousness greater than three minutes or associated with skull fracture or inter-cranial 

bleeding, or irremovable ferromagnetic objects on or within their body.

A total of 216 individuals were screened as part of the two treatment studies (Franklin et 

al., 2009, 2011), of which 87 (39 male, 40 female) met criteria for participation. The two 

studies, investigating baclofen and varenicline as smoking cessation aids and examining 

their effect on brain function, had identical criteria for participation and baseline scanning 

visit procedures. The studies were conducted concurrently. Demographics and variables of 

interest did not differ between studies. Data for the current study were acquired prior to 

medication assignment. Given that these data were derived from smoking cessation studies, 

non-smoking participants were excluded, and information regarding weight history and 

eating behavior was not assessed. Participants were separated into three groups depending 

on their body mass index (BMI). Lean participants (n=31) were defined as those with a 

BMI less than 25.0, overweight participants (OW; n=33) had a BMI of 25.01 – 29.99, and 

participants with BMIs of 30 or greater were classified as obese (OB; n=23). All procedures 

were conducted at the University of Pennsylvania Perelman School of Medicine, Center for 

the Studies of Addiction and approved by the University’s Institutional Review Board and 

conducted in accordance with the Declaration of Helsinki. All participants provided written 

informed consent prior to participation.

2.2 Procedures

Before the scanning session, participants completed self-report measures and a computerized 

neurobehavioral battery. Then, approximately 25 minutes before the scan session, 

participants smoked one of their own cigarettes to maintain individual and characteristic 

pharmacological, physiological, and psychological states and standardize time since they last 

smoked. Participants were also offered a light snack (i.e., granola bar) before scanning.

2.3 Measures

2.3.1 Demographics.—Demographic characteristics were obtained using a 

comprehensive background questionnaire.

2.3.2 Mini-International Neuropsychiatric Interview (MINI) (Sheehan et al. 
1998).—The MINI is a structured diagnostic measure administered to determine a diagnosis 

of substance use disorders or severe psychiatric symptoms (e.g., psychosis, dementia, acute 

suicidal or homicidal ideation, mania or depression). The MINI was administered by a 
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doctoral- or masters-level clinician. Current diagnoses of severe psychiatric illness were 

exclusionary.

2.3.3 Smoking history questionnaire (SHQ).—A laboratory-developed smoking 

history questionnaire assessed smoking history, which included the Fagerström Test for 

Cigarette Dependence (FTCD; (Fagerström, 2012) to measure severity and duration of 

nicotine dependence.

2.3.4 Craving withdrawal questionnaire (CWQ).—The CWQ is a nine-item 

measure that measures cigarette craving and subjective withdrawal symptoms (Franklin et 

al., 2007, 2018; Ketcherside et al., 2020). Ratings are acquired while participants are in 

the scanner, both immediately before and following the smoking and nonsmoking stimulus 

presentations.

2.4 Image Acquisition

Magnetic resonance imaging (MRI) scanning was conducted on a Siemens 3.0 Tesla Trio 

whole-body scanner (Siemens AG, Erlangen, Germany) using an 8 channel (N = 68) and 

32 channel (N = 19) head coil. We examined whether data acquisition differences affected 

findings by comparing variances between coil types using a homogeneity of variance test 

and found that the variances were not significantly different. Data were acquired using the 

following parameters: To co-register functional data, a T1-weighted three-dimensional high­

resolution magnetization-prepared rapid acquisition with gradient echo (MPRAGE) scan 

was acquired (repetition time (TR)/ echo time (TE)/ inversion time (TI) = 1620/3.09/950 ms, 

flip angle = 15°, bandwidth = 150 HZ/Px, voxel size = 0.977 × 0.977 × 1.0 mm, matrix = 

192 × 256, slices= 160, slice thickness = 1.0 mm). BOLD resting-state fMRI images were 

acquired using T2* weighted gradient-echo planar imaging (EPI) (TE = 30 ms, TR = 2080 

ms, 64 × 64 matrix with 35 slices, slice thickness = 3.3 mm, flip angle = 90°, voxel size = 

3.4 × 3.4 × 3.3 mm and 22 × 22 cm2 FOV).

