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Abstract

Background: The goal of this study was to conduct a preliminary network analysis (using graph-
theory measures) of intrinsic functional connectivity in adult smokers, with an exploration of sex 
differences in smokers.
Methods: Twenty-seven adult smokers (13 males; mean age = 35) and 17 sex and age-matched 
controls (11 males; mean age = 35) completed a blood oxygen level-dependent resting state func-
tional magnetic resonance imaging experiment. Data analysis involved preprocessing, creation of 
connectivity matrices using partial correlation, and computation of graph-theory measures using 
the Brain Connectivity Toolbox. Connector hubs and additional graph-theory measures were exam-
ined for differences between smokers and controls and correlations with nicotine dependence. Sex 
differences were examined in a priori regions of interest based on prior literature.
Results: Compared to nonsmokers, connector hubs in smokers emerged primarily in limbic (para-
hippocampus) and salience network (cingulate cortex) regions. In addition, global influence of the 
right insula and left nucleus accumbens was associated with higher nicotine dependence. These 
trends were present in male but not female smokers.
Conclusions: Network communication was altered in smokers, primarily in limbic and salience net-
work regions. Network topology was associated with nicotine dependence in male but not female 
smokers in regions associated with reinforcement (nucleus accumbens) and craving (insula), con-
sistent with the idea that male smokers are more sensitive to the reinforcing aspects of nicotine 
than female smokers.
Implications: Identifying alterations in brain network communication in male and female smok-
ers can help tailor future behavioral and pharmacological smoking interventions. Male smokers 
showed alterations in brain networks associated with the reinforcing effects of nicotine more so 
than females, suggesting that pharmacotherapies targeting reinforcement and craving may be 
more efficacious in male smokers.
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Introduction

Nicotine-dependent cigarette smoking continues to be a critical pub-
lic health issue with adverse economic, medical, and psychiatric out-
comes. Understanding the neurobiological underpinnings of nicotine 
dependence can lead to more effective smoking cessation treatments. 
Recent advances in neuroimaging methodology, such as resting state 
functional magenetic resonance imaging and functional connectivity 
analysis, have the potential to elucidate critical aspects of brain net-
work communication that may be altered in nicotine dependence.1

Alterations in functional connectivity in chronic smokers involve 
connectivity both within and between regions associated with execu-
tive control, default mode, salience, and limbic networks, according 
to a recent review by Fedota and Stein.1 They note that both increased 
and decreased connectivity have been reported across a range of dif-
ferent analysis techniques, but more studies report reduced rather 
than increased connectivity in chronic smoking. However, increased 
connectivity, particularly with respect to salience network and lim-
bic regions, is associated with greater cue reactivity. For example, 
Janes et  al.2 showed that insula-dorsal anterior cingulate intrinsic 
functional connectivity was correlated with increased cue reactivity 
in a number of different brain regions. In addition, nicotine with-
drawal alters default mode, salience, and executive control network 
connectivity which may play a role in cognitive dysfunction and 
relapse.3,4

Fewer studies have used graph-theory approaches to examine 
altered functional connectivity in nicotine dependence. In contrast 
to seed-based and independent components analysis approaches, 
graph-theory metrics capture higher level and more abstract aspects 
of network communication by not only defining the connections of 
a given region, but also weighting or modifying those connections 
based on other network connections.5,6 Although first-order con-
nectivity analyses have revealed important differences between nic-
otine-dependent (ND) subjects and controls, higher-order network 
properties may reveal additional markers of individual differences in 
nicotine dependence.

Of those studies that have used graph theory to study chronic 
nicotine use some interesting, albeit mixed, findings have emerged. 
For example, Breckel et al.7 report no differences in network meas-
ures of global efficiency or clustering in ND smokers versus controls. 
In direct contrast, Lin et al.8 reported differences between smokers 
and nonsmokers in similar graph-theory measures as well as cor-
relations between these network measures and years of cigarette 
use. They concluded that smokers not only exhibit lower network 
efficiency, but also show a shift from internally directed thought 
(weaker local efficiency in the default mode network vs. nonsmok-
ers) to externally driven processing (higher local efficiency in visual 
regions vs. nonsmokers). Li et al.9 examined functional connectivity 
strength in smokers and nonsmokers with slow and normal nicotine 
metabolic rate, based on CYP2A6 genotype. In that study, both the 
dorsal ACC and ventral striatum showed increased network con-
nectivity strength in normal-genotype smokers and the connectivity 
of the insula biased network connectivity in these regions.

