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ABSTRACT
Sex matters for drug use, particularly for cigarette smoking – the leading cause of preventable
death in the United States. More men than women smoke, but women are less likely than men to
quit. Sex differences in smoking behavior contribute to sex differences in cessation, with men
more likely to use cigarettes for the pharmacological effects of nicotine and women more likely
to smoke for the non-pharmacological effects of cigarettes, in response to learned cues. Brain
function is one mechanism underlying these behavioral sex differences, as it is altered by the
psychoactive effects of nicotine and facilitates cue-learning. Little is known, however, about the
influence of resting state brain function, or intrinsic brain activity that occurs in the absence of a
goal-directed task and marks neuropsychiatric disease, on sex differences in smoking behavior.
The goal of the current study was to delineate sex differences in the resting state connectivity of
three brain networks underlying smoking (default mode, attention, reward), and to determine
how sex moderates links from network connectivity to smoking behavior (nicotine dependence,
quitting self-efficacy). This goal was accomplished by examining the functional magnetic
resonance imaging and behavioral data of 50 regular adult smokers (23 women). Results
revealed sex differences favoring women in connectivity within the default mode network and
between the default mode and reward networks. Results also suggest that women have difficulty
quitting because of a reward network paradox: For women but not for men, increased
connectivity within the reward network predicted both increased nicotine dependence and
increased quitting self-efficacy, two behaviors that have opposite relations to cessation. Future
work should investigate links between connectivity within the reward network and smoking
behavior using larger samples that include non-smoking controls and alternative metrics of
network connectivity.
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SEX DIFFERENCES IN THE RESTING STATE BRAIN FUNCTION OF CIGARETTE
SMOKERS AND LINKS WITH SMOKING-RELATED BEHAVIOR

CHAPTER 1. INTRODUCTION
Sex matters. It marks individual differences in the biological and social processes that
underlie human health, disease, and behavior, including drug abuse and addiction (Berenbaum,
Blakemore, & Beltz, 2011; Greenfield, Back, Lawson, & Brady, 2010; Wetherington, 2007;
Wizemann, Pardue, & Committee on Understanding the Biology of Sex and Gender Differences,
2001). The study of sex differences in drug use has implications for understanding individual
differences in addiction generally, and for realizing the potential of individualized prevention
and intervention efforts. Sex-specific investigations are timely. The gender gap in substance use,
with more men using than women, is shrinking even though overall substance use rates have
remained relatively stable (Greenfield et al., 2010; SAMHSA, 2012; Wetherington, 2007).
Moreover, women are less likely than men to seek substance use treatment, and those who do,
are typically treated in programs developed based on male norms (Greenfield et al., 2010;
Greenfield & Grella, 2009).
Tobacco is among the most highly used substances; nearly 30% of Americans use
tobacco, and it is the leading cause of preventable death in the nation (CDC, 2008; SAMHSA,
2012). The vast majority of tobacco users are cigarette smokers, with national direct and indirect
smoking-related healthcare costs at nearly $200 billion annually (CDC, 2008; USDHHS, 2012).
Smoking is responsible for a third of all cancer deaths, and has been linked to emphysema,
chronic obstructive pulmonary disease (COPD), heart disease, stroke, vascular disease,
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aneurysm, and numerous other medical conditions (Jha et al., 2013; Thun et al., 2013; USDHHS,
2012).
Although the acute effects of nicotine (the addictive and psychoactive ingredient in
tobacco) include cognitive enhancement, chronic smoking is associated with cognitive
impairment (reviewed in Swan & Lessov-Schlaggar, 2007). Regarding the former, studies of
acute nicotine administration in smokers and non-smokers show increased attention and
information processing compared to a non-nicotine baseline (Ernst, Heishman, Spurgeon, &
London, 2001; Foulds et al., 1996). Regarding the latter, prospective studies (controlling a host
of potentially confounding factors, such as age, childhood cognitive ability, and cardiovascular
health) show that smoking is associated with cognitive decrements, particularly in aspects of
memory and processing speed (Ott et al., 2004; Richards, Jarvis, Thompson, & Wadsworth,
2003; Starr, Deary, Fox, & Whalley, 2007). Smoking is also linked to increased risk for dementia
and Alzheimer’s Disease, likely through its effects on vascular health (Swan & LessovSchlaggar, 2007). Tobacco use, particularly cigarette smoking, is a significant personal and
public health problem.

Focus of Work
The goal of this study was to determine whether and how sex differences in the resting
state brain function of cigarette smokers are linked to smoking behavior. Consequently, the focus
of the reviewed literature is on research conducted in human adults who smoke cigarettes or who
are exposed to nicotine (e.g., administered through transdermal patches). The majority of the
relevant literature concerns brain and behavioral differences between smokers and non-smokers,
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male smokers and female smokers, and smokers under different conditions (e.g., withdrawal
versus nicotine replacement); comparison groups are identified throughout this review.
Animal models. Research on animal (usually rodent) models of nicotine addiction is
valuable because it generates new hypotheses and allows for direct manipulation of smokingrelated factors not possible in human beings (e.g., genes, stress hormones). Unfortunately, most
rodent work employs all-male samples (discussed in Wetherington, 2007; Wetherington, 2010)
and little is known about the generalizability of findings from rodents to human beings. These
are important caveats for examinations of biologically-influenced behavioral sex differences. For
example, sex-specific hormones have been suggested to underlie some sex differences in
smoking (reviewed in Anker & Carroll, 2010; Cosgrove, Mazure, & Staley, 2007), but sex
hormone actions are different in rodents and human beings (e.g., masculinization occurs through
estrogen – not androgen – receptors in rodents; reviewed in McCarthy, 2008).
Other drug use. Human research on drug use and addictions to substances other than
nicotine is also valuable; but again, the degree to which findings generalize to smoking is
unclear, particularly with respect to sex differences. Sex differences in prevalence rates of drug
use differ across substances; for example, men are more likely than women to use marijuana, but
women are more likely than men to abuse prescription opioids (Greenfield et al., 2010). Also,
addictive substances have varying effects on the brain, and this has been offered as an
explanation for inconsistent findings reported across brain imaging studies of drug users (e.g.,
Sutherland, McHugh, Pariyadath, & Stein, 2012). Thus, in order to present the clearest
hypotheses regarding the neural bases of sex differences in cigarette smoking, the following
review focuses on cigarette smoking and nicotine administration in human adults.
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Development of risk-taking behavior. This study is a first step toward my long-term
research goal: To delineate the ways in which the brain mediates sex hormone effects on
gendered behavior, with a focus on adolescent risk-taking. Risk-taking normatively increases
during adolescence (Steinberg, 2008). Although smoking rates do not differ for boys and girls
between the ages of 12 and 17 (USDHHS, 2012), there are sex differences in the biological,
psychological, and social factors that underlie adolescent development. Gendered developmental
processes might lead to sex-typed manifestations of risky adolescent behavior (multifinality), or
to the same risky behavior but for sex-typed reasons (equifinality). For example, among urban
minority early adolescents, high parental monitoring was associated with low alcohol use in boys
but high alcohol use in girls (Griffin, Botvin, Scheier, Diaz, & Miller, 2000). Also, early pubertal
timing was associated with high cigarette and alcohol use regardless of sex, but only for girls
was this effect mediated by affiliation with deviant peers (Westling, Andrews, Hampson, &
Peterson, 2008).
Research is beginning to reveal the neural correlates of adolescent risk-taking behavior
and the factors that influence it. Development of the limbic system, which is involved in
affective processing, co-occurs with puberty and is complete by approximately mid-adolescence;
but, development of brain regions implicated in cognitive control, such as the prefrontal cortex,
progresses linearly throughout adolescence and even into early adulthood (Casey, Jones, &
Somerville, 2011; Lenroot & Giedd, 2010; Steinberg, 2008). Moreover, there are sex differences
in trajectories of adolescent brain development, with girls maturing before boys (Lenroot &
Giedd, 2010; Lenroot et al., 2007). In adolescence, the discordant maturational timing between
the neural affective and cognitive regions results in limited top-down control of responses to
appetitive stimuli, such as drugs (Bava & Tapert, 2010; Galvan, 2010). Most work examining
4

links between adolescent brain development and appetitive stimuli concern social cues and
monetary rewards (Forbes, Phillips, Silk, Ryan, & Dahl, 2011; Moore et al., 2012; Op de Macks
et al., 2011), but little is known about the brain substrates of adolescent cigarette smoking.
Research on this topic is important because the majority of smokers initiate use before age 18
(USDHHS, 2012), and adolescent smoking has been prospectively linked to adult smoking
(reviewed in Mathers, Toumbourou, Catalano, Williams, & Patton, 2006).

Sex Differences in Cigarette Smoking
There are striking sex differences in cigarette use and smoking behavior. First, men are
more likely than women to use cigarettes, but the size of this sex difference is decreasing (CDC,
2012; SAMHSA, 2012). Risk of death from smoking has remained stable for men over the last
30 years, but it has increased for women over the last 50 years, likely reflecting changes in
women’s smoking patterns across time (e.g., in type of cigarettes smoked; Thun et al., 2013).
Moreover, smoking rates among pregnant women have not declined in the last decade, holding
steady at around 18% (SAMHSA, 2012).
Second, childhood sex-typed psychopathology predicts cigarette use, suggesting that
there are some sex differences underlying smoking initiation. Boys are more likely than girls to
receive a childhood attention deficit hyperactivity disorder (ADHD) diagnosis (Zahn-Waxler,
Shirtcliff, & Marceau, 2008), and ADHD is linked to cigarette use (Gehricke et al., 2007).
ADHD and smoking may both reflect individual differences in impulsivity, and smoking may be
used to self-medicate ADHD symptoms; nicotine has been shown to improve attention and
executive function, domains in which individuals with ADHD have deficits (Castellanos,
Sonuga-Barke, Milham, & Tannock, 2006; Ernst et al., 2001; Foulds et al., 1996; Tarter et al.,
5

2003). Girls are more likely than boys to receive adolescent depression and anxiety diagnoses
(Zahn-Waxler et al., 2008), and these disorders are linked to cigarette use (Gehricke et al., 2007).
Most longitudinal research shows that depression and anxiety diagnoses precede smoking,
suggesting that nicotine is used to self-medicate, perhaps due to its mood-enhancing and
anxiolytic effects (Gehricke et al., 2007).
Third, men and women smoke in different contexts. Women are more likely to use
cigarettes in response to non-pharmacological factors, or conditioned cues (Andoh et al., 2008;
Perkins et al., 2006). For example, women smoked less and found smoking less pleasurable than
men following a smoking session during which their smell and taste of smoke was “blocked”
(e.g., with a nose clip) compared to an “unblocked” smoking session (Perkins et al., 2001). Men
are more likely than women to smoke for the pharmacological effects of nicotine (Delfino,
Jamner, & Whalen, 2001; Todd, 2004). For example, men compared to women found
generically-marked cigarettes with moderate nicotine content more pleasurable and reinforcing
than generically-marked cigarettes with low nicotine content (Perkins et al., 2006; Perkins,
Jacobs, Sanders, & Caggiula, 2002).
Fourth, women are less likely than men to initiate cessation and to be successful if they
do try to quit, perhaps because it is easier to attenuate the pharmacological effects of nicotine
(e.g., through reduction therapy) than it is to avoid exposure to smoking-related cues (Perkins &
Scott, 2008; USDHHS, 2012). This is particularly troubling because women are somewhat more
likely than men to experience the harmful physical consequences of cigarette use, such as
coronary heart disease, heart attack, COPD, and lung cancer (Dransfield, Davis, Gerald, &
Bailey, 2006; Henschke et al., 2006; Huxley & Woodward, 2011; Prescott, Hippe, Schnohr,
Hein, & Vestbo, 1998).
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Causes of sex differences in smoking. There is a small literature on potential causes of
sex differences in smoking behavior. Few consistent findings have emerged, likely due to the
complex interplay among factors. Findings also depend on the developmental stage of the sample
(e.g., adolescence vs. adults) and the smoking behavior under investigation (e.g., nicotine
dependence vs. smoking cessation).
Nonetheless, several influences on smoking-related sex differences have been found to be
important, including gonadal hormones, dopamine, genes, hypothalamic-pituitary-adrenal (HPA)
axis function, and social and environmental experience. First, estrogen accentuates the
psychological correlates of smoking (e.g., smoking-related pleasure, craving, difficulty quitting),
whereas progesterone attenuates these effects (Anker & Carroll, 2010; Carroll, Lynch, Roth,
Morgan, & Cosgrove, 2004; Dickmann, Mooney, Allen, Hanson, & Hatsukami, 2009; Mello,
2010). Sex differences in testosterone have also been suggested to influence the psychological
correlates of smoking, but this is likely an indirect effect through impulsivity and novelty
seeking that is most apparent in adolescence (Martin et al., 2002; Perkins et al., 2008). Second,
dopamine increases perceptions of smoking-related rewards in women more than men, perhaps
through transactions with estrogen (reviewed in Cosgrove et al., 2007; Kuhn et al., 2010). Third,
some genetic variants have been shown to have sex-specific effects in smokers. For example, the
low activity variant of OPRM1 A118G, reflecting reduced opiate receptor availability, is
associated with reduced nicotine reinforcement in female smokers, but not in male smokers,
perhaps explaining men’s enhanced response to the pharmacological effects of nicotine (Ray et
al., 2006). Fourth, HPA axis function differs between male and female smokers (reviewed in
Richards et al., 2011). For example, among typical (non-smoking) women but not typical men,
nicotine blocked stress-induced negative affect (File, Fluck, & Leahy, 2001). This is consistent
7

with data showing that female smokers show a blunted physiological response to stress
compared to female non-smokers – an effect that is not seen among men (Back et al., 2008), and
with data showing that stress-related negative affect during withdrawal predicts greater
likelihood of relapse in women than in men (al'Absi, 2006; Back et al., 2008). Fifth, women are
more likely than men to smoke in response to social and environmental cues, including having
friends and family members who smoke (Andoh et al., 2008; Branstetter, Blosnich, Dino, Nolan,
& Horn, 2012).
How to understand sex differences in smoking. Although research on gonadal
hormones, dopamine, genes, HPA axis function, and social experience has provided insight into
the underpinnings of sex differences in smoking behavior and its psychological correlates,
another way to understand the underpinnings is to examine their neural correlates. The brain is
the place where nicotine directly exerts its pharmacological and addictive effects on the body. In
fact, smoking and inhalation (compared to other forms of drug administration, such as injection)
deliver the desired substance most rapidly and directly to the brain (Quinn, Wodak, & Day,
1997).