2.5 Preprocessing

Preprocessing for the resting-state data was carried out using Data Processing Assistant 

for Resting-State fMRI (DPARSF) and Data Processing and Analysis of Brain Imaging 

(REST) toolbox, based on SPM12 (http://www.fil.ion.ucl.ac.uk/spm) under the Matlab 

R2020 environment. Images were slice-time corrected, realigned (each of the six affine 

motion parameters was less than 2mm), coregistered and segmented with each participant’s 

anatomical image, band-pass filtered (0.01–0.08 Hz), smoothed at FWHM 6mm kernel and 

normalized to the standard MNI template. In addition, each subject’s data were examined for 

mean Frame Displacement (Power et al., 2012) and did not exceed more than 0.5mm. Head 

micro-motion (≤ 0.2 mm) was addressed by calculating the sum of the absolute values of the 

differentiated head motion estimates (by backwards differences) at each time point. White 

matter, cerebrospinal fluid and global mean signals were regressed out. Frame Displacement 

did not differ between groups, and thus, it was not included as a covariate in analyses.

Following preprocessing, data were analyzed with the Group ICA for fMRI Toolbox 

(GIFT v4.0b, icatb.sourceforge.net) using the Infomax algorithm (Bell & Sejnowski, 1995). 
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Participants’ data were reduced by Principle Component Analysis (PCA), concatenated into 

a group data set followed by further PCA reduction, and decomposed into a group of 

independent components across all subjects using the Infomax algorithm. Component data 

were then back reconstructed into subject-level time course and spatial maps. The number 

of independent components was estimated as 20 using the default parameter setting. To 

derive reliable components, ICA was iteratively applied 50 times using the Icasso toolbox 

(Himberg & Hyvarinen, 2003). Finally, the components’ spatial maps were converted into 

z-score activation maps, thresholded at p <0.001 at FWE, k =100. Voxel-wise z-scores were 

calculated by dividing the estimated spatial maps by the noise standard deviation. These 

z-scores were extracted for the statistical analysis described below.

2.6 Component Identification

A systemic procedure was used to inspect and select the resting-state networks (RSNs) 

from the estimated 20 components. The RSNs were identified by visual inspection and 

spatial template matching technique with the standard templates (Laird et al., 2011b). 

Using this technique, one or more components were identified by comparing them with 

the spatial templates. We first excluded the components representing visual, auditory, and 

sensory-motor artifacts according to spatial topology. Secondly, non-artifactual components 

that showed a high correlation coefficient with the reference components described in 

Laird (2011) were chosen for further analysis. Of these, two showed high correlations with 

executive control network (ECN) components (Right, ICN 8, r = 0.58 and Left, ICN 11, 

r = 0.55), one salience network (SN, ICN 19) component (r = 0.43) and a component 

representing the default mode network (DMN, ICN 17, r = 0.50). The spatial maps of the 

networks are shown in Figure 1.

2.7 Statistical Analysis

SPSS version 25 software was used to examine relationships between rsFC and smoking 

variables. First, means and standard deviations were calculated. Scores for variables > 3 

SD from the mean were excluded. None of our participants met criteria for exclusion 

on any measure. Next, partial Pearson correlations were used to determine relationships 

between BMI and descriptive and behavioral variables. Relationships between the four 

component z-scores and BMI were examined using linear regressions. 3-group (lean, 

overweight and obesity) MANOVAs were conducted to compare group differences in rsFC 

for all components; Bonferroni correction was used to account for multiple comparisons in 

post hoc analyses. Given apparent nonlinear relationships between connectivity and BMI 

group based on visual inspection, post hoc quadratic regression analyses were conducted. 

To determine if the relationship between rsFC and smoking behavior differed depending 

on BMI status, three MANCOVAs were conducted with CPD, Pack Years, and FTCD as 

covariates of interest.

3. RESULTS

3.1 Demographic and Descriptive Data

Participant characteristics are reported in Table 1. BMI was not significantly correlated 

with age, education, Pack Years, number of cigarettes per day (CPD), craving scores, 
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or cigarette dependence (FTCD). BMI was significantly different across groups (F(2, 

84)=147.18, p<0.001). The sample identified as 32.2% White, 54% Black, 5.7% Asian, 

and 8% Multiracial. 6.9% of participants identified as of Hispanic ethnicity and 93.1% as 

Non-Hispanic. Weight groups did not differ in racial or ethnic background, nor the balance 

of male and female participants.

3.2 rsFC and BMI

Regression analyses revealed a significant negative association between BMI and 

connectivity z-scores in the SN (β= −0.21, t(84) = −2.01, p<0.05). There were no 

significant relationships between BMI and rsFC in other components. A MANOVA showed 

a significant difference between groups in connectivity over all components (Roy’s Largest 

Root=0.13, p=0.04, η2=0.12). The main effect of BMI group revealed trend-level differences 

between groups in the left ECN (p=0.08) and SN (p=0.05).