Collectively, these initial findings suggest a potential functional 
brain network profile of ND. However, graph-theory measures are 
just starting to be applied to nicotine addiction. The present study 
extends this investigation by examining differences between smok-
ers and nonsmokers using graph-theory measures that have not yet 
been examined: connector hubs, provincial hubs, and eigenvector 
centrality. Clustering coefficient, which has been used in prior stud-
ies,7,8,10 is also included. This study also examines which measures 

are more sensitive to a clinically relevant variable, nicotine depend-
ence, as measured by the Fagerstrom Test for Nicotine Dependence 
(FTND).11 Finally, this study explores sex differences in functional 
network topology in smokers given that female smokers derive more 
reward from the non-nicotine behavioral stimuli (eg, ritual of smok-
ing, manipulation of cigarettes, sensory cues) than the pharmaco-
logical effects of nicotine12,13 compared to male smokers. In addition, 
negative mood and affect play a greater role in abstinence induced 
craving in female smokers compared to male smokers.14 Also, some 
recent studies have reported significant sex differences in intrin-
sic brain organization in smokers.15,16 A common theme is that in 
the brain regions and networks investigated, female smokers show 
stronger functional connectivity than male smokers. Specifically, 
Wetherill et al.15 reported that female smokers showed stronger con-
nectivity of the amygdala with the anterior cingulate, insula, and 
inferior parietal lobule/cortex (IPC). Beltz et  al.16 reported greater 
default mode network connectivity in female smokers. Zhang et al.17 
showed that female smokers had stronger basal nucleus of Meynert 
connectivity than male smokers. However, to our knowledge, no 
study has examined sex differences in smokers using graph-theory 
measures. The present study explores these sex differences.

Methods

Subjects
Twenty-seven ND tobacco smokers (n = 13 males; n = 14 females) 
and 17 healthy nonsmoking (HC) controls (n  =  11 males; n  =  6 
females) participated at Yale University. This study was approved 
by the Yale University School of Medicine Human Investigation 
Committee. Participants provided written informed consent and 
were recruited by word of mouth, posters, and television and news-
paper advertisements. Participants completed a single neuroimaging 
session and the data were collected as part of ongoing neuroreceptor 
imaging studies in tobacco smokers. Eligibility was determined as 
follows: a medical examination including a physical examination, 
electrocardiogram, serum chemistries, thyroid function studies, 
complete blood count, urinalysis, and urine toxicology screening 
was completed. Participants had no history of significant medical 
illness or major head trauma. The Structured Clinical Interview for 
Diagnostic and Statistical Manual of Mental Disorders (SCID) was 
administered to rule out Axis I Disorders including substance and 
alcohol dependence but not nicotine dependence in tobacco smokers.

All smokers except one male and two females completed the 
FTND.11 Tobacco smokers were required to have smoked ≥10 ciga-
rettes daily for at least 1 year, confirmed by plasma cotinine levels 
>150  ng/mL, urine cotinine levels >100  ng/mL, and carbon mon-
oxide levels >11 at intake. Smokers were not abstinent at the time 
of the scanning session and were asked to smoke within the hour 
prior to the start of the scanning session. HC subjects were never-
smokers defined as fewer than 100 cigarettes in lifetime and zero 
cigarettes in the last year. Exclusion criteria were as follows: metal 
implants, major medical conditions, current/history of an Axis I psy-
chiatric disorder, a head injury, pregnant/nursing, individuals unable 
to remain abstinent from substances of abuse.

Functional Neuroimaging Data Acquisition
Two consecutive resting state functional magnetic resonance 
imaging scans were collected on a Siemens TIM Trio 3T scanner 
using a 12-channel head coil and single-shot gradient echo echo-
planar imaging (repetition time = 3.4 seconds, echo time = 30 ms, flip 
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angle = 85°, field of view = 210 mm, 51 2.5-mm thick AC-PC parallel 
slices with whole brain coverage). Each scan lasted 5.7 minutes and 
yielded 100 volumes. A high-resolution T1-weighted MPRAGE (TR 
= 2530 ms, TE = 2.77 ms, flip angle = 7°, field of view = 256 mm2, 
1.0-mm thick slices) was also acquired.