Brain Substrates of Smoking: Structure and Task-Related Function
Research on the neural underpinnings of cigarette smoking has increased understanding
of the antecedents and consequences of drug use, and has provided information on ways to
attenuate risk (USDHHS, 2012). Much of this work uses magnetic resonance imaging (MRI), a
non-invasive in vivo imaging technique with high spatial resolution and increasing accessibility
to researchers. Structural MRI reflects the morphology of the brain, that is gray matter (GM),
white matter (WM), and cerebral spinal fluid (CSF), by measuring proton density in brain tissue.
8

Blood oxygen level-dependent (BOLD) functional MRI (fMRI) reflects brain activity by
measuring changes in blood oxygenation, which are related to neuronal firing (Logothetis, Pauls,
Augath, Trinath, & Oeltermann, 2001); thus, fMRI affords examinations of brain function during
task performance or rest. Although fMRI relies on indirect measurement and multiple
assumptions, it is among the best tools in science for understanding human brain function
(Logothetis, 2008; McClernon & Gilbert, 2004).
Brain structure. Studies employing structural MRI have provided insight into the neural
underpinnings of cigarette smoking. Compared to non-smokers, smokers have WM decrements,
primarily increased hyperintensities and decreased WM volume throughout the brain (Fukuda &
Kitani, 1996; Longstreth et al., 2005). Moreover, age-related decreases in WM quality are greater
for smokers than for non-smokers (Longstreth et al., 2005).
Compared to non-smokers, smokers also have enhanced GM volume in the striatum (Das,
Cherbuin, Anstey, Sachdev, & Easteal, 2012), but reduced GM volume and density in several
regions, such as the prefrontal cortex (PFC, particularly the lateral PFC, or LPFC), dorsal
anterior cingulate cortex (dACC), orbitofrontal cortex (OFC), and precuneus (Brody et al., 2004;
Gallinat et al., 2006). These brain regions are implicated in reward (striatum, OFC), executive
function, (LPFC, dACC), and conscious processes (precuneus). It is unknown whether structural
differences between smokers and non-smokers precede or follow smoking, so it is unclear
whether they mark risk for smoking initiation or reflect (years of) cigarette use. Future
longitudinal studies of smokers can help clarify the direction and magnitude of the effect.
Task-related brain function. Several different types of fMRI tasks have been used to
investigate the neural underpinnings of cigarette smoking. Most studies concern brain activation
elicited by exposure to smoking stimuli (McClernon & Gilbert, 2004). In these tasks, smokers
9

are exposed to smoking cues (e.g., images, scents, nicotine) in the scanner, usually after a period
of deprivation. In one representative study, Due and colleagues (2002) showed color photographs
of smoking (e.g., people using cigarettes), neutral scenes (e.g., hands), or animals (target images
that required responses) to non-smokers and to smokers who were cigarette-deprived for 10
hours, confirmed with a carbon monoxide (CO) monitor. They found that smokers have greater
activity to smoking cues than non-smokers in brain regions supporting reward (e.g., nucleus
accumbens), emotion (e.g., amygdala), and cognition (e.g., intraparietal sulcus). Others have
used cue exposure paradigms with smokers, consistently reporting greater activity in brain
regions implicated in reward (striatum, OFC), emotion (amygdala, insula), and cognition (ACC)
during smoking versus neutral cue exposure (Claus, Blaine, Filbey, Mayer, & Hutchison, 2013;
David et al., 2007; Smolka et al., 2006; Versace et al., 2011), and with high versus low doses of
nicotine (David et al., 2007; Stein et al., 1998). These findings are echoed in several reviews
(Azizan, Monterosso, O'Neill, & London, 2009; Engelmann et al., 2012; McClernon & Gilbert,
2004; Wilson, Sayette, & Fiez, 2004).
Other studies used fMRI tasks that assess response to monetary reward and punishment
in order to understand the neural bases of general (not specific to smoking) reward processing in
cigarette smokers. These studies generally show that smokers have a blunted neural response to
both monetary rewards and punishments compared to non-smokers, regardless of nicotine
deprivation state (e.g., Bühler et al., 2010; de Ruiter et al., 2009; Lessov-Schlaggar et al., 2013;
Peters et al., 2011). Brain regions implicated in reward (especially the striatum) primarily show
this blunted response.
Task-related fMRI studies have also been used to investigate the neural underpinnings of
smoking-related cognition, emotion, and their overlap because of nicotine’s influence on
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cognition and affect (reviewed above and in Gehricke et al., 2007; Swan & Lessov-Schlaggar,
2007). This work is challenging to summarize because of differences among studies in task
design. In general, however, results from attention and working memory studies show increased
activation in cognition (LPFC, parietal regions) and reward (striatum) regions in smokers during
nicotine replacement (or ad libitum smoking) versus deprivation (Lawrence, Ross, & Stein,
2002; Xu et al., 2006). Emerging evidence also suggests that smokers recruit more neural
resources than non-smokers in cognition (LPFC, parietal regions, dACC) and emotion (insula
and medial prefrontal cortex, or MPFC) circuitry to complete working memory and attention
tasks (Luijten et al., 2011; Sutherland, Ross, Shakleya, Huestis, & Stein, 2011), perhaps
reflecting cognitive decline associated with chronic cigarette use (as reported in Ott et al., 2004;
Richards et al., 2003; Starr et al., 2007).
There is a small literature on fMRI tasks of smoking-related emotion, showing that
emotion modulates the neural correlates of smoking cue exposure. Among smokers, activity in
emotion (amygdala) and reward (nucleus accumbens) circuitry depends on the timing of stress
and smoking cue exposure (Dagher, Tannenbaum, Hayashi, Pruessner, & McBride, 2009).
Moreover, in a cognitively-demanding smoking-related emotion recognition task, smokers
showed increased activity in the LPFC and decreased activity in reward and emotion circuitry
(particularly the insula) compared to nonsmokers (Artiges et al., 2009). This finding suggests
that smokers down-regulate affect and reward processes when completing the task.
In conclusion, smokers show altered activity in brain regions implicated in reward (e.g.,
OFC, striatum), emotion (e.g., amygdala, insula, MPFC), and cognition (e.g., dACC, precuneus,
LPFC). Compared to the brain activity of non-smokers, the brain activity of smokers is generally
enhanced during tasks involving exposure to smoking cues, but blunted during monetary reward
11

and emotion tasks. The placing of brain regions into reward, emotion, and cognition circuits
provides a useful heuristic for summarizing study results and conceptualizing brain processes,
but these groupings are not absolute. There is not a one-to-one mapping of brain regions to
behavior, and a given brain region can underlie multiple behavioral processes (Bassett &
Gazzaniga, 2011; Sporns, 2011). For example, the dACC subserves reward-related decisionmaking, so it could be considered part of the cognition or reward circuitry; similarly, the rostral
ACC (rACC) subserves reward-related emotion, so it could be considered part of the emotion or
reward circuitry (Marsh, Blair, Vythilingam, Busis, & Blair, 2007; Polli et al., 2005).
The interpretation of data on task-related brain function is complicated and dependent on
many factors (reviewed in Casey, Tottenham, Liston, & Durston, 2005; Paus, 2010; Poldrack,
2000). For example, group differences in brain activation favoring smokers over non-smokers
(e.g., in cue exposure tasks) could be interpreted as a reflection of smokers’ neural inefficiency
(requiring more resources to complete the task) or integration (eliciting a wider range of
associations during cue exposure). The best interpretation considers a priori hypotheses, task
design, and behavior.
Links between the brain and smoking behavior. Some smoking behaviors have been
linked to brain structure and function. First, number of pack-years smoked (i.e., number of
cigarettes smoked per day multiplied by number of years smoked) predicts brain structure
decrements. For example, increased number of pack-years is linearly associated with decreased
PFC volume (Brody et al., 2004; Gallinat et al., 2006).
Second, intensity of craving linearly predicts increased activation in smokers’ reward
(e.g., striatum), emotion (e.g., amygdala), and cognition (e.g., LPFC) circuitry (Brody et al.,
2007; David et al., 2007; Goudriaan, de Ruiter, van den Brink, Oosterlaan, & Veltman, 2010;
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Hartwell et al., 2011; Kang et al., 2012; Li et al., 2013; Smolka et al., 2006). This has primarily
been found in studies assessing links between craving and brain responses to visual smoking
cues. It is consistent with data showing that smokers have greater activity in these brain circuits
during high versus low doses of nicotine (David et al., 2007; Stein et al., 1998).
Third, nicotine dependence predicts brain activation during smoking cue exposure.
Dependence is typically measured with the Fagerström Test of Nicotine Dependence (FTND;
Heatherton, Kozlowski, Frecker, & Fagerstrom, 1991), which is a short screening tool that
assesses the severity of nicotine dependence. Increased dependence linearly predicts increased
activity in reward (OFC), emotion (MPFC and insula), and cognition (ACC) circuitry (Claus et
al., 2013; Goudriaan et al., 2010; McClernon, Kozink, & Rose, 2008; Smolka et al., 2006), but
abstinence may influence the direction of the effect. For example, increased dependence
(assessed with the Nicotine Dependence Syndrome Scale, or NDSS; Shiffman, Waters, &
Hickcox, 2004) was shown to predict increased activity in a reward (striatum) region when
participants smoked ad libitum, but it predicted decreased activity in the same region when
participants abstained from smoking for 12 hours (Sweitzer, Donny, & Hariri, 2012).
Fourth, smoking frequency linearly predicts brain activation in reward circuitry, with
increased frequency associated with decreased striatal activation to the anticipation of monetary
rewards in a sample of adolescents (Peters et al., 2011). This finding is striking because only 8 of
the 43 adolescent smokers reported nicotine dependence, and the link between increased
smoking frequency and reduced striatal activity was still significant after excluding the
dependent smokers.
Fifth, treatment status and smoking expectancy predict brain activity: Compared to those
not seeking treatment (who expect to smoke soon), smokers seeking treatment (who do not
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expect to smoke soon) had less activity in reward (OFC, rACC) and cognition (LPFC) circuitry
during cue exposure tasks (McBride, Barrett, Kelly, Aw, & Dagher, 2006; Wilson, Sayette,
Delgado, & Fiez, 2005; and reviewed in Wilson et al., 2004). They also exhibited a greater
caudate response to monetary rewards (Wilson, Sayette, Delgado, & Fiez, 2008), perhaps
suggesting that other rewards can attenuate the delay of smoking rewards for those who are
trying to quit.
Brain sex differences underlying smoking. Structural brain sex differences in smokers
have not been examined. In fact, some empirical studies cited above treat sex as a covariate
(Brody et al., 2004; Gallinat et al., 2006; Longstreth et al., 2005). The primary reason for this is
the difficulty associated with controlling for sex difference in brain size, with men having
approximately 10% larger brains than women (reviewed in Beltz, Blakemore, & Berenbaum,
2013). Although several methods for addressing this issue have been offered (e.g., covarying
intracranial volume), all have limitations (see Bishop & Wahlsten, 1997). Moreover, it is unclear
how work on structural brain sex differences would elucidate sex differences in smoking-related
behavior because the mapping between brain structure and behavior is not well delineated
(Bassett & Gazzaniga, 2011; Mesulam, 2012; Sporns, 2011). Future work on structural brain sex
differences among smokers is needed, but it will provide the greatest insight once best practices
are established for accounting for brain size sex differences and for mapping brain structurebehavior links. Until then, research on brain function has the greatest potential for elucidating
sex differences in smoking behavior.
There are few examinations of sex differences in the cue-elicited, cognitive, or affective
brain activity of smokers. Most studies cited above fail to consider sex, with some only testing
one sex, usually men (e.g., de Ruiter et al., 2009; Goudriaan et al., 2010; Kang et al., 2012;
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Smolka et al., 2006; Sweitzer et al., 2012; Wilson et al., 2005, 2008). Nonetheless, notable sex
differences were reported in one study of smokers during a smoking cue exposure paradigm
(McClernon et al., 2008): Men had greater activation than women in the hippocampus and
medial frontal regions, while women had greater activation than men in the striatum and some
temporal and superior frontal regions. Two pieces of evidence support these findings. First,
others have found greater hippocampal activity in male versus female cigarette users in response
to smoking cues (Wetherill et al., 2013). Second, current work is examining sex differences in
cue-elicited brain activation in the dorsal striatum of smokers, with the hypothesis that women
will show greater activation than men because this structure mediates the link between the
learning of smoking-related cues and actual smoking behavior (Wilson, personal
communication). As reviewed above, smoking depends on the learned associations between
cigarette use and non-pharmacological cues for women more than men. So, it is expected that
women will show greater activation than men to smoking cues in the reward circuitry,
particularly in the striatum, because learning to associate smoking with certain cues is contingent
upon this structure.
Sex differences in adolescent smokers’ neural response to monetary feedback have also
been reported (Peters et al., 2011). Preliminary evidence shows that the blunted striatal response
to monetary reward and punishment, which is characteristic of smokers, was more pronounced
among boys than girls. This finding is consistent with behavioral data reported above, indicating
that men more than women smoke for the pharmacological effects of nicotine (Delfino et al.,
2001; Perkins et al., 2006; Perkins et al., 2002; Todd, 2004). It is, therefore, unlikely that nonnicotinic rewards (like money) would elicit a strong neural response from male smokers.
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Causes of brain sex differences underlying smoking. The small literature on factors
underlying sex differences in smoking-related brain function does not provide any consistent
findings, but there is some suggestion for the importance of neurotransmitters and gonadal
hormones. Dopamine may enhance reward-related processing in women more than men because
estrogen increases dopamine action in the brain’s reward circuitry (especially the striatum) and
its medial frontal lobe projections (Cosgrove et al., 2007; Kuhn et al., 2010). This idea is
consistent with a recent study using positron emission tomography, showing that female smokers
had more dopamine receptors than male smokers in the striatum (Brown et al., 2012).
There is also a role for gamma-aminobutyric acid (GABA) and acetylcholine in
explaining sex differences in the neural correlates of cigarette smoking. The link between
nicotine and inhibitory GABA (levels and receptors) may be more important for female than
male smokers. Brain GABA levels are lowest during high estrogen phases of the menstrual
cycle, and decreased GABA receptors are associated with increased cigarette craving in female
but not male smokers (Epperson et al., 2005; Esterlis et al., 2013). These and other data (e.g.,
Mello, 2010) show that smoking patterns vary for women in high versus low estrogen phases of
the menstrual cycle. Nicotinic acetylcholine receptors, however, mediate the excitatory effects of
nicotine on the brain’s cognition circuitry (Cosgrove et al., 2012; Swan & Lessov-Schlaggar,
2007) and may be more important for male than female smokers. In a study using single-photon
emission computed tomography, male smokers had more nicotinic acetylcholine receptors than
male non-smokers in several brain areas, including the ACC and precuneus (Cosgrove et al.,
2012).
The general paucity of research on the neural underpinnings of smoking-related sex
differences and their causes is disappointing. Many reviews express the importance of brain sex
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differences for physical and mental health, drug use, cognition, emotion, and development
(Cahill, 2005; Cosgrove et al., 2007; Lenroot & Giedd, 2010; McCarthy & Arnold, 2011; Paus,
2010; Wetherington, 2007; Wizemann et al., 2001).