Given possible nonlinear relationships between BMI and rsFC, post hoc quadratic 

regressions were also conducted. There was a significant quadratic effect of BMI on 

connectivity z-scores in the DMN (β = −0.23, t(84) = −2.02, p=0.047), with smokers in 

the overweight range showing the greatest rsFC (Figure 2). There were no quadratic effects 

of BMI on rsFC in any other components.

3.3 rsFC and Self-Reported Smoking Behavior

Correlations run between z-scores for components of interest and CPD, FTCD, and Pack 

Years revealed a significant negative correlation between Pack Years and both right (r = 

−0.39, p<0.001) and left ECN (r = −0.35, p=0.002). No relationships were found between 

rsFC and CPD or FTCD.

3.4 Differences in BMI groups as a Function of Self-Reported Smoking Behavior

Three multivariate ANOVAs were conducted to determine differences in rsFC across all 

components between BMI groups as a function of CPD, Pack Years, and FTCD. Analyses 

of the Group × CPD model revealed a main effect of group (Roy’s Largest Root=0.20, 

p=0.006, η2=0.17) and an interaction effect of Group × CPD in rsFC over all components 

(Roy’s Largest Root=0.25, p=0.001, η2=0.20). The omnibus model was significantly related 

to connectivity z-values in the SN (p=0.001), but not to the right or left ECN or to DMN 

rsFC. There was a significant interaction effect of Group × CPD only in the SN (Figure 3; 

p<0.001) such that higher CPD was related to greater connectivity in the SN among lean 

smokers and those with obesity, while those with overweight showed reduced connectivity 

with heavier daily smoking. A significant main effect of BMI group revealed differences 

between groups in the SN (p=0.001); there was no main effect of CPD.

Analyses of the Group × Pack Years model revealed a main effect of group (Roy’s 

Largest Root=0.29, p=0.029, η2=0.13) and a Group × Pack Years interaction on rsFC 

over all components (Roy’s Largest Root=0.14, p=0.04, η2=0.12). The omnibus model 

was significantly related to connectivity z-values in the right (p=0.001) and left ECN 

(p=0.005). However, there was no significant interaction effect of Group × Pack Years in any 

component, nor main effects of BMI group or Pack Years.
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Multivariate analysis of the Group × FTCD model revealed no significant interaction effect 

of BMI group × FTCD nor main effect of group in rsFC over all components. The omnibus 

model was significantly related to rsFC z-values in the SN (p=0.027), but not to the right 

or left ECN or to DMN connectivity. There was a significant interaction effect of Group × 

FTCD only in the SN (p=0.037) such that higher dependence was related to greater rsFC 

in the SN among lean smokers and those with obesity, while those with overweight showed 

reduced rsFC with greater FTCD. There was no main effect of BMI group or FTCD.

4. DISCUSSION

Comorbid chronic cigarette smoking and obesity is increasingly common globally (Janssen 

et al., 2020) and has significant adverse health effects. Despite decades of neuroimaging 

research on chronic cigarette smoking and obesity independently, the neurobiology 

underlying these co-occurring conditions remains understudied. Here, we show that BMI 

influences resting-state functional connectivity in chronic cigarette smokers, particularly in 

the salience and default mode networks. Further, differences in the relationship between 

connectivity and self-reported smoking behavior were shown among groups, with higher 

rates of daily smoking and greater dependence significantly associated with greater rsFC 

in the SN among lean smokers and those with obesity. In contrast, among smokers with 

overweight, higher CPD and dependence were linked to lower rsFC in the SN. Together, 

these findings show that lean smokers and smokers with obesity may have elevated 

connectivity in the SN, while those with overweight have a unique relationship between 

SN connectivity and smoking behavior. Results suggest that alterations in rsFC with BMI 

may be linked to differences in severity of nicotine dependence, which could translate to 

more difficulty quitting (Kozlowski et al., 1993).

There are conflicting findings in the extant literature as to whether SN or DMN rsFC 

is reduced (Li et al., 2017; Weiland et al., 2015; Wetherill et al., 2019) or elevated in 

smokers as compared to nonsmokers (Claus & Weywadt, 2020; Wang et al., 2020). Given 

research suggesting elevation of DMN and SN connectivity may occur with increasing 

BMI (Donofry et al., n.d.; Figley et al., 2016; Hogenkamp et al., 2016; Kullmann et 

al., 2013), we propose that these differences in results in smokers may partially be 

driven by the effects of BMI on this population. While we could not directly compare 

to nonsmokers, BMI may differentially impact rsFC in smokers. Broadly, the DMN is 

implicated in internally-focused self-referential processes, and DMN rsFC is also linked to 

improved performance on measures of executive function and memory (Foret et al., 2020; 