Resting State Functional Magnetic Resonance 
Imaging Data Preprocessing
Each of the two time-series for a subject was first motion corrected 
(MCFLIRT) using rigid body alignment and the middle volume as 
a reference volume. Then each of the time-series was registered to 
the Montreal Neurological Institute (MNI) template resampled at 3 
mm resolution before the two time-series were concatenated. Slice 
timing correction and spatial filtering (full width half maximum = 
7.5 mm), were applied to the concatenated time-series, which was 
then submitted to multiple regression using FSL to remove effects 
of global signal and head motion. Regressors included global signal 
(extracted from gray matter, white matter and cerebrospinal fluid 
masks, which were created using FMRIB's Software Library (FSL’s) 
FAST tissue segmentation tool), and 6 head motion parameters. The 
residual image from this regression step was then band-pass filtered 
(0.009–0.08 Hz) using Analysis of Functional Images (AFNI). The 
spatially normalized image was then parcellated using a 294 region 
atlas—the 264 regions from Power et al.18 with 30 additional sub-
cortical regions (amygdala, hippocampus, striatum). Each region of 
interest (ROI) was represented by a 10-mm diameter sphere. The 
blood oxygen level-dependent signal time-series was extracted in 
each of the 294 ROIs using FSL’s “Featquery” function.

Connectome Measures
Prior to computing the 294 × 294 functional connectivity matrix, 
the censored timepoints (identified with “fsl_motion_outliers”) were 
removed from the time-series for each subject18 in MatLab (R2012a). 
Across the sample, the percent of timepoints removed ranged from 
5%–29%. Smokers (M = 14.2%, SD = 6%) and HC (M = 14.3%, 
SD = 6%) were not different in terms of percent of timepoints 
removed, t(42) = −0.05, p = .96, nor were male (M = 15%, SD = 6%) 
and female (M = 14%, SD = 6%) smokers different, t(25) = 0.45, p 
= .66. Given that none of the groups were different on this measure, 
no subjects were removed from analyses. Notably, FTND was not 
correlated with percent timepoints removed, rho = .31, p = .14.

The connectivity matrix was a weighted adjacency matrix rep-
resenting a fully connected undirected graph. Each matrix element 
reflected the partial correlation between two discrete resting state 
functional magnetic resonance imaging time-series while controlling 
for all other time-series. A shrinkage operation was used19 because 
the number of timepoints in a single time-series did not exceed the 
number of ROIs.

The Brain Connectivity Toolbox20 implemented in MatLab was 
used to compute all graph-theory measures. First, modularity was 
determined in the HC group. Modularity is a measure that quantifies 
the degree of organization of a network into densely interconnected 
communities. Each network node is assigned to a specific commu-
nity or module.21 Communities have high intramodular connections 
relative to intermodular connections. Community structure (ie, 
the assignment of nodes to modules) was determined by running 
the Louvain algorithm22 1000 times per subject and determining  
the consensus modularity for each subject from the 1000 samples. 
These consensus affiliation vectors were then submitted to the 

agreement function to attain an HC group community structure. 
The HC community structure was used to calculate within-module 
degree z-score (DEGREE-Z) and diversity coefficient (DIV*, which 
included both positive and negative edge weights6) for each subject 
in the study, including smokers. DEGREE-Z provides an index of 
nodes that have high centrality within a module (provincial hubs)23 
whereas DIV* yields a measure of connector hubs that enable com-
munication across modules. By using the HC community structure 
for all subjects, the goal was to determine the extent to which nodes 
that play a central role in network communication (connector and 
provincial hubs) in a typical age-matched network were different in 
smokers.