Brain Substrates of Smoking: Resting State Brain Function
Task-related brain activity measured with BOLD fMRI reveals exogenous (task-directed,
task-positive) brain function, or brain regions engaged during the performance of an action or in
response to stimuli. Endogenous (internally-oriented) brain function is also important; it is the
intrinsic activity that occurs when the brain is at rest or not engaged in a goal-directed task.
Resting state brain activity was discovered nearly two decades ago when patterns of coactivation among spatially disparate brain regions appeared during attempts to statistically
denoise the BOLD signal; in fact, task-related decreases in activation were consistently noticed
in some brain regions, which are now referred to as the default mode network (DMN; Biswal,
Yetkin, Haughton, & Hyde, 1995; Lowe, Mock, & Sorenson, 1998; Raichle et al., 2001). These
low frequency spatiotemporal activation patterns emerge from seemingly-spontaneous and
dynamic brain activity, and they are thought to explain the large amount of metabolic energy
required by the resting brain (Fox & Greicius, 2010; Lowe, 2010; Raichle, 2010). Thus, resting
state brain activity is the physiological baseline of the brain, and is thought to reflect the brain’s
functional organization and an individual’s psychological baseline (Gusnard & Raichle, 2001;
Raichle et al., 2001).
Resting state brain networks. Brain regions with synchronous activity form functional
resting state networks (Fox & Greicius, 2010; Rosazza & Minati, 2011; Zhang & Raichle, 2010).
BOLD fMRI is often used to identify these brain networks. In the scanner, participants are
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typically asked to close their eyes, to not think of anything in particular, and (usually) to try not
to fall asleep. Participants’ thoughts during resting state scans are considered to be stimulusindependent and to reflect mind wandering (Mason et al., 2007).
There are several ways to calculate the functional connectivity among the BOLD signal
of different brain regions. Seed-based correlations and independent component analysis (ICA)
are the two most popular approaches. Seed-based correlations are often used in hypothesisdriven work: Functional networks are identified by relating the BOLD time series from one
specified (seed) region of interest (ROI) with the BOLD time series of all other brain voxels or
ROIs (Cole, Smith, & Beckmann, 2010; Margulies et al., 2010; Rosazza & Minati, 2011; van
den Heuvel & Pol, 2010; Zhang & Raichle, 2010). Seed-based approaches afford direct
interpretations of results (i.e., hypotheses are supported or not) with straight-forward statistical
analyses (e.g., correlations, linear regressions), but it is challenging to select a priori ROIs, and
systems-level brain function can be misrepresented by a small number of ROIs (Cole, Smith, et
al., 2010; Margulies et al., 2010).
ICA is typically used in exploratory work. This is a data-driven approach based on the
assumption that the brain is organized into functionally discrete networks, so networks are
statistically identified by maximizing temporal dependence in the BOLD signal and spatial
independence in the anatomical location of brain voxels (Beckmann, DeLuca, Devlin, & Smith,
2005; Cole, Smith, et al., 2010; Margulies et al., 2010). ICA approaches provide a systems-level
representation of brain function, but the specification of the number of networks and
classification of their function is subjective and can lead to issues of interpretability and
reproducibility, as with all data-driven approaches (Cole, Smith, et al., 2010; Margulies et al.,
2010).
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Several resting state brain networks have been consistently identified using a variety of
exploratory and hypothesis-driven data analysis approaches (Shehzad et al., 2009). The most
investigated resting state network is the DMN, which includes the precuneus (including the
posterior cingulate cortex, or PCC), lateral parietal (LP) regions, MPFC, and according to some
scholars, the hippocampus and medial temporal lobe (Fox & Greicius, 2010; Rosazza & Minati,
2011; van den Heuvel & Pol, 2010). This network is anticorrelated, or inversely related, with
task-related brain function, so that the DMN is less active during task performance than during
rest, but other networks (e.g., attention) are more active during task performance than during rest
(Raichle et al., 2001; Uddin, Kelly, Biswal, Castellanos, & Milham, 2009). There is, however,
debate surrounding this topic: Evidence overwhelmingly supports a dominant role for the DMN
in resting state brain function, but there are indications that its anticorrelated nature reflects
statistical artifact (Cole, Smith, et al., 2010; Murphy, Birn, & Bandettini, 2013; Murphy, Birn,
Handwerker, Jones, & Bandettini, 2009; Van Dijk et al., 2010). There are many other resting
state networks, with some more widely-investigated and clearly defined than others. Some of the
consistently-reported ones are: (1) visual, (2) sensorimotor, (3) auditory, (4) attention/executive
control (Beckmann et al., 2005; Rosazza, Minati, Ghielmetti, Mandelli, & Bruzzone, 2012).
Resting state brain networks have been demonstrated to be valid and reliable reflections
of brain function, despite criticism (see e.g., Morcom & Fletcher, 2007). Brain regions in resting
state networks often “work together” during tasks (Mennes et al., 2010; Sutherland et al., 2012;
van den Heuvel & Pol, 2010). For example, motor regions engaged during finger movement
show temporally-correlated activity during rest (Biswal et al., 1995). This suggests that resting
state networks reflect functional relations among brain regions; they are not merely capitalizing
on temporal correlations in physiological noise (e.g., cardiac and respiratory signal; Van Dijk et
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al., 2010). This also suggests that resting state may be a simpler way to measure brain function
than imaging tasks, which are often are too difficult for pediatric and neuropsychiatric
populations and have other interpretability issues (Casey et al., 2005; Paus, 2010; Uddin,
Supekar, & Menon, 2010). Moreover, recent work using graph analysis shows that resting state
networks demonstrate topological small-world organization, the hallmark of efficient brain
processing (van den Heuvel & Pol, 2010; Wang, Zuo, & He, 2010). Psychometric support for the
validity and reliability of resting state networks comes from data showing that the same networks
can be extracted across different people using different methods (e.g., ICA, seed-based
correlations), and there is high within-person stability across 10 days (Anderson, Ferguson,
Lopez-Larson, & Yurgelun-Todd, 2011; Biswal et al., 2010; Liu, Stufflebeam, Sepulcre,
Hedden, & Buckner, 2009; Shehzad et al., 2009; Smith et al., 2009; Van Dijk et al., 2010).
Resting state networks underlying neuropsychiatric disease. Resting state networks,
as patterns of intrinsic brain activity that reflect an individual’s psychological baseline, have
been linked to neuropsychiatric conditions. Although some inconsistencies exist (likely due to
differences in analysis approaches or sample characteristics), results generally converge, as
indicated by several recent reviews (Fornito & Bullmore, 2010; Fox & Greicius, 2010; Rosazza
& Minati, 2011; van den Heuvel & Pol, 2010). ADHD and depression are reviewed here because
of their proposed links to cigarette smoking (Gehricke et al., 2007); anxiety disorders are not
considered because few consistent resting state findings have emerged, likely due to symptom
heterogeneity (e.g., different connectivity patterns have been found for generalized anxiety and
posttraumatic stress disorders; Bluhm et al., 2009; Etkin, Prater, Schatzberg, Menon, & Greicius,
2009). Compared to controls, individuals with ADHD show decreased connectivity within the
DMN and between the DMN and attention network (Castellanos et al., 2008; Uddin et al., 2008).
20