O’Shea et al., 2018). Notably, greater DMN connectivity is also associated with poorer 

cognitive function among those with metabolic syndrome (Foret et al., 2020). The SN is 

responsible for adjusting attention and motivation based on subjectively relevant stimuli, 

whether external or interoceptive (Seeley et al., 2007), by “toggling” activity between the 

ECN and DMN (Peters et al., 2016). It is theorized that dysregulated rsFC between these 

networks may underlie the maintenance of nicotine addiction through hypersensitivity to 

drug cues, somatic symptoms of withdrawal, and the cognitive impairments associated with 

acute abstinence (Sutherland et al., 2012). Sutherland and colleagues hypothesize that acute 

nicotine abstinence may enhance connectivity in the DMN. Given that participants smoked 

just before the scanning session, the elevated connectivity in the DMN seen in smokers with 
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overweight may mean that they experience somatic withdrawal sooner than lean smokers 

or those with obesity. Although Sutherland and colleagues do not explicitly implicate 

hypoconnectivity within the SN as potentially influential in the cycle of drug use and 

withdrawal, our finding of a correlation between reduced rsFC in the SN and heavier daily 

smoking in smokers with overweight may reflect further dysfunction of the SN-DMN-ECN 

circuitry, leading to a failure to modulate attention and behavior appropriately. If overweight 

dampens the effect of smoking on DMN connectivity, this would further contribute to SN­

DMN-ECN circuit dysfunction that may maintain smoking behavior. Consequently, smokers 

with overweight BMIs may be more likely to have difficulty maintaining abstinence.

Prior studies have suggested that individuals with overweight are unique in their processing 

of salient stimuli (Davis et al., 2004; Verdejo-Román et al., 2017) and that relationships 

between BMI and insula function may be quadratic rather than linear (Dietrich et al., 

2016). Horstmann and colleagues (2015) proposed that dopaminergic function may vary 

according to BMI, with overweight individuals demonstrating the lowest tonic dopamine 

(DA) levels compared to lean or those with obesity. While speculative, it is possible 

that the alterations of DA tone seen in overweight smokers may differentially predispose 

them to maintenance or even escalation of smoking or overeating and may explain the 

unique relationship between reduced rsFC in the SN and increased daily smoking and 

dependence. It has been suggested that DA responsivity to salient stimuli (like cigarettes 

or highly-palatable food) is regulated by tonic levels of DA, such that when tonic DA 

is low, the amplitude of phasic DA release is high (Floresco et al., 2003; Grace, 1991) 

thereby enhancing response. Reductions in DA are associated with less deactivation of the 

DMN during cognitive tasks (Nagano-Saito et al., 2008); likewise, increased DA signaling is 

associated with reduced connectivity within the DMN (Conio et al., 2020). Notably, nicotine 

has been shown to amplify phasic DA in this way via nicotinic acetylcholine receptor 

desensitization in the striatum, further enhancing the reinforcing efficacy of salient stimuli 

in general (Exley & Cragg, 2008). Smokers with overweight may demonstrate low tonic 

(Horstmann et al., 2015) and high phasic DA release, which may, in turn, be associated 

with functional connectivity disturbance and increased smoking. Overconsumption is likely 

driven by a dynamic neurobehavioral system that may change with increasing body weight, 

such that different types of dysfunction may drive smoking when an individual is overweight 

versus when they are lean or have obesity.

4.2 Limitations

This study, the first of its kind, examined the effects of overweight and obesity on resting 

state functional connectivity in smokers as it related to self-reported smoking behavior. 

This was a secondary analysis of data from two treatment studies and did not enroll 

nonsmokers. It will be important to determine if BMI influences connectivity differently 

in smokers versus nonsmokers in future research. Because this was not a prospective 

examination, we could not analyze additional variables of interest that might specifically 

be relevant to a population with obesity, such as hunger ratings, weight loss, dieting, 

weight stability/suppression, or dietary intake. Recent research suggests that nicotine, acting 

through nicotinic acetylcholine receptors (nAChRs), regulates food intake circuits in the 

hypothalamus (Calarco and Picciotto, 2020), and as such, future research should consider 
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these variables and examine hypothalamic connectivity. Additionally, we lacked adequate 

measures to control for hormonal status among female participants. However, lack of control 

over hormonal variability would, if anything, increase error variance, theoretically reducing 

the ability to detect differences. Future studies of the impact of BMI would benefit from 

comparing rsFC in both abstinent and sated smoking states. It is possible that groups 

differed in the nicotine content of their preferred cigarette brand or the number of cigarettes 

smoked since awakening, which may influence nicotine levels at the time of scanning. 