In addition to the two graph-theory metrics used to estab-
lish connector and provincial hubs, eigenvector centrality (EVC) 
and clustering coefficient (CC) were computed. EVC is a spectral, 
self-referential measure of centrality.24 A node with a high EVC is 
connected to other nodes with high eigenvector score (https://sites.
google.com/site/bctnet/, accessed September 20, 2017). EVC consid-
ers connections to influential nodes to be more important than con-
nections to marginal nodes. CC is a local measure of segregation 
representing the fraction of a node’s neighbors that are also neigh-
bors of each others; these patterns effectively form triangles around 
the node.20,25

Analysis of Group Differences
The primary analysis examined group differences (smokers, HC) in 
connector and provincial hub regions that were identified using the 
HC modularity partition, as described above, for smokers and HC. 
A Shapiro-Wilk test was conducted to test for violations of normal-
ity for the dependent variables and outliers were defined as values 
that were more than three times the interquartile range. Outliers 
were removed before conducting t tests and analyses of covariance 
(ANCOVAs) with education as a covariate. Independent samples t 
tests using Levene’s test were conducted in each connector and pro-
vincial hub region. Spearman rank correlations were also conducted 
between FTND and DIV*, DEGREEZ, EVC, and CC for each hub 
region only in smokers because HC did not have FTND scores (24 
of the 27 smokers had FTND scores). Outliers were not removed 
for Spearman rank correlations. Results are reported using Holm-
corrected26 α levels to account for eight simultaneous tests for each 
network metric (ie, dependent variable) and statistic (eg, four con-
nector hub regions for smokers and four connector hub regions for 
HC were examined simultaneously with t tests using DIV* as the 
dependent variable). Tests that were significant at an uncorrected α 
level of .05 are also noted in some cases.

Analysis of Sex Differences
This exploratory analysis examined sex differences in smokers using 
independent-samples t tests in a priori ROIs. Sex differences were 
not examined in HC subjects because the sample was smaller than 
that for smokers and there were only six females. Additional ROIs 
that have been reported in prior functional connectivity studies of 
sex differences in smokers were also explored if these a priori regions 
did not already emerge as hubs in the primary analysis. Wetherill 
et  al.15 reported sex differences in smokers in connectivity of the 
amygdala with the anterior cingulate, insula, and inferior parietal 
lobule/cortex (IPC). Beltz et al.16 also reported sex differences in the 
IPC. We also examined the bilateral nucleus accumbens given its 
important role in reinforcing effects of drugs. Therefore, 10 a priori 

https://sites.google.com/site/bctnet/
https://sites.google.com/site/bctnet/
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regions were explored: bilateral ACC (L:−11, 26, 25; R:12, 36, 20), 
amygdala (L: −28, −4, −22; R:28, −4, −22), insula (L: −35, 20, 1; 
R:34, 16, −8), accumbens (L: −10, 12, −7; R:10, 10, 8), and IPC 
(L: −45, −64, 35; R:52, −59, 36). Only 24 of the 27 smokers com-
pleted the FTND. Independent samples t tests with Levene’s test were 
conducted to test for sex differences in smokers. Correlations with 
FTND were conducted for each network metric for male and female 
smokers combined, then only those ROIs that showed significant 
group correlations were examined further by sex. Holm-corrected α 
levels were determined based on up to 10 simultaneous tests for each 
network metric and statistical test.

Results

Subject Demographics
Smokers and controls were not different in age, t(31) = −0.08, p = 
.94 (smokers: M = 35.1, SD = 8.6; controls: M = 35.4, SD = 11.4). 
Education level was recorded in 12 of the 17 HC subjects and in 
19 of the 27 smokers (coded as 1 for some high school up to 5 for 
graduate degree). In this subsample, education was higher in HC 
than in smokers, t(29) = −3.7, p = .001 (HC: M = 3.8, SD = 1.2; 
smokers: M = 2.4, SD = 0.9). Data on cigarettes per day were avail-
able in 23 smokers. Male and female smokers were not different in 
age, t(31) = −0.95, p = .35 (males: M = 36.8, SD = 10.2; females: M 
= 33.7, SD = 8.5), FTND scores, t(22) = −1.6, p = .12 (males: M = 
6.3, SD = 2.8; females: M = 4.7, SD = 1.9), cigarettes per day, t(21) 
= 0.81, p = .43 (males: M = 14.5, SD = 7.7; females: M = 12.3, SD 
= 5.2) or education, t(17) = 1.1, p = .272 (males: M = 2.7, SD = 1.1; 
females: M = 2.2, SD = 0.63).