This suggests that DMN activity is not synchronous for individuals with ADHD; this
asynchronous activity may disrupt neural processes underlying cognition, and may relate to the
deficits in attention and executive function that characterize the disorder. Compared to controls,
individuals with depression show increased connectivity within the DMN and decreased
connectivity between the ACC and thalamus, which is implicated in reward processing (Anand,
Li, Wang, Lowe, & Dzemidzic, 2009; Greicius et al., 2007). This suggests that the DMN may be
hyperactive in depressed individuals, and that the deficient resting state links between brain
regions subserving attention and reward may relate to the anhedonia that characterizes the
disorder. Findings like these have led researchers to suggest that resting state brain connectivity
is a systems-level biomarker of disease (Bassett, Nelson, Mueller, Camchong, & Lim, 2012; Fox
& Greicius, 2010; Janes, Nickerson, Frederick, & Kaufman, 2012; Sutherland et al., 2012; Zhang
& Raichle, 2010).
Resting state networks underlying smoking. Consequently, there is interest in resting
state brain function as a reflection of drug use and addiction. Results from resting state studies
across addiction types show that drug users generally have altered function in networks
associated with reward, emotion, and cognition (reviewed in Sutherland et al., 2012). The nature
of the altered function is unclear, though. For example, compared to non-drug users, drug users
have been reported to show both greater connectivity among reward-related brain regions (e.g.,
Ma et al., 2010) and less connectivity among reward-related regions (e.g., Gu et al., 2010).
Discrepant findings may be due to the exploratory nature of many of the studies or to differences
among participants in drug satiety and withdrawal.
Discrepant findings may also be due to differences in resting state brain function across
addiction types. For example, the studies cited above reported an opposite direction of effects for
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heroin (Ma et al., 2010) and cocaine users (Gu et al., 2010). Drugs differ in pharmacokinetics,
methods of administration, and behavioral and neurological consequences of short-term and
long-term use (Büttner, 2011; Quinn et al., 1997), so it is logical that their reflections in resting
state brain function vary (Sutherland et al., 2012). This was empirically demonstrated in a
within-subjects repeated measures examination of resting state brain function during intravenous
morphine, alcohol, and placebo infusion (Khalili-Mahani et al., 2012). Distinct patterns of
functional connectivity were found during morphine versus alcohol infusion; only two of eight
resting state networks showed any overlapping connectivity during both drug administration
sessions (Khalili-Mahani et al., 2012). These findings suggest that resting state brain function
differs across drug types – at least for non-addicts in an experimental setting.
Specific networks underlying cigarette smoking must be evaluated in order to form clear
hypotheses about sex differences in them. Three networks emerge as important: the DMN,
attention network, and reward circuitry (e.g., striatum, OFC). The DMN primarily includes the
PCC, MPFC, and LP (Fox & Greicius, 2010; Raichle et al., 2001; Rosazza & Minati, 2011; van
den Heuvel & Pol, 2010). It is a task-negative network that reflects unconstrained, internallydirected cognition and self-monitoring and evaluative processes (Raichle et al., 2001; Rosazza &
Minati, 2011; Sutherland et al., 2012). The DMN has been suggested to underlie cigarette
smoking because smoking is thought to disrupt the DMN’s anticorrelation with task-positive
networks; the DMN and task-positive networks are anticorrelated during optimal task
performance, but smokers do not show this anticorrelation (Sutherland et al., 2012).
The attention network primarily includes the LPFC, insula, ACC, and some posterior
parietal regions (Beckmann et al., 2005; Fox et al., 2005; Seeley et al., 2007; Sridharan, Levitin,
& Menon, 2008; Uddin, Supekar, Ryali, & Menon, 2011). It is a task-positive network that is
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divided into two sub-networks: the central executive network (CEN) and the salience network
(SN). The CEN includes the LPFC and posterior parietal regions and reflects decision-making,
whereas the SN primarily includes the insula and ACC and reflects attention and affective
processes (Seeley et al., 2007; Sridharan et al., 2008; Uddin et al., 2011). The attention network
is thought to underlie smoking because it is a task-positive network anticorrelated with the
DMN, and it is sensitive to acetylcholine, which is affected by nicotine administration
(Sutherland et al., 2012). Specifically, the SN is thought to support the detection of individuallyrelevant stimuli, and the CEN supports decision-making related to those stimuli; stimuli
detection and decision-making is disrupted in smokers, who consider cigarettes to be relevant,
regardless of other stimuli (Sutherland et al., 2012).
Research generally converges on the importance of the resting state DMN and attention
network for cigarette smokers. With respect to within-network connectivity, smokers show less
within the DMN and attention network during nicotine replacement (through a lozenge or patch)
than during nicotine deprivation (Cole, Beckmann, et al., 2010; Moran, Sampath, Stein, & Hong,
2012; Tanabe et al., 2011). But, some work has found that acute nicotine replacement is not a
predictor of resting state connectivity in smokers (Hong et al., 2009; Moran et al., 2012).
Discrepancies might be due to sample characteristics (e.g., participants had schizophrenia in
Moran et al., 2012) or differences in the length of smoking deprivation.
With respect to between-network connectivity, smokers generally fail to show
anticorrelations between the DMN and attention network (Cole, Beckmann, et al., 2010; Janes et
al., 2012; Zhang et al., 2011); for smokers, the activity in both networks is increased or
asynchronous during rest, but typical samples show increased DMN and decreased attention
network activity during rest (Fox & Greicius, 2010; Raichle et al., 2001; Rosazza & Minati,
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2011; Uddin et al., 2009; van den Heuvel & Pol, 2010). This has primarily been found in
samples of deprived smokers (Cole, Beckmann, et al., 2010; Lerman et al., 2014; Zhang et al.,
2011) but also in a sample of non-deprived smokers (Janes et al., 2012), suggesting that it might
be a trait of cigarette smokers and not exclusively dependent on nicotine state; it is unclear,
however, whether this trait precedes or follows smoking initiation. Interestingly, this same
pattern of decreased DMN-attention connectivity has been reported in individuals with ADHD,
which is linked to cigarette use (Castellanos et al., 2008; Gehricke et al., 2007; Uddin et al.,
2008), suggesting that similar patterns of resting state connectivity underlie both ADHD and
cigarette use, consistent with data from typical samples showing that individual differences in the
anticorrelation of the DMN and task-positive networks are linked to attention (Kelly, Uddin,
Biswal, Castellanos, & Milham, 2008).
Resting state brain reward circuitry primarily includes the striatum and OFC. It is a taskpositive network that reflects appetitive responses to cues or events. Resting state reward-related
brain circuitry (reward network from this point forward) is also implicated in cigarette smoking.
For example, connectivity within the reward network is greater in smokers than in non-smokers
(Janes et al., 2012; Wang et al., 2007). Connectivity between the attention and reward networks
is also reduced in smokers during nicotine replacement versus withdrawal (Cole, Beckmann, et
al., 2010).
Links between resting state networks and smoking behavior. Investigated links
between resting state brain connectivity and smoking behavior concern craving and nicotine
dependence. Increased craving is primarily associated with increased connectivity within the
reward network (Janes, Farmer, Frederick, Nickerson, & Lukas, 2014), whereas increased
dependence is associated with decreased connectivity within the attention network and between
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the attention and reward networks during deprivation (Hong et al., 2009; Moran et al., 2012).
This suggests that some alternations in resting state network connectivity depend on nicotine
state.
Sex may also contribute to the link between nicotine dependence and resting state
connectivity. Increased nicotine dependence was associated with increased connectivity between
the DMN and attention network in a sample of female smokers (Janes et al., 2012). Participants
in this study were not deprived, but these results hint at the possibility of sex-specific links
between nicotine dependence and resting state brain function.
Sex differences in resting state networks underlying smoking. There have been few
explicit examinations of sex differences in the resting state brain networks of cigarette smokers.
Similar to investigations of the task-related brain function underlying smoking, studies on resting
brain function often fail to consider sex as a variable of interest, with some only examining one
sex (e.g., Ding & Lee, 2013; Janes et al., 2012), and others treating sex as a statistical covariate
(e.g., Zhang et al., 2011). In fact, in one study sex differences in resting state connectivity were
identified in order to demonstrate that sex should be statistically controlled – not conceptually
investigated – in studies on individual differences: “Our findings characterize robust – yet
frequently ignored – neural differences between males and females, pointing to the necessity of
controlling for sex in neuroscience studies of individual differences” (Smith et al., 2014, p. 1).
Nonetheless, sex differences in the resting state connectivity of smokers were examined
in one study, where results were considered preliminary due to the exploratory nature of the
seed-based data analysis approach. Women had greater connectivity than men between a
hippocampal seed region and DMN (parietal lobule) and attention (insula, ACC) regions
(Wetherill, Jagannathan, Shin, & Franklin, 2014). While provocative, this single set of
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preliminary findings is difficult to interpret without a non-smoking control group or
measurement of smoking behavior, so the results require replication and extension.
Beyond the preliminary findings of Wetherill and colleagues (2014), there are several
reasons to expect that sex differences in resting state brain networks underlie sex differences in
smoking behavior. First, there are striking sex differences in smoking (e.g., Perkins et al., 2006;
Perkins et al., 2001; Perkins & Scott, 2008). Second, there are some sex differences in the taskrelated brain function of smokers, with further research underway (e.g., McClernon et al., 2008).
Third, there are sex differences in the resting state brain function of typical (nonsmoking) individuals (Biswal et al., 2010; Bluhm et al., 2008; Casanova, Whitlow, Wagner,
Espeland, & Maldjian, 2012; Filippi et al., 2013; Liu et al., 2009; Lopez-Larson, Anderson,
Ferguson, & Yurgelun-Todd, 2011; Smith et al., 2014; Tian, Wang, Yan, & He, 2011; Wu et al.,
2013; Zhou et al., 2014; Zuo et al., 2012; Zuo et al., 2010). Women have been consistently
shown to have greater connectivity than men within the DMN, and men have been shown to
have greater connectivity than women within the attention network. Evidence comes from both
exploratory and hypothesis-driven examinations (Bluhm et al., 2008; Filippi et al., 2013).
Evidence also comes from the 1000 Functional Connectomes Project, which resulted in a
repository of resting state brain scans from 24 international imaging centers including over 1,400
participants: Women had greater connectivity than men in the precuneus/PCC and MPFC, and
men had greater connectivity than women in LPFC parahippocampal regions (Biswal et al.,
2010; Zuo et al., 2010). There have been two failures to replicate (Mowinckel, Espeseth, &
Westlye, 2012; Weissman-Fogel, Moayedi, Taylor, Pope, & Davis, 2010), but these studies used
exploratory analyses and one had a small sample (N < 50; Weissman-Fogel et al., 2010); studies
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that reported sex differences used hypothesis-driven analyses or exploratory ICA in large
samples (N > 100), perhaps suggesting that the sex differences are not large.
Several studies have also used graph theoretical metrics to examine sex differences in
resting state networks. Few consistent findings have emerged, but there is suggestion that men
have more right-lateralized resting state activity than women (Liu et al., 2009; Tian et al., 2011).
This is consistent with task-related neuroimaging findings showing that men have more rightlateralized activity (primarily in the amygdala) than women during the processing of emotional
stimuli, including angry faces and negatively-valenced memories (reviewed in Beltz et al., 2013).
There is also suggestion that the hippocampus is a functional hub (a highly-connected region
important for brain efficiency) for the resting state brain function of women, but not men (Zuo et
al., 2012). This is consistent with task-related neuroimaging findings and behavioral data
showing that women have larger hippocampi and better memory, particularly verbal and episodic
memory, than men (reviewed in Beltz et al., 2013).
Fourth, sex differences in the resting state brain function of youth and young adults have
been linked to sex differences in behaviors related to smoking. Increased resting state
connectivity with the OFC is associated with increased risk taking in males, but to decreased risk
taking in females (Zhou et al., 2014). Also, masculinized resting state connectivity profiles
(characterized by high connectivity between networks) are related to masculine cognition
profiles (characterized by high spatial ability) in a study using multivariate pattern analysis
(Satterthwaite et al., 2014).
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Current Study
Cigarette smoking is a significant personal and public health issue. There are several sex
differences in smoking. Men are more likely than women to smoke for the pharmacological
effects of nicotine, and women are more likely than men to smoke for the rewards associated
with conditioned cues. Women are also less likely than men to initiate smoking cessation, and to
succeed if they do try to quit. What mechanisms underlie these behavioral sex differences? Brain
function is altered by the psychoactive effects of nicotine and facilitates cue-learning. Taskrelated fMRI studies show some sex differences in the exogenous brain function of smokers; for
example, women have greater smoking cue-elicited activation than men in reward-related brain
regions (particularly the striatum), and this is consistent with the sex difference in cue learning.
Aim of research. Questions remain concerning the association between resting state
brain function, or endogenous brain activity in the absence of a task, and sex differences in
cessation-related behavior. Resting state function is important: It marks neuropsychiatric disease,
including addiction and some sex-typed disorders. Thus, the goal of the current study was to
determine the nature of sex differences in resting state networks underlying smoking, and to
identify sex-moderated links from resting state brain connectivity to smoking behavior.
Hypotheses. Study hypotheses are elaborated below. Briefly, I investigated sex
differences in the resting state functional connectivity of three networks shown to be associated
with cigarette smoking, each defined by four a priori ROIs: DMN (MPFC, PCC, bilateral LP),
attention (right LPFC, ACC, bilateral insula), and reward (bilateral striatum, bilateral OFC). I
then examined whether sex moderates links between resting state connectivity and smoking
behavior, specifically nicotine dependence and quitting self-efficacy.
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Hypothesis 1: There are sex differences in within-network resting state connectivity
of adult cigarette smokers. The DMN, attention, and reward networks are implicated in
smoking: Smokers generally show decreased connectivity within the DMN and attention
network during nicotine replacement versus deprivation and increased connectivity within the
reward network compared to non-smokers. I hypothesize that connectivity within these networks
depends on sex.
Hypothesis 1a: I hypothesize that women have greater resting state connectivity than
men within the DMN. This is based on data showing sex differences favoring women in DMN
connectivity in typical samples, and preliminary evidence showing that female smokers have
greater DMN connectivity than female non-smokers (Biswal et al., 2010; Bluhm et al., 2008;
Filippi et al., 2013; Janes et al., 2012; Wetherill et al., 2014; Zuo et al., 2010). This hypothesis is
also consistent with data showing increased connectivity in the DMN in depressed individuals
versus controls, with depression showing a sex difference favoring women (Greicius et al., 2007;
Zahn-Waxler et al., 2008).
Hypothesis 1b: I hypothesize that men have greater resting state connectivity than
women within the attention network. This is based on data showing sex differences in
attention network connectivity favoring men in typical samples (Filippi et al., 2013). It is also
consistent with evidence suggesting that the enhanced attention and executive function
associated with nicotine is more important for men than for women. Men more than women
smoke for the pharmacological effects of nicotine, which include short-term cognitive
enhancement (Cosgrove et al., 2012; Delfino et al., 2001; Perkins et al., 2006; Perkins et al.,
2002; Todd, 2004). Moreover, ADHD symptoms improve with nicotine administration, and
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ADHD shows a sex difference favoring men (Gehricke et al., 2007; Swan & Lessov-Schlaggar,
2007; Zahn-Waxler et al., 2008).
Hypothesis 1c: I hypothesize that women have greater resting state connectivity than
men within the reward network. This is based on data showing sex differences in smokers in
response to smoking cues and monetary rewards, suggesting that reward-related brain regions
play a greater role in subserving the smoking behavior of women than of men (McClernon et al.,
2008; Peters et al., 2011). It is consistent with evidence that women are more likely than men to
smoke in response to non-pharmacological cues, the learning of which is facilitated by the
striatum (Andoh et al., 2008; Perkins et al., 2006; Perkins et al., 2001; Wilson, personal
communication). Converging evidence also shows that dopamine and estrogen transact in brain
reward circuitry (particularly the striatum) to facilitate the learning of smoking-related cues in
women more than men (Brown et al., 2012; Cosgrove et al., 2007; Kuhn et al., 2010).
Hypothesis 2: There are sex differences in between-network resting state
connectivity of adult cigarette smokers. Although little is known about DMN-reward and
attention-reward connectivity, altered (atypically increased or asynchronous) connectivity
between the DMN and attention networks has been consistently reported in smokers. I
hypothesize that connectivity between these networks depends on sex.
Hypothesis 2a: I hypothesize that women have greater connectivity than men
between the DMN and reward network. This is an extension of hypotheses 1a and 1c, which
suggest greater within-network connectivity in the DMN and reward network for women than
men.
Hypothesis 2b: I hypothesize that women have greater connectivity than men
between the DMN and attention networks. This hypothesis is based on preliminary evidence
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that female smokers have greater DMN-attention connectivity than male smokers (Wetherill et
al., 2014). This hypothesis is also consistent with data showing that individuals with ADHD have
decreased connectivity between the DMN and attention network (Castellanos et al., 2008; Uddin
et al., 2008).
Hypothesis 2c: I hypothesize that men have greater connectivity than women
between the attention and reward networks. As reviewed above, this is based on data showing
that men are more likely women to smoke for the enhanced cognition associated with nicotine
use, and that they find the pharmacological effects associated with nicotine more rewarding than
do women (Cosgrove et al., 2012; Delfino et al., 2001; Perkins et al., 2006; Perkins et al., 2002;
Todd, 2004). This hypothesis is also consistent with data showing that depressed individuals
have decreased connectivity between the attention and reward networks, and depression shows a
sex difference favoring women (Anand et al., 2009; Greicius et al., 2007).
Hypothesis 3: Sex moderates links between resting state network connectivity and
smoking behavior. Most information on links between resting state brain function and smoking
behavior concerns nicotine dependence and the attention network, with the direction of effects
depending on the deprivation state of smokers. I hypothesize that sex differences may also
contribute to the direction of these effects, and that sex differences in the reward network
contribute to women’s difficulty quitting smoking.
Hypothesis 3a: I hypothesize that sex moderates the link between DMN-attention
network connectivity and nicotine dependence, such that women have a greater association
than men from connectivity to dependence. This is based on data showing a link between
increased nicotine dependence and increased DMN-attention network connectivity in women