However, in our paradigm, we attempted to minimize this by having individuals smoke to 

satiety prior to the scan, and consequently, this study cannot examine differences related 

to withdrawal. In addition, given this was a treatment-seeking sample, the results may not 

be generalizable to smokers as a whole; however, since the goal of the study is to identify 

treatment targets, treatment seekers may be the most representative group. Nonetheless, 

future research would ideally focus on comparing treatment-seeking smokers to those not 

actively interested in quitting. Finally, sex affects rsFC in smokers (Wetherill et al., 2014), 

which we could not examine with the current study’s limited sample size. An interaction 

between BMI status and sex is conceivable and should be considered a future area of study. 

Despite these limitations, our findings show that smokers demonstrated variable connectivity 

in the SN and DMN as BMI increases, potentially reflecting dysfunction in these circuits 

that may influence response to salient smoking cues. Further, lower rsFC in the SN in 

smokers with overweight may be linked to heavier smoking in contrast to other groups. 

Future research should test this by prospectively following smokers during quit attempts 

to determine if BMI differences confer greater difficulty with smoking cessation. Rigorous 

study of the influence of BMI on the neurobiology of smokers as compared to nonsmokers 

is also necessary to clearly determine the interaction between these two conditions. Doing 

so will allow more precise targeting of treatment and understanding of potential barriers to 

cessation.

4.3 Conclusions

In summary, cigarette smoking and obesity are the two leading causes of premature 

morbidity and mortality worldwide (Goodchild et al., 2018; Janssen et al., 2020; Seidell 

& Halberstadt, 2015) and have overlapping pathophysiology, yet no study to date had 

investigated the effect of obesity or increasing BMI on functional connectivity in smokers. 

The current study is the first to demonstrate that individuals with comorbid smoking 

and obesity show a different pattern of rsFC compared to their overweight counterparts, 

particularly in regions linked to executive control and motivational salience. Additional 

research is needed in order to tailor treatment to smokers who have obesity who are at 

greater risk of experiencing significant adverse health-related outcomes.
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Highlights

• Cigarette smokers show reduced resting-state functional connectivity within 

the salience network as BMI increases.

• Smokers show an inverted U-shaped relationship between BMI and default 

mode network rsFC.

• Heavier smoking is related to greater connectivity in the SN among lean and 

obese groups.

• Among the overweight group, heavier smoking is associated with reduced 

connectivity in the salience network.
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Figure 1: 
Spatial maps of the resting state networks (RSNs) of interest in comparison to template 

RSNs: (A) salience network, (B) default mode network, (C) left executive control 

network, (D) right executive control network. Maps are visualized using a threshold of p 

<0.001 family wise error-corrected, k = 100. Template RSNs are shown from the most 

representative slice per Laird et al, 2011.
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Figure 2: 
Quadratic regression determining nonlinear relationships between resting state functional 

connectivity and body mass index (BMI), showed a significant quadratic effect of BMI 

on default mode network (DMN) connectivity, with highest intranetwork connectivity in 

smokers in the overweight range.
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Figure 3: 
Significant interaction effect of Group × Cigarettes per Day (CPD) in the salience network 

(SN) (p<0.001) such that higher CPD was related to greater resting state functional 

connectivity (rsFC) in the SN among lean smokers and those with obesity, while those 

with overweight showed reduced rsFC with heavier daily smoking. OB = obesity, OW = 

overweight, * = p<0.05, ** = p<0.01
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Table 1:

Comparisons of descriptive data across groups.

Lean Overweight Obese
F Sig.

M SD M SD M SD

BMI 21.9 2.2 27.6 1.2 33.9 4.0 147.2 > 0.001

Education 13.6 2.0 13.8 2.1 14.5 2.8 1.1 0.35

Age 36.9 13.0 40.9 11.0 38.6 11.6 0.9 0.41

CPD 14.5 5.9 14.4 6.9 12.5 4.6 0.9 0.40

PackYears 13.0 9.7 14.1 9.4 11.8 9.9 0.4 0.68

FTCD 4.9 1.6 4.7 1.6 4.5 1.6 0.5 0.63

% Female 50.0% 33.3% 60.1% 0.11

% White 28% 33% 35%

% Black 52% 58% 52%
0.89

% Asian 7% 6% 4%

% Multiracial 13% 3% 9%

BMI = body mass index, CPD = cigarettes per day, FTCD = Fagerström Test for Cigarette Dependence
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