Community Structure and Modularity
To define hubs, the community structure was first established in HC, 
which is illustrated in Figure 1. Four modules emerged. (1) Visual 

(VIS): visual cortex or aspects of the temporal lobe typically involved 
in high-level visual processing. (2) Executive control (EC), salience 
network, default mode network: cortical regions primarily in lat-
eral frontal and parietal cortex often associated with dorsal and 
ventral attention networks, default mode (medial parietal, posterior 
cingulate, lateral inferior parietal, dorsomedial prefrontal) and sali-
ence networks (insular/opercular, anterior cingulate). (3) Subcortical 
(SUB): regions in the medial temporal lobe, cerebellum, striatum, 
and thalamus. (4) Sensorimotor (SM): primary and secondary motor 
and sensory cortex. In each module, however, there were nodes that 
might normally be associated with other networks established in 
the literature. Therefore, the labels assigned to these modules reflect 
the majority of nodes included in each module, but not the totality 
of nodes.

Connector and Provincial Hubs in Healthy Controls 
and Smokers
Connector hubs were defined as nodes within each module with the 
highest DIV* scores. Provincial hubs were defined as nodes within 
each module with the highest DEGREE-Z scores (Figure 1; Table 1). 
For the most part, hubs in smokers differed from HC hubs except 
that the left hippocampus was a provincial hub for both HC and 
smokers, albeit in a slightly different location. Table 1 also notes the 
rank for each hub by subject group. The rankings indicate whether 
a network or provincial hub in one group was actually a “close 
second” (or third, etc) in the other group. The greatest difference 
(according to rank) was the EC provincial hub for smokers (left mid-
dle frontal cortex), which ranked 47th in HC. However, seven hubs 
were ranked in the top 5 for both groups, suggesting some agreement 
in hub topology between smokers and HC.

The primary analysis was an independent samples t test compar-
ing smokers and HC in the hub regions listed in Table  1. Group 
differences emerged in the EC, SUB and VIS modules (Figure 2). For 

Figure 1. Community structure in healthy controls, with connector and provincial hubs in controls and smokers. Four modules emerged from the analysis of 
community structure in healthy controls: visual, executive control/salience/default mode, subcortical, and sensorimotor. The nodes in each of those modules are 
shown in yellow, with connector hubs (left) and provincial hubs (right) in each subject group, healthy controls (red), smokers (blue).
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the EC module, the left operculum was a stronger connector hub 
(higher DIV*) in healthy controls, t(42) = 2.2, p = .007. For the SUB 
module, the right parahippocampal gyrus was a stronger connector 
hub (higher DIV*) in smokers, t(40) = −4.0, p =  .0001 (2 outliers 
were removed). For the VIS module, the right superior occipital cor-
tex was a stronger provincial hub (higher DEGREEZ) in healthy 
controls, t(42) = 2.9, p = .006). In addition, EVC was positively cor-
related with FTND in this region, (Figure 3A; rho = .553, p = .005).

Given that education level was significantly different in smokers 
and HC, a follow-up ANCOVA was conducted to examine group 
differences controlling for education level (covariate). The sample 
available for this analysis was smaller due to missing data on edu-
cation level. However, it is important to know whether any of the 
effects isolated in the t tests above could be attributed to educa-
tion. The group difference in DIV* in the right parahippocampus 
(connector hub in smokers for the SUB module) persisted when con-
trolling for education, F(1, 29) = 14.8, p = .001. In addition, a mar-
ginally significant effect of DIV* in the left ACC (connector hub in 
smokers for the EC module) emerged as significant in the ANCOVA, 
F(1, 29) = 14.8, p = .001. The other two significant group differences 
(in the left operculum for DIV* and right superior occipital cortex 
for DEGREEZ) were not significant in the ANCOVAs.