31

(Janes et al., 2012), but mixed findings (i.e., decreased or asynchronous links) between DMNattention network connectivity in mixed-sex samples (Hong et al., 2009; Moran et al., 2012).
Hypothesis 3b: I hypothesize that sex moderates the link between connectivity within
the attention network and nicotine dependence, such that men have a greater association
than women from connectivity to dependence. As reviewed above, this is based on data
showing that men are more likely than women to smoke for the pharmacological effects of
nicotine, which include increased attention and executive function (Cosgrove et al., 2012;
Delfino et al., 2001; Perkins et al., 2006; Perkins et al., 2002; Todd, 2004).
Hypothesis 3c: I hypothesize that sex moderates the link between connectivity within
the reward network and quitting self-efficacy, such that women have a greater inverse
association than men from connectivity to self-efficacy. This is based on data showing that
women are less likely than men to quit smoking (Perkins & Scott, 2008; USDHHS, 2012), that
low self-efficacy is associated with a low likelihood of quitting smoking (Schnoll et al., 2011),
and that women smoke for rewards associated with smoking cues, the learning of which is
facilitated by the striatum (Cosgrove et al., 2007; McClernon et al., 2008; Peters et al., 2011;
Wilson, personal communication).
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CHAPTER 2. METHOD
Hypotheses were addressed with resting state data collected by Dr. Stephen Wilson as
part of a study funded by the National Institute on Drug Abuse on the ways in which smoking
expectancy affects neural responses to monetary rewards in cigarette smokers (R03 DA029675).
Relevant information from the parent study is included below; complete details of the parent
study are reported elsewhere (Wilson et al., 2014).

Participants
Participants were 51 cigarette smokers (28 men, 23 women), aged 18 to 45 years. All
participants were right-handed and native English speakers. Participants were recruited through
radio and newspaper advertisements in State College, Pennsylvania and surrounding
communities. Inclusion criteria included (1) smoking at least 10 cigarettes per day for the past 12
months, and (2) no current plans to quit smoking or to pursue smoking cessation treatment.
Exclusion criteria included (1) cardiovascular or respiratory disease during the previous year, (2)
current use of psychiatric medications, (3) current dependence on a substance other than nicotine
based upon a brief structured interview (substance-related sections of the Mini-International
Neuropsychiatric Interview; Sheehan et al., 1998), and (4) current depression (defined as a score
> 16 on the Center for Epidemiologic Studies Depression Scale; Radloff, 1977). All procedures
were approved by a university Institutional Review Board and written informed consent was
obtained from all participants. One male participant was excluded from analyses for
noncompliance with study procedures; he fell asleep during the resting state scan.
Demographic data and smoking characteristics of the final sample are displayed by sex in
Table 1. There were no significant sex differences, examined with a chi-square test of
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independence at Type I error of .05 for race and two-tailed t-tests at Type I error of .05 for all
other variables.

Procedures
Individuals who responded to recruitment advertisements completed a preliminary
telephone screening. Eligible participants (i.e., those who met all inclusion criteria and no
exclusion criteria) visited the lab for two sessions: a baseline session and an experimental
session.
Baseline session: behavioral data collection. The baseline session consisted of three
parts. First, participants provided an expired-air CO sample, which was used to verify smoking
status (>10 ppm; BreathCo, Vitalograph, Lenexa, Kansas). Second, participants completed a
battery of interview and self-report assessments. This battery included measures of nicotine
dependence and quitting self-efficacy, the smoking behaviors of primary interest for the current
study. Third, participants were scheduled for a two-hour experimental session to be held on a
separate day. They were instructed to abstain from smoking and using any nicotine-containing
product for the 12 hours preceding the experimental session; they were told that a CO sample
would verify their compliance with these instructions. Participants also were instructed to refrain
from consuming drugs or alcohol for the 24 hours prior to the experimental session.
Experimental session: brain resting state data collection. The experimental session
consisted of four parts. First, participants reported the last time they smoked a cigarette and a CO
sample was obtained to check compliance with the 12-hour deprivation instructions; this
timeframe has been used in prior research to create the experience of withdrawal (Cole,
Beckmann, et al., 2010). Participants were required to have a CO level at least 50% lower than
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their baseline session sample; this cutoff was based upon prior experience with similar samples
and procedures (e.g., Wilson, Sayette, & Fiez, 2012).
Second, participants completed several tasks concerning smoking expectancy effects on
brain function; these tasks are unrelated to the current study aims. Participants were instructed
that they would not be able to smoke during the experiment (approximately two hours); this time
frame has been used in prior research to create an expectancy of not being able to smoke (Wilson
et al., 2005; Wilson et al., 2012). They provided a buccal cell sample to relate genetic
polymorphisms to smoking-related brain function. They were told that they would complete a
card-guessing task for monetary compensation while in the scanner (adapted from Delgado,
Nystrom, Fissell, Noll, & Fiez, 2000). They rated their urge to smoke on a scale from 0
(absolutely no urge to smoke at all) to 100 (strongest urge to smoke I’ve ever experienced).
Third, participants were placed in the fMRI scanner and completed a resting state scan.
Participants were instructed to relax, to keep their eyes closed, and to not think of anything in
particular; they were also told to try to stay awake. One male participant reported falling asleep
during the resting state scan, and his data were excluded from subsequent analyses; resting state
networks are generally identifiable during sleep, but some of their characteristics (e.g., strength,
temporal course) differ compared to networks identified during wakeful rest (e.g., Fukunaga et
al., 2006; Tagliazucchi et al., 2013). Data collection lasted 5 min 20 s; this is a sufficient amount
of time to acquire reliable resting state brain function measurements for group difference tests in
network strength (Cole, Smith, et al., 2010; Van Dijk et al., 2010).
Fourth, participants completed six runs of the card-guessing task. After three runs, half
of the participants were reminded that they would not be able to smoke during the study, while
the other half of the participants were told that they would be able to smoke during the study.
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Results from the card-guessing task are reported elsewhere (Wilson et al., 2014). Data collected
for the parent study regarding smoking expectancy effects on smoking-related behavior and brain
function (in parts two and four of the experimental session) will not be further considered here.

Measures
A description of the collected behavioral data and the acquisition of brain resting state
data is presented below (also reported in Wilson et al., 2014). Procedures for preprocessing and
preparation of resting state data for connectivity analyses are presented in the next section.
Smoking behavior. Nicotine dependence was assessed with the Fagerström Test of
Nicotine Dependence (FTND; Heatherton et al., 1991) and the Nicotine Dependence Syndrome
Scale (NDSS; Shiffman et al., 2004). The FTND is a short, six-item self-report measure of
nicotine dependence severity. Most questions concern early morning smoking; for example, the
item “How long after you wake up do you smoke your first cigarette?” was answered on a scale
from 0 (after 60 minutes) to 3 (within 5 minutes). Two items were rated on a 0 to 3 scale, and the
remaining four items were rated on a dichotomous scale. The administered version of the FTND
had items with open-ended or expanded Likert-type response options from 0 to 4 (Shiffman,
Kassel, Paty, Gnys, & Zettler-Segal, 1994). For the current study, these items were scored using
the conventional scale (i.e., 0 to 3 or dichotomous) because it is well-known in the smoking
literature.
The FTND has acceptable-to-good reliability (internal consistency: α = .61; test-retest: r
= .88), and it has be shown to be a valid indicator of smoking cessation, with decreased
dependence linked to increased cessation success (Haddock, Lando, Klesges, Talcott, & Renaud,
1999; Heatherton et al., 1991; Pomerleau, Carton, Lutzke, Flessland, & Pomerleau, 1994). This
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measure is widely used, particularly as a screening tool in neuroimaging studies of cigarette
smoking, and most studies reported above that relate brain activity to nicotine dependence use
the FTND (Goudriaan et al., 2010; Hong et al., 2009; Janes et al., 2012; McClernon et al., 2008;
Moran et al., 2012; Smolka et al., 2006). Composite scores were created by summing responses
across all six items; possible scores ranged from 0 (not dependent) to 10 (highly dependent).
Internal consistency in this sample was somewhat low (α = .50), perhaps because original item
wording and response options were not used.
The NDSS is a 19-item self-report measure of nicotine dependence. Participants indicated
how true smoking-related statements were of them on a Likert-type scale from 1 (not true at all)
to 5 (extremely true). The NDSS (total score) has good reliability (internal consistency: α = .86;
test-retest: r = .81; Shiffman et al., 2004), including in this sample (internal consistency: α = .67).
It also has good validity (e.g., concurrent validity with the FTND: r = .59) and has been shown to
be a valid indicator of smoking cessation (Shiffman et al., 2004). Unlike the FTND, it provides a
multidimensional conceptualization of nicotine dependence, with five subscales: drive (craving
and urge to smoke, primarily to avoid withdrawal symptoms), priority (preference for smoking
compared to other rewards), tolerance (reduced sensitivity to the effects of smoking), continuity
(regularity of smoking or smoking without interruption), and stereotypy (fixed smoking pattern,
impervious to context). A sample item and internal consistency for each subscale are displayed
in the top portion of Table 2. Some subscales have low internal consistencies, perhaps because of
the low number of items in each subscale or because subscale reliabilities are dependent upon
characteristics of the smoking sample, as has been reported in other studies (e.g., Piper et al.,
2008).
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There are no consistently reported links between NDSS subscales and the brain function
of cigarette smokers (e.g., studies have only considered the total score; Sweitzer et al., 2012), but
this multidimensionality holds promise for understanding understudied individual differences in
nicotine dependence-brain function links. Thus, the NDSS total score and subscales provide an
exploratory test of study hypotheses concerning nicotine dependence. Composite scores were
created using procedures standard for the measure: For the total score and each subscale,
participants’ raw data were combined with the corresponding regression-based intercept and
factor scores reported by Shiffman and colleagues (2004); high resulting values reflect high
dependence.
Quitting self-efficacy was assessed by number of quit attempts (Shiffman et al., 1994)
and the Relapse Situation Efficacy Questionnaire (RSEQ; Gwaltney et al., 2001). Number of quit
attempts was assessed with a single item from a smoking practices questionnaire (Shiffman et al.,
1994): “Have you ever made a serious and deliberate attempt to STOP SMOKING cigarettes
completely? If so, how many times?” Participant responses to this item were used as a
continuous variable in further analyses. A single item is frequently used to assess quit attempts in
the neuroimaging literature on smoking (e.g., Wilson et al., 2008; Wilson et al., 2012). Past work
has also shown that there is sufficient variability in this item to relate it to other variables, even
among smokers who are unmotivated to quit (Wilson et al., 2012). In the current study,
participant responses ranged from 0 to 5.
The RSEQ is a 43-item self-report measure of cessation-related beliefs. Participants
indicated how confident they were in their ability to refrain from smoking in various situations
on a scale from 1(not at all confident) to 4 (extremely confident). The RSEQ (total score) has
excellent reliability (internal consistency: α = .96; Gwaltney et al., 2001), including in this
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sample (internal consistency: α = .91). It also has good validity, predicting successful cessation
and likelihood of relapse when trying to quit (Gwaltney et al., 2001). Unlike number of quit
attempts, which confounds different dimensions of smoking cessation (e.g., there are multiple
reasons why a smoker has tried to quit several times), the RSEQ is multidimensional,
considering the stable and dynamic influences on smokers’ confidence in their ability to refrain
from smoking by assessing abstinence self-efficacy in seven different contexts: negative affect
(when sad or experiencing stress), positive affect (when energetic or feeling very good),
restrictive situations (when at the workplace or where smoking is forbidden), idle time (when
alone or relaxing), social and food (when socializing or had food or drink in the last 15 minutes),
low arousal (when tired or finding it hard to concentrate), and craving for a cigarette. A sample
item and internal consistency for each subscale are displayed in the bottom portion of Table 2.
The RSEQ has not been used in neuroimaging studies, but it holds promise in this
domain. Similar to the NDSS and nicotine dependence, the multidimensionality of the RSEQ can
explicate individual differences in smoking cessation-brain function links. Thus, the RSEQ total
score and subscales provide an exploratory test of study hypotheses concerning quitting selfefficacy. The total composite score was created by averaging all items, and subscale composite
scores were created by averaging items pertaining to smoking self-efficacy in each of the seven
contexts; high scores reflect high abstinence self-efficacy.
Resting state brain function. MRI data were collected at the Penn State Social, Life,
and Engineering Sciences Imaging Center using a research-dedicated 3-Tesla Siemens Trio
scanner. For the resting baseline scan, a series of 160 fMRI volumes were acquired using an
echo-planar imaging pulse sequence (repetition time, TR=2,000 ms; echo time, TE=25 ms; flip
angle=80˚; 64 x 64 matrix; 34 slices; 3mm3 voxels). For registering each participant’s functional
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data to standard space, a high-resolution T1-weighted magnetization prepared rapid acquisition
gradient echo (MPRAGE) structural scan was collected. The first 15 participants had an
MPRAGE collected in an axial orientation (TR=2000 ms; TE=3.55 ms; flip angle=9˚; 256 x 224
matrix; 144 or 160 slices; .9mm3 voxels). The next 35 participants had an MPRAGE collected in
a sagittal orientation (TR=1,490 ms; TE=2.03 ms; flip angle=9˚; 256 x 256 matrix; 160 or 176
slices; 1mm3 voxels). MPRAGE sequences were switched partway through the study in order to
optimize data analysis in the new release of a software program (BrainVoyager, which was not
used here) that occurred during the study. Participants with axial versus sagittal MPRAGE
sequence orientations did not differ in sex, χ2(1, N = 50) = .31, p > .05, or brain volume, t(48) =
.26, p > .05.