Exploratory Analysis of Sex Differences in Smokers
Although the left ACC was selected as an a priori ROI for the explora-
tory analysis of sex differences, it emerged as a connector hub region 
in smokers. Therefore, it was not also examined as an a priori ROI, 
leaving nine a priori ROIs (using Holm correction, at least one test 
significant at α = 0.0056). None of the nine a priori ROIs showed sex 
differences in smokers, but there were two significant correlations 
with FTND at a corrected α level. In the right insula, DEGREEZ 
score was negatively correlated with FTND (Figure 3B; rho = −.58, p 
= .003) whereas EVC was positively correlated with FTND (Figure 
3C; rho = .63, p = .0001). Correlations were further inspected by 

sex. DEGREEZ score correlations did not reach significance when 
broken down by sex (rho = −.57, p = .055 for males; rho = −.54, p = 
.068 for females), and EVC correlations were only marginally signifi-
cant for male smokers (rho = .70, p = .011 for males; rho = .37, p = 
.234 for females). In the left nucleus accumbens, DIV* was positively 
correlated with FTND at an uncorrected level (Figure 3D; rho = .50, 
p = .012). This correlation showed a trend in male smokers (rho = 
.78, p = .003) but not female smokers (rho = −.01, p = .98).

Discussion

This preliminary study on differences in intrinsic functional connect-
ivity between smokers and nonsmokers using graph-theory network 
measures indicates that smokers show altered connector and pro-
vincial hub topology. Network alterations emerged in limbic regions 
and occipital cortex, with trends in the salience network. Although 
sex differences in smokers did not emerge, the exploratory analysis 
indicated that global influence and hub connectivity of the insula 
and nucleus accumbens showed marginal associations with nicotine 
dependence in male but not female smokers.

Group Differences in Limbic System Topology
One of the present findings was higher connector hub connectivity 
of the right parahippocampus in smokers. This effect was signifi-
cant in the whole sample as well as after controlling for education. 
Wylie et al.27 showed that acute nicotine exposure increases regional 
efficiency of limbic and paralimbic regions (including the parahip-
pocampus) which enables the exchange of information between 
these regions and other brain regions. Lin et al.8 reported that the 
left parahippocampal cortex and right hippocampus had higher 
global efficiency in heavy smokers versus nonsmokers allowing for 
better network-wide communication via these regions. Similarly, as 
a connector hub, the parahippocampal cortex allows for communi-
cation across modules, enabling greater communication with other 

Table 1. Hub Regions for Each Subject Group

Group Hub type Module Region

MNI Rank

X Y Z HC Smokers

HC Connector ECa L opercular −51 8 −2 1 31
SMb L mid-cingulate 0 −15 47 1 2
SUBc R Putamen 31 −14 2 1 3
VISd R fusiform 27 −59 9 1 20

Provincial EC L DMPFC −2 38 36 1 5
SM L mid-cingulate 0 −15 47 1 13
SUB L hippocampus −28 −18 −20 1 8
VIS R superior occipital −18 −84 13 1 2

Smoker Connector EC L ACC −5 18 34 20 1
SM R precuneus 4 −48 51 20 1
SUB R parahippocampus 27 −37 −13 34 1
VIS L cuneus −16 −77 34 3 1

Provincial EC L middle frontal −42 25 30 47 1
SM R postcentral 47 −30 49 35 1
SUB L hippocampus −24 −12 −24 2 1
VIS L occipital pole −24 −91 10 5 1

EC = executive control; HC = healthy nonsmoking controls; SM = sensorimotor; SUB = subcortical; VIS = Visual.
a107 regions.
b67 regions.
c72 regions.
d48 regions.
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regions of the brain. The parahippocampal cortex serves as a critical 
relay between the hippocampus and association areas of the cortex. 
The hippocampus processes contextual information for retrieval 
of memories and is involved in conditioned responses to cues in 
substance dependence.28 The stronger influence of the right para-
hippocampal gyrus in nicotine dependence likely reflects the domin-
ance of limbic system activity over other regulatory control systems.

Group Differences in Visual System Topology
Another finding was reduced provincial hub connectivity but mar-
ginally higher eigenvector centrality with greater nicotine depend-
ence of the superior occipital cortex in smokers. However, the group 
difference did not persist after controlling for education. Whereas 
differences in smokers and controls have been reported in other 
studies8 the present finding was not very robust.

Group Differences in Salience Network Regions
Several findings in the present study indicated altered salience net-
work topology in nicotine dependence. Although the analysis of 
modularity did not yield a unique module that was consistent with 
the salience network,29 the bulk of salience network regions were 
subsumed within a module that appeared to be an aggregate of sali-
ence, default mode and executive network regions. The salience net-
work regions were more likely to be different between smokers and 
controls than regions associated with executive function and default 
mode networks. In smokers, the connector hub for the EC mod-
ule was the left anterior cingulate which showed a significant group 
difference after controlling for education. Another major compo-
nent of the salience network is the insula30 which showed greater 
global influence (higher EVC) and less modular influence (lower 
DEGREEZ) with higher nicotine dependence.

Figure 2. Connector hub and provincial hub measures by group. (Top) Diversity* value for each connector hub identified in smokers and controls. The average 
value and standard error of the mean for each group is shown. (Bottom) Within module Degree Z score for each provincial hub identified in smokers and 
controls. The average value and standard error of the mean for each group is shown. Modules were: EC, executive control. SM, sensorimotor. SUB, subcortical. 
VIS, visual. ACC = anterior cingulate. Post. Cing. = posterior cingulate. Parahipp = parahippocampus. DMPFC = dorsomedial prefrontal cortex. Sup. Occ. = 
superior occipital. MFG = middle frontal gyrus. Occ. Pole = occipital pole. Hippo. = hippocampus. *group effect is significant at an uncorrected α of .05. **group 
effect is significant at a Holm-corrected α level.!group effect is significant in the ANCOVA controlling for education level.
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The anterior cingulate works closely with the insula and the 
intrinsic connectivity of the insula and anterior cingulate is well 
established.29 The insula receives many afferents from visceral organs 
and processes interoceptive information.31 This somatic information 
can be used to gauge internal bodily states which can then guide 
behavior. For example, physiological responses within the body dur-
ing states of craving or high arousal are processed at a conscious 
level in the insula. This information can then be used to drive the 
behavioral or motoric response in a given situation (eg, approach 
or withdrawal). The anterior cingulate is often considered a critical 
hub region for guiding subsequent actions based on information 
processed in the insula.29

In smokers with higher nicotine dependence, the right insula was 
associated with a stronger global influence (EVC) and a weaker role 
as a provincial hub than in smokers with lower nicotine depend-
ence. This is not surprising given that the right insula has been 
strongly associated with cue-induced craving in smokers.32,33 Other 
studies have also reported correlations between insula connectivity 
and FTND34 or between insula connectivity and craving ratings.35 
We speculate that higher levels of nicotine dependence and years 
of smoking have primed the right insula to play a dominant role in 

intrinsic brain organization even in the resting state, where no exter-
nal cues are presented. Craving to smoke (processed in the insula) 
may exert an overwhelming influence on action systems (guided by 
activity in the left anterior cingulate hub) to engage in behaviors 
in direct response to craving, such as smoking. We do not suggest 
that this profile necessarily reflects a tonic state of craving, but the 
global influence of the insula during the resting state may reflect its 
dominant role in influencing behavior in active behavioral states. In 
support, Claus et al.34 reported that the insula has more widespread 
connections with limbic, striatal, and somatosensory regions in 
response to visually presented smoking versus food cues in smokers, 
compared to orbitofrontal connections. Hence, the widespread con-
nectivity of the insula appears to be present both during the resting 
state and in the context of incentive processing.

Sex Differences in Network Topology in Smokers
The regions of interest used to examine sex differences in the pre-
sent study were based on prior studies showing sex differences 
in intrinsic connectivity in smokers: the insula, anterior cingu-
late, inferior parietal cortex, and amygdala.15,16 Although there 
were few group differences between male and female smokers 