Preparation of Resting State Data
Debate surrounds the optimal analysis pipeline for BOLD resting state data, with
particular concern about the effects of movement and corrections for physiological noise (e.g.,
cardiac and respiratory signals) on resting state connectivity parameters (Chang & Glover, 2009;
Murphy et al., 2013; Power et al., 2014; Van Dijk, Sabuncu, & Buckner, 2012). The optimal
analysis pipeline is ultimately data set-dependent because factors such as sample characteristics,
behavioral assessments, and constraints of data collection influence analysis decisions.
Preprocessing. Preprocessing of resting state fMRI data was conducted using the fMRI
Expert Analysis Tool Version 6.00, part of FSL (Oxford Centre for FMRI of the Brain, FMRIB,
Software Library, www.fmrib.ox.ac.uk/fsl; Jenkinson, Beckmann, Behrens, Woolrich, & Smith,
2012; Smith et al., 2004; Woolrich et al., 2009) before extracting BOLD time series from ROIs
for connectivity analyses. The following preprocessing steps were applied to the data: removal of
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the first four volumes to ensure stabilization of the magnetic field; motion correction using
FMRIB’s Linear Image Registration Tool (Jenkinson, Bannister, Brady, & Smith, 2002); slicetiming correction using Fourier-space time-series phase-shifting; non-brain removal using
FMRIB’s Brain Extraction Tool (Smith, 2002); spatial smoothing using a 6mm full-width at
half-maximum Gaussian kernel; and grand-mean intensity normalization of the entire fourdimensional dataset by a single multiplicative factor; highpass temporal filtering (Gaussianweighted least-squares straight line fitting, with sigma=100s) to remove BOLD signal occurring
at less than .01 Hz (recommended by Murphy et al., 2013). Motion correction included
covarying six movement vectors from the data: movement in three cardinal directions (X, Y, Z)
and movement in three rotational directions (pitch, yaw, roll). No participants were excluded
from analyses due to significant head motion (i.e., 3mm maximum movement in any direction).
Registration to Montreal Neurological Institute (MNI; Montreal, Quebec, Canada) stereotaxic
space (FSL’s MNI 152; T1 2x2x2 mm) was carried out using FMRIB’s Linear Image
Registration Tool (Jenkinson et al., 2002), and further refined using FMRIB’s Nonlinear Image
Registration Tool (Andersson, Jenkinson, & Smith, 2007).
Global mean signal was not covaried from the data. Although this has been done in some
work (e.g., Biswal et al., 2010; Fox et al., 2005) in an attempt to remove noise from the BOLD
signal of interest, recent evidence shows that global mean signal regression can produce spurious
results (Cole, Smith, et al., 2010; Murphy et al., 2013; Van Dijk et al., 2010). For example,
mathematical derivations and simulations show that global signal regression can induce the
pattern of anticorrelated resting state networks often reported in seed-based analyses (Murphy et
al., 2009), and that global signal regression exacerbates the effects of motion and distorts group
differences in resting state data (Jo et al., 2013; Saad et al., 2012). But, this area is not without
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controversy (for rebuttals to the criticisms above, see Chang & Glover, 2009; Fox, Zhang,
Snyder, & Raichle, 2009; Power et al., 2014).
Physiological noise was also not covaried from the data. Corrections for physiological
noise require that cardiac and respiratory signals be objectively measured during data collection,
and this was not done in the current study. Although physiological noise measurement and
regression is recommended for resting state data (Chang & Glover, 2009; Cole, Smith, et al.,
2010; Murphy et al., 2013), some empirical work has shown that standard preprocessing (as
outlined above) adequately captures the BOLD signal of interest (Van Dijk et al., 2010).
Nonetheless, concerns about whole-brain and physiological noise were addressed by
covarying BOLD signal in WM and CSF ROIs from the resting state data (Chang & Glover,
2009; Fox et al., 2005; Jo et al., 2013; Murphy et al., 2013). Resting state networks reflect BOLD
signal in GM ROIs, but global noise in the BOLD signal, including cardiac and respiratory
artifacts, equally affects WM and CSF. Thus, BOLD signal in these ROIs was used to denoise
the GM BOLD signal of interest. This was accomplished in several steps. First, WM and CSF
ROIs with a 6.5mm radius were defined; central coordinates are displayed in Table 3. Second,
the ROIs were scaled according to participant brain volume; this was also done for GM ROIs and
is described in detail below. Third, the ROIs were converted to native space and intersected with
partial volume maps in order to ensure that only WM and CSF voxels, respectively, were
included in the ROIs; MPRAGE sequences were segmented into GM, WM, and CSF partial
volume maps using FMRIB’s Automated Segmentation Tool (Zhang, Brady, & Smith, 2001).
Fourth, the ROIs were converted back into standard space. Fifth, the average time series was
extracted from each ROI and covaried from the BOLD signal.
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ROI selection and time series extraction. Functional connectivity analyses were
conducted on 12 a priori ROIs extracted from MNI space of individual preprocessed resting state
data. Four ROIs define each resting state network of interest, as listed in Table 3. Only the right
LPFC was included in the attention network in order to keep the number of ROIs equal across
networks and to maintain consistency with past work, which has focused on right hemisphere
regions (Seeley et al., 2007; Sridharan et al., 2008). The central coordinates for each ROI, which
were selected from past work, are also listed in Table 3.
ROI size was scaled according to participant brain volume in order to account for the sex
difference in brain size reported in the literature (Beltz et al., 2013; Lenroot & Giedd, 2010;
Nopoulos, Flaum, O'Leary, & Andreasen, 2000) and found in this sample, with men having
significantly larger brain volumes (M = 1266 cm3; SD = 99) than women (M = 1098 cm3; SD =
91), t(48) = -6.20, p < .001, d = -1.76. Brain volume was determined by summing GM and WM
partial volume maps from FMRIB’s Automated Segmentation Tool (Zhang et al., 2001). ROIs
with 6.5mm radii were used for the sample median brain volume of 1174 cm3, and all other ROI
sizes were linearly scaled from this baseline. The smallest ROIs had 5.2 mm radii, corresponding
to a brain volume of 946 cm3 (80% of 1174 cm3). The largest ROIs had 8.6 mm radii,
corresponding to a brain volume of 1552 cm3 (132% of 1174 cm3). For each participant, spheres
with scaled radii were created around the central coordinate of the ROIs, and then the mean
BOLD signal across voxels was extracted for each volume, resulting in time series of length 156.

Data Analysis Plan
Functional connectivity analyses were conducted on the BOLD time series from the 12
resting state network ROIs. The correlations among all ROI pairs for each individual were
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computed, normalized, combined across networks, and examined for sex differences and sex
moderated links to smoking behavior.
Computing functional connectivity. Pearson product moment correlations were used to
quantify the functional connectivity between ROIs; the time series of each ROI was correlated
with the time series of every other ROI. Correlations were then transformed to a normal
distribution (Pearson r is not normally distributed) in order to combine them across networks and
compare them across participants, as is typical and recommended for ROI-based functional
connectivity analyses (Biswal et al., 2010; discussed in Cole, Smith, et al., 2010; e.g., Fox et al.,
2005; Van Dijk et al., 2010). Specifically, r values were converted to z` values using Fisher’s r1

1+𝑟

to-z` transformation (Jenkins & Watts, 1968): ln �
2

1−𝑟

�, where r is the Pearson correlation.

From this point forward these values will be called z(r) scores, as has been done in other work
(e.g., Van Dijk et al., 2010).
Principal component analyses (PCAs) were used to create network-level composite
scores (as done in van den Heuvel & Pol, 2010; Zhou et al., 2009). PCAs were conducted on the
covariance matrices of z(r) scores from ROI pairs constituting a network or between-network
comparison, extracting one component; for example, each network is made up of 6 centered z(r)
scores, shown as straight lines in Figure 1. The single extracted component reflects the maximum
network variance explained by the contributing z(r) scores. Component loadings were then used
to compute regression-based composite scores for each participant. This PCA approach to
network connectivity is a powerful data transformation and reduction technique that streamlines
interpretation. For example, a single inferential test can be conducted to determine if there are
sex differences in DMN-attention between-network connectivity, instead of conducting 16
separate tests and correcting for multiple comparisons.
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Testing hypotheses. Inferential tests of hypotheses are described in detail below. For all
analyses, Type I error was .05 and age and urge to smoke (reported prior to the resting state scan)
were included as covariates, which did not show sex differences (see Table 1). There was a large
age range in this sample, and age is related to some aspects of smoking behavior (e.g., number of
years smoked, r(48) = .64, p < .001) and resting state network connectivity (Dosenbach et al.,
2010; Fair et al., 2009; Fair et al., 2007). The urge to smoke is a proxy for the differing levels of
nicotine deprivation that participants experienced during the resting state scan. Participants’ CO
levels from the experimental session ranged from 5% to 53% of their CO levels from the
baseline session, and some links between nicotine dependence and resting state connectivity in
smokers are affected by deprivation and predicted by subjective reports of withdrawal (Cole,
Beckmann, et al., 2010; Hong et al., 2009; Moran et al., 2012).
Hypothesis 1. There are sex differences in within-network resting state connectivity
of adult cigarette smokers. This hypothesis was examined using analyses of covariance
(ANCOVAs), with the independent and dependent variables detailed below.
Hypothesis 1a: Women have greater resting state connectivity than men within the
DMN. The independent variable was sex (women, men), the dependent variable was the
regression-based composite score from the PCA on the six z(r) scores that constitute connectivity
within the DMN, and age and urge to smoke were covariates.
Hypothesis 1b: Men have greater resting state connectivity than women within the
attention network. The independent variable was sex, and the dependent variable was the
regression-based composite score from the PCA on the six z(r) scores that constitute connectivity
within the attention network, and age and urge to smoke were covariates.
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Hypothesis 1c: Women have greater resting state connectivity than men within the
reward network. The independent variable was sex, and the dependent variable was the
regression-based composite score from the PCA on six z(r) scores that constitute connectivity
within the reward network, and age and urge to smoke were covariates.
Hypothesis 2: There are sex differences in between-network resting state
connectivity of adult cigarette smokers. This hypothesis was also examined using ANCOVAs,
with the independent and dependent variables detailed below.
Hypothesis 2a: Women have greater connectivity than men between the DMN and
reward network. The independent variable was sex, and the dependent variable was the
regression-based composite score from the PCA on the 16 z(r) scores that constitute connectivity
between the DMN and reward network, and age and urge to smoke were covariates.
Hypothesis 2b: Women have greater connectivity than men between the DMN and
attention networks. The independent variable was sex, and the dependent variable was the
regression-based composite score from the PCA on the 16 z(r) scores that constitute connectivity
between the DMN and attention network, and age and urge to smoke were covariates.
Hypothesis 2c: Men have greater connectivity than women between the attention and
reward networks. The independent variable was sex, and the dependent variable was the
regression-based composite score from the PCA on the 16 z(r) scores that constitute connectivity
between the attention and reward networks, and age and urge to smoke were covariates.
Hypothesis 3: Sex moderates links between resting state network connectivity and
smoking behavior. This hypothesis was examined using hierarchical multiple regressions, with
the independent and dependent variables detailed below.
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Hypothesis 3a: Sex moderates the link between DMN-attention network connectivity
and nicotine dependence, such that women have a greater association than men from
connectivity to dependence. The hypothesis was evaluated using the FTND as the dependent
variable in one analysis, and further explored using the NDSS total and five subscales (drive,
priority, tolerance, continuity, stereotypy) as dependent variables in subsequent analyses. In each
regression, age and urge to smoke were entered in step 1, sex and the DMN-attention composite
score were entered in step 2, and the interaction of sex and DMN-attention connectivity was
entered in step 3. Analyses were not corrected for multiple comparisons because those involving
the NDSS were exploratory.
Hypothesis 3b: Sex moderates the link between connectivity within the attention
network and nicotine dependence, such that men have a greater association than women
from connectivity to dependence. As above, the hypothesis was evaluated using the FTND as
the dependent variable in one analysis, and further explored using the NDSS total and subscales
as dependent variables in subsequent analyses, with exploratory analyses uncorrected for
multiple comparisons. In each regression, age and urge to smoke were entered in step 1, sex and
the attention composite score were entered in step 2, and the interaction of sex and attention
connectivity was entered in step 3.
Hypothesis 3c: Sex moderates the link between connectivity within the reward
network and quitting self-efficacy, such that women have a greater inverse association than
men from connectivity to self-efficacy. The hypothesis was evaluated using number of quit
attempts as the dependent variable in one analysis, and further explored using the RSEQ total
and seven subscales (negative affect, positive affect, restrictive situations, idle time, social and
food, low arousal, craving) as dependent variables in subsequent analyses. In each regression,
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age and urge to smoke were entered in step 1, sex and the reward composite score were entered
in step 2, and the interaction of sex and reward connectivity was entered in step 3. Analyses were
not corrected for multiple comparisons because those involving the RSEQ were exploratory.
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Table 1
Sample demographics and smoking characteristics by sex
Men
27

Women
23

Total
50

Age
M (SD)

24.4 (5.9)

26.9 (7.6)

25.6 (6.8)

Race
% White

93

87

90

Number of years
smoking
M (SD)

5.2 (4.4)

5.5 (6.3)

5.3 (5.3)

Number of cigarettes
smoked per day
M (SD)

15.7 (3.7)

14.6 (3.3)

15.2 (3.5)

Urge to smoke before
test session
M (SD)

53.0 (26.8)

52.4 (27.3)

52.7 (26.7)

N

Note. No significant sex differences.
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Table 2
Measures of nicotine dependence with sample items
Measure
and subscale

Number
of items

Sample item

Internal
consistency
(α)

NDSS
(Shiffman et al.,
2004)
Drive

8

After not smoking for a while, I need to smoke in
order to keep myself from experiencing any
discomfort.

.63

Priority

8

I tend to avoid restaurants that don’t allow
smoking, even if I would otherwise enjoy the food.

.36

Tolerance

8

Compared to when I first started smoking, I need to
smoke a lot more now in order to get what I really
want out of it.

.63

Continuity

8

My smoking pattern is very irregular throughout
the day. It is not unusual for me to smoke many
cigarettes in an hour, then not to have another one
until hours later.*

.37

Stereotypy

8

My smoking is not much affected by other things. I
smoke about the same amount whether I’m relaxed
or working, happy or sad, alone or with others, etc.

.47

How confident are you that you can resist the
temptation to smoke when…

RSEQ
(Gwaltney et al.,
2001)
Negative Affect

8

… you are irritable?

.86

Positive Affect

6

… you are feeling very good?

.85

Restrictive Situations

7

… you must change locations to be able to smoke?

.74

Idle Time

5

… you are inactive while waiting?

.72

Social and Food

8

… you are where people are smoking in your
group?

.54

Low Arousal

6

… your arousal or energy level is very low?

.73

Craving

2

… your craving is high?

.64

Note. *Item negatively loads on subscale.

50

Table 3
Central coordinates for ROIs
Resting state
network
(if applicable)

ROIs
WM
CSF

DMN

PCC
MPFC
RLP
LLP

Attention

RLPFC
ACC
RI
LI

Reward

RS*
LS*
ROFC
LOFC

ROI central
coordinates
(in MNI space: x, y, z)
26, -12, 35
19, -33, 18
-5, -49,
-1, 47,
46, -62,
-45, -67,

References
(Chang & Glover, 2009)

40
-4
32
36

(Biswal et al., 2010; Fox et al.,
2005; Van Dijk et al., 2010)

36, 20
30, 30
26, -10
24, -10

(Seeley et al., 2007; Sridharan
et al., 2008; Uddin et al., 2011)

12, 7, 13
-12, 7, 13
36, 16, -26
-28, 12, -20

(Cole, Beckmann, et al., 2010;
Janes et al., 2012; Moran et al.,
2012)

44,
4,
38,
-32,

Note. *MNI coordinates converted from Talairach space (using algorithm by Lacadie, Fulbright,
Rajeevan, Constable, & Papademetris, 2008).

51

Figure 1. Within-network connectivity for three resting state networks underlying smoking:
default mode, attention, and reward. Networks are depicted in two-dimensional skulls. Dots are
ROIs; lines are connectivity between ROIs.
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CHAPTER 3. RESULTS
Data were analyzed in multiple parts. First, the quality of resting state data was
examined, descriptive statistics were generated for smoking behavior data, and resting state
network composite scores were calculated. Next, hypothesis testing was conducted. Lastly,
additional analyses were conducted to further explore the data and inform future research. All
analyses included 27 men and 23 women and used Type I error of .05.

Resting State Data Quality
The quality of resting state data was examined to determine if movement or ROI signal to
noise ratio (SNR) were potential confounds in hypothesis-driven analyses. Movement was not a
confound, as it was not systematically related to independent or dependent variables (see Murphy
et al., 2013; Power et al., 2014). There were no significant sex differences in movement,
examined using two-tailed t-tests. Descriptive statistics for the six movement vectors, absolute
motion, and relative motion are displayed by sex in Figure 2. Movement was also not related to
smoking behavior, examined using two-tailed correlations. Correlations among motion
parameters (movement vectors, absolute motion, relative motion) and smoking behaviors (total
scores) are displayed in Table 4.
A basic calculation of SNR was used to assess data quality: SNRROI = MBOLD / SDBOLD
(see Welvaert & Rosseel, 2013). SNR was not a confound in hypothesis-driven analyses, as it
was not systematically related to independent or dependent variables. There were no significant
sex differences in ROI SNR, examined using two-tailed t-tests. Descriptive statistics for the 12
ROIs are displayed by sex in Figure 3. SNR was generally not related to smoking behavior,
examined using two-tailed correlations. Correlations among ROI SNR and smoking behaviors
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(total scores) are displayed in Table 5. There were two significant results: decreased SNR in the
ROFC was associated with increased nicotine dependence assessed with the FTND; decreased
SNR in the LI was associated with increased quitted self-efficacy assessed with the total RSEQ.

Smoking Behavior Descriptives
Smoking behavior was examined for sex differences and correlations among measures.
There were no sex differences in smoking behavior, according to two-tailed t-tests. Men (M =
3.15; SD = 1.59) and women (M = 3.65; SD = 1.61) did not differ in nicotine dependence
assessed with the FTND, t(48) = 1.11, p > .05, or NDSS total or subscale scores; see Figure 4A
for NDSS means and standard deviations by sex. Similarly, men (M = .96; SD = 1.48) and
women (M = 1.65; SD = 1.85) did not differ in quitting self-efficacy assessed by number of quit
attempts, t(48) = 1.48, p > .05, or RSEQ total and subscale scores; see Figure 4B for RSEQ
means and standard deviations by sex.
Correlations among smoking behaviors were examined separately by sex. Results are
shown in Table 6, with correlations for women below the diagonal and correlations for men
above the diagonal. Concerning nicotine dependence, there were two significant associations
among NDSS subscales (for men). The association between FTND and NDSS total was only
significant for men, but the strength of the association did not significantly differ between the
sexes, z = -1.75, p > .05. Concerning quitting self-efficacy, there were many significant
associations among RSEQ subscales (13 for women, 10 for men), suggesting potential
collinearity in this measure. The association between number of quit attempts and RSEQ total,
however, was not significant for either sex. Finally, there were sex differences in associations
between nicotine dependence and quitting self-efficacy. The association between FTND and
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RSEQ negative affect was greater in women than in men, z = 2.18, p < .05, but the association
between NDSS stereotypy and RSEQ idle time was greater in men than in women, z = -2.35, p <
.05. Associations between NDSS continuity and RSEQ positive affect and idle time also showed
sex differences, with inverse relations for women and no relations for men, z = -2.93, p < .01 and
z = -2.46, p < .05, respectively.

Network Connectivity
Network connectivity used in hypothesis-driven analyses was quantified by regressionbased composite scores calculated from single component PCAs conducted on the z(r) scores
constituting each network. Z(r) scores from 6 ROI pairs constituted connectivity within
networks, and component loadings are displayed in Figure 5. A single component explained 55%
of the variance in the DMN, with connectivity between the PCC and MPFC contributing the least
to the component (with a loading of .53) and connectivity between the MPFC and RLP
contributing the most to the component (with a loading of .88). A single component explained
54% of the variance in the attention network, with all ROIs pairs having component loadings of
at least .67. Finally, a single component explained 45% of the variance in the reward network,
with connectivity between the RS and LOFC contributing the most to the component (with a
loading of .85); connectivity between the ROFC and LOFC loaded negatively on the component.
Z(r) scores from 16 ROI pairs constituted connectivity between networks. A single
component explained 55% of the variance in connectivity between the DMN and attention
networks, with an average ROI pair component loading of .74 (SD = .07) and loadings ranging
from .59 to .82. A single component explained 36% of the variance in connectivity between the
DMN and reward networks, with an average ROI pair component loading of .52 (SD = .31). The
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four lowest loadings all represented connectivity between the ROFC and attention network ROIs
(with loadings of -.01, .06, .08, .11), and the remaining 12 loadings ranged from .41 to .89. A
single component explained 40% of the variance in connectivity between the attention and
reward networks, with an average ROI pair component loading of .60 (SD = .20). Similar to
DMN-reward connectivity, the four lowest loadings for attention-reward connectivity all
concerned the ROFC (with loadings of .22, .29. .31, .31), and the remaining 12 loadings ranged
from .58 to .85.