Figure 3. Correlations between nicotine dependence and graph-theory measures. (A) Eigenvector centrality and FTND scores in the right superior occipital cortex 
(group correlation: rho = .553, p = .005). (B) Within-module degree Z-score and FTND in the right insula (group correlation: rho = −.58, p = .003). (C) Eigenvector 
centrality and FTND in the right insula (group correlation: rho = .63, p = .001). (D) Diversity* and FTND in the left nucleus accumbens (group correlation: rho = .50, 
p = .012). In B–D, females are shown as hollow circles with dotted trend line and males are shown as solid squares with solid trend line. The correlations for males 
and females are noted in the legends for each plot. Note that data points in the same group with very similar values are depicted as points with thicker outlines.
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in the present study, only males showed trends for associations 
between nicotine dependence and network topology. The correl-
ation between FTND and global influence of the right insula and 
strength of connector hub connectivity (DIV*) of the left nucleus 
accumbens showed a trend in male but not female smokers. Both 
of these network measures reflect the capacity for a region to com-
municate broadly with other components of the brain. Connector 
hubs are a major locus of communication across functional brain 
modules and nodes with high EVC have connections with other 
nodes that are themselves highly connected. Hence, nodes that 
exhibit this property enable greater diffusion of information 
throughout the network. Greater nicotine dependence was thus 
associated with a more influential and connected right insula and 
left nucleus accumbens, and this trend was only present in male 
smokers.

Male smokers are more sensitive to the reinforcing and pharma-
cological effects of nicotine than female smokers, whereas female 
smokers find the sensory aspects of smoking (eg, smell, taste, impact 
on respiratory tract) more rewarding or arousing than male smok-
ers.8,9,30–33 The factors that drive response to craving and withdrawal 
appear to be mirrored in brain network topology in male smokers: 
regions that process reinforcing effects and internal bodily states 
are associated with nicotine dependence in male but not female 
smokers.

One potential reason for finding no sex differences in a priori 
ROIs in the present study was that prior studies15,16 used func-
tional connectivity analyses that relied on first-order connections of 
regions, or the correlation of time-series of regions. Graph-theory 
based connectivity measures use the first-order connections to com-
pute higher-order aspects of connectivity. Hence, higher-order con-
nectivity measures, like those used in the present study, may override 
or minimize subtle sex differences that have been detected with 
respect to first-order connections. Another more likely potential 
explanation for the lack of sex differences in the present study is the 
relatively small sample size. Wetherill et al.15 and Beltz et al.16 had 
almost twice as many participants.

Limitations
While this study included sex-matched healthy controls, the experiment 
was preliminary and conducted in a relatively small sample of nicotine-
dependent smokers. Future research should aim to examine graph-the-
ory properties in larger samples of male and female ND smokers and 
age- and education-matched control subjects. We attempted to control 
for group differences in education statistically, but a stronger approach 
would be to match groups on education level. Another potential limi-
tation was that the community structure used to determine connector 
and provincial hubs was based on the healthy control group in this 
study and subsequent group comparisons included the same healthy 
control subjects. Future analyses could consider using a community 
structure derived from an independent sample.

Another limitation is the number of simultaneous statistical tests 
performed. Although we took measures to correct for multiple com-
parisons, an argument could be made for a more stringent correc-
tion based on the total number of statistical tests, rather than based 
on the number of tests per dependent variable. However, given the 
novel graph-theory measures examined and preliminary nature of 
this study, we adopted a less conservative approach. In addition, the 
trend correlations with FTND can be used as effect sizes when cal-
culating statistical power for future studies.

Another limitation is that we did not measure ovarian hormone 
levels in our subjects. Both the default mode and executive control 
networks are functionally altered by ovarian hormones.36 Finally, the 
present study did not include measures of sensory and cue-related 
aspects of nicotine dependence which could be important in under-
standing individual and sex differences in the modulation of intrinsic 
network topology.

Conclusions

Despite these limitations, the present study used graph-theory 
measures that have not been used before to address differences 
between smokers and matched controls (eigenvector centrality, 
connector hubs and provincial hubs). Differences in large-scale 
functional network organization were apparent between smokers 
and controls and these differences largely centered around con-
nectivity of the salience network, limbic regions, and visual cortex. 
One graph-theory measure, eigenvector centrality, was uniquely 
associated with variation in nicotine dependence. This higher-order 
measure of connectivity may thus be sensitive to clinically relevant 
aspects of nicotine dependence. Measures of hub connectivity, in 
contrast, were more instrumental in showing differences between 
smokers and controls. This information may be important in guid-
ing the choice of graph theory measures in future studies of nico-
tine dependence.
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