Hypothesis Tests
Hypotheses were examined using inferential statistical tests of sex, PCA-derived network
connectivity, and smoking behavior, with age and urge to smoke as covariates. The role of
covariates was also explored in three ways for each hypothesis. First, analyses were repeated
without covariates to examine potential changes in the pattern of results. Second, nonlinear (i.e.,
quadratic) links between covariates and dependent variables were examined with zero-order
correlations. Third, interactions between significant covariates and independent variables on
dependent variables were evaluated with multiple regressions to determine whether covariates
warranted reconceptualization as variables of interest.
Hypothesis 1. Sex differences in within-network resting state connectivity were
examined with ANCOVAs. There was a significant sex difference in connectivity within the
DMN, F(1,46) = 5.33, p < .05, η2p = .10, with age a significant covariate, F(1,46) = 4.49, p < .05,
η2p = .09, and urge to smoke a non-significant covariate, F(1,46) = 3.20, p > .05. Descriptive
statistics are displayed by sex in Figure 6 and show greater DMN connectivity in women than in
men.
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There were no other significant sex differences in within-network connectivity. Men and
women did not differ in connectivity within the attention network, F(1,46) = .03, p > .05, with
age and urge to smoke non-significant covariates, F(1,46) = 3.51, p > .05 and F(1,46) = 1.34, p >
.05, respectively. Men and women also did not differ in connectivity within the reward network,
F(1,46) = 1.02, p > .05, with age and urge to smoke non-significant covariates, F(1,46) = .63, p >
.05 and F(1,46) = 2.10, p > .05, respectively. Descriptive statistics are displayed by sex in Figure
6.
Explorations of the role of covariates suggest that their use was acceptable. Excluding
covariates from hypothesis tests did not alter the pattern of results, there were no significant
quadratic links from covariates to within-network connectivity, and there was no evidence that
age should be considered a variable of interest in the analysis on connectivity within the DMN
because it did not interact with sex.
Hypothesis 2. Sex differences in between-network resting state connectivity were also
examined with ANCOVAs. There was a significant sex difference in connectivity between the
DMN and reward network, F(1,46) = 7.33, p < .05, η2p = .14, with age a non-significant
covariate, F(1,46) = 4.65, p > .05, and urge to smoke a significant covariate, F(1,46) = 6.44, p <
.05, η2p = .12. Descriptive statistics are displayed by sex in Figure 7 and show greater DMNreward connectivity in women than in men.
There were no sex differences in connectivity between the DMN and attention network or
between the attention and reward networks. Men and women did not differ in DMN-attention
connectivity, F(1,46) = .49, p > .05, with age a non-significant covariate, F(1,46) = 1.36, p > .05,
and urge to smoke a significant covariate, F(1,46) = 4.10, p < .05, η2p = .08. Men and women
also did not differ in attention-reward connectivity, F(1,46) = .21, p > .05, with age and urge to
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smoke non-significant covariates, F(1,46) = .95, p > .05 and F(1,46) = 3.16, p > .05,
respectively. Descriptive statistics are displayed by sex in Figure 7.
Explorations of the role of covariates suggest that their use was acceptable. Excluding
covariates from hypothesis tests did not alter the pattern of results. There was one significant
quadratic link from a covariate to between-network connectivity (i.e., urge to smoke was
inversely related to connectivity between the DMN and reward network, r = -.31, p < .05), but
the pattern of results did not change when this quadratic covariate was used instead of a linear
one. There was also no evidence that urge to smoke should be considered a variable of interest in
analyses on DMN-reward and DMN-attention connectivity because it did not interact with sex.
Hypothesis 3. Sex moderation of links between resting state connectivity and smoking
behavior were examined with hierarchical regressions. Sex did not moderate the link from DMNattention connectivity to nicotine dependence assessed with the FTND. The model was nonsignificant at all steps: the step 1 model of covariates, F(2,47) = .87, p > .05, R2 = .04; the step 2
model of sex and DMN-attention connectivity, F(4,45) = .86, p > .05, ΔR2 = .03; and the step 3
interaction model, F(5,44) = .67, p > .05, ΔR2 = .00.
Exploratory analyses examining sex moderation of the link from DMN-attention
connectivity to nicotine dependence assessed with the NDSS total and subscales revealed
significant effects. Results are shown in Table 7; standardized coefficients, significance levels,
and confidence intervals (CIs) for variables are only shown for significant models. Urge to
smoke was a significant covariate in three analyses; an increased urge to smoke was related to an
increased drive for nicotine, increased nicotine priority, but to decreased smoking stereotypy.
Age was a significant covariate in one analysis; it was inversely related to nicotine tolerance.
There were no significant main effects of sex or DMN-attention connectivity, but sex moderated
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the link between DMN-attention connectivity and nicotine priority, with urge to smoke a
significant covariate. The nature of the interaction is plotted in Figure 8, and simple correlations
are shown for each sex. Counter to hypotheses, increased connectivity was associated with
decreased nicotine priority for women but to increased nicotine priority for men.
Sex did not moderate the link from connectivity within the attention network to nicotine
dependence assessed with the FTND. The model was non-significant at all steps: the step 1
model of covariates, F(2,47) = .87, p > .05, R2 = .04; the step 2 model of sex and attention
within-network connectivity, F(4,45) = .65, p > .05, ΔR2 = .01; and the step 3 interaction model,
F(5,44) = .51, p > .05, ΔR2 = .01. Exploratory analyses examining sex moderation of the link
from connectivity within the attention network to nicotine dependence assessed with the NDSS
total and subscales also failed to reveal significant effects, as shown in Table 8; step 1 results are
not displayed in this table because they are identical to the step 1 results presented in Table 7.
Sex did not moderate the link from connectivity within the reward network to quitting
self-efficacy assessed with number of quit attempts. The model was non-significant at all steps:
the step 1 model of covariates, F(2,47) = .58, p > .05, R2 = .02; the step 2 model of sex and
reward within-network connectivity, F(4,45) = .97, p > .05, ΔR2 = .06; and the step 3 interaction
model, F(5,44) = .77, p > .05, ΔR2 = .00. Exploratory analyses examining sex moderation of the
link from reward within-network connectivity to quitting self-efficacy assessed with the RSEQ
total and subscales also failed to reveal significant effects, as shown in Table 9.
Explorations of the role of covariates suggest that their use was acceptable. Excluding
covariates from hypothesis tests did not alter the pattern of results. Although there were several
significant quadratic links from covariates to smoking behaviors (age and NDSS tolerance: r = .39, p < .01; urge to smoke and NDSS priority: r = .38, p < .01; urge to smoke and NDSS
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stereotypy: r = -.28, p < .05; urge to smoke and RSEQ negative affect: r = -.29, p < .05), the
pattern of results did not change when quadratic covariates were used instead of linear ones.
There was also no evidence that significant covariates should be conceptualized as variables of
interest, as there were no interactions between significant covariates and brain connectivity on
nicotine dependence and no significant covariates to investigate in analyses concerning quitting
self-efficacy.

Additional Analyses
Analyses were conducted to further explore the data and inform future research. This
included examinations of network connectivity, zero-order correlations between resting state
connectivity and smoking behavior, and sex-moderated links from network connectivity to
smoking behavior that were not hypothesized a priori.
Mean network connectivity. Mean z(r) scores were used to quantify network
connectivity in order to provide a straight-forward comparison to connectivity patterns reported
elsewhere (e.g., Biswal et al., 2010; Chang & Glover, 2009; Fox et al., 2005; Fox et al., 2009;
Murphy et al., 2009; Van Dijk et al., 2010). PCA regression-based composite scores, which were
used to quantify network connectivity for hypothesis-driven analyses, do not provide straightforward comparisons because the scores reflect ROI contributions to explained variance instead
of the average magnitude and direction of connectivity between ROI pairs.
Mean connectivity within and between networks is shown in Figure 9. Mean connectivity
was positive for all networks, including the DMN-attention and DMN-reward between-network
connections. Average within-network connectivity (M = .53; SD = .12) was significantly greater
than average between-network connectivity (M = .36; SD = .12), t(49) = 23.81, p < .001. There
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were significant differences in within-network connectivity shown in Figure 9A, with the DMN
having greater connectivity than the attention network, and the attention network having greater
connectivity than the reward network. There were also significant differences in betweennetwork connectivity shown in Figure 9B, with DMN-attention and attention-reward
connectivity greater than DMN-reward connectivity.
Individual-level connectivity. The focus of the current study is on mean-level sex
differences, but there is variability among individuals in all of the examined constructs,
particularly resting state brain function. This is showcased here using data from two randomly
selected women and two randomly selected men.
Individual-level connectivity is displayed for the four exemplar participants in Figure 10;
these grayscale maps show the z(r) scores for all ROI pairs. Visual inspection suggests
commonalities across participants. For example, there appears to be stronger within-network
connectivity (white 4x4 blocks on the diagonal) than between-network connectivity (black offdiagonal 4x4 blocks). Visual inspection also suggests individual differences among participants.
For example, the participant in Figure 10D appears to have the strongest connectivity (whitest
map), and the participant in Figure 10B appears to have the weakest connectivity (blackest map).
Moreover, there is suggestion that sex differences are present within the DMN (northwest 4x4
block), where women (Figures 10A and 10B) have greater connectivity (whiter blocks) than men
(Figures 10C and 10D), consistent with the results of hypothesis tests reported above.
Figure 11 follows up on the sex difference detected within DMN connectivity, showing
synchrony among the preprocessed BOLD time series of network ROIs for the four exemplar
participants. Visual inspection suggests that there is greater pattern similarity in the ROI time
courses for women (Figures 11A and 11B) than for men (Figures 11C and 11D), despite apparent
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differences in BOLD signal means. For example, the female participant in Figure 11A shows a
relative peak in all ROIs around time 150, and the female participant in Figure 11B shows a
relative valley in all ROIs around time 275. Meanwhile, the male participant in Figure 11D
shows little evidence of a pattern in his ROI time series; this is most evident for the PCC, MPFC,
and LLP because they have similar BOLD signal means, ranging from 11,108 to 11,202.
Links between connectivity and smoking behavior. In an attempt to understand why
there were no main effects of resting state network connectivity on smoking behavior in the
regression analyses reported above, zero-order correlations were conducted on the full sample.
Specifically, Pearson product moment correlations were run between all PCA-derived network
composite scores and all smoking behavior total and subscale scores.
There were several significant correlations between connectivity and quitting selfefficacy, as shown in Table 10. Most notably, connectivity within the reward network was
related to the RSEQ total, restrictive situations, idle time, social and food, and low arousal
scores: In all cases, increased connectivity was associated with increased confidence in ability to
remain abstinent. There were no significant correlations between connectivity and nicotine
dependence.
Sex-moderated links between connectivity and smoking behavior. Hierarchical
multiple regression analyses were conducted to explore whether there were any sex-moderated
links from network connectivity to smoking behavior that were not hypothesized. These analyses
paralleled the approach used to test the third hypothesis: Smoking behavior was the dependent
variable, covariates (age and urge to smoke) were entered in step 1, sex and PCA-derived
network connectivity were entered in step 2, and the interaction of sex and network connectivity
was entered in step 3.
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There was one notable finding: Sex moderated the link from connectivity within the
reward network to nicotine tolerance, with age a significant covariate (that did not alter the
pattern of results when excluded or considered as a variable of interest). Results for steps 2 and 3
are displayed in Table 11; step 1 results are displayed in Table 7. The nature of the interaction is
plotted in Figure 12, and simple correlations are shown for each sex: Increased connectivity was
associated with increased nicotine tolerance for women but to decreased nicotine tolerance for
men.

Summary
Some hypotheses were supported, and additional analyses revealed important directions
for future research. Hypotheses concerning sex differences in network connectivity were
partially supported: Women had greater connectivity than men within the DMN and between the
DMN and reward network. Hypotheses concerning sex-moderated links between connectivity
and smoking behavior were not supported. There were no main effects of network connectivity
on smoking behavior, and sex moderated the link from connectivity between the DMN and
attention network to smoking priority, but effects were opposite expectations. The failure to
detect significant effects was not due to data quality, including movement during resting state
data collection or the SNR of ROIs (although SNR in the ROFC was low).
Unexpected findings from additional analyses encourage future research, particularly on
connectivity within the reward network. For example, sex moderated the link from connectivity
within the reward network to nicotine tolerance, such that increased connectivity was associated
with increased tolerance for women but to decreased tolerance for men. Also, there were links
from connectivity within the reward network to quitting self-efficacy (that were not modulated
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by sex) and individual variability in patterns of resting state connectivity that require further
exploration.
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Table 4
Correlations between mean motion parameters and smoking behavior total scores
FTND

NDSS
Total

RSEQ
Total

.07

Number
of Quit
Attempts
-.22

X

.02

Y

.19

.23

.05

.19

Z

.08

.11

.02

.12

Absolute

.05

.12

-.01

.11

Relative

.18

.20

.00

.16

Pitch

-.12

.13

-.20

-.12

Roll

.03

.09

-.01

-.13

Yaw

-.17

-.05

-.17

.10

.15

Note. No correlations significantly different from zero at p < .05. X, Y, Z, absolute, and relative
motion measured in millimeters; pitch, roll, and yaw motion measured in radians.
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Table 5
Correlations between ROI SNR and smoking behavior total scores
FTND

NDSS
Total

PCC

-.24

.01

Number
of Quit
Attempts
.15

MPFC

-.06

-.04

.05

-.26

RLP

-.12

.03

-.11

.04

LLP

-.01

-.11

-.17

.07

RLPFC

.16

.12

.11

-.11

ACC

-.15

-.05

.00

-.12

RI

-.14

-.18

.13

-.19

LI

-.14

-.07

.00

-.30*

RS

-.21

-.20

-.03

-.21

LS

-.15

-.10

-.03

-.18

ROFC

-.34*

-.05

.11

-.09

LOFC

-.14

.02

.05

-.07

ROI

RSEQ
Total
.17

Note. Correlations significantly different from zero at *p < .05.
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Table 6
Correlations among smoking behaviors by sex
(1)
FTND
NDSS

(1)

Total .06
(2)
Drive .00
(3)
Priority -.02
(4)
Tolerance -.40
(5)
Continuity .20
(6)
Stereotypy .55**
(7)
-.03
Number of
Quit
Attempts (8)
RSEQ
Total .13
(9)
Negative .41
Affect
(10)
Positive .07
Affect
(11)
Restrictive .11
Situations
(12)
Idle Time -.08
(13)
Social and .12
Food
(14)
Low Arousal -.12
(15)
Craving .20
(16)

(2) (3) (4)
.53** .41* -.08

(5)
.03

(6)
-.10

(10)
-.22

(11)
.30

(12)
.05

(13)
-.24

(14) (15) (16)
.15 -.41* .04

.89*** .11

.21

-.05 -.03 -.02 -.16 -.46*

.19

.19

-.16

-.09 -.38* -.05

.18

.03

-.02 -.32 -.01 -.21 -.57**

.09

.31

-.17

-.11 -.43*

.07

.15

-.25 -.44* .23

.02

.16

-.11

.09

-.24

-.10

.15

.10

.11 -.42* .08

-.15

-.17

-.03

-.14

-.29

-.30

.28

-.08

.04

.02

-.22

-.32

.00

-.04

-.03

-.15

-.24

-.33

-.08

.16

.29

.21

-.15

.27

.31

-.19

-.25

.01

.22

-.16

-.10

.13

-.15

.24

-.38

.71*** .77*** .58** .75*** .65*** .46*

.45*

.76***
.14

.04

.02

-.40 -.11

-.08 -.26 -.13
.25

.22

-.15 -.07 -.14

(7)
.19

.33

-.23 -.17 -.14

.04

-.33 -.18

.10

-.09 -.57** -.26

.17

-.31 -.31

.22

-.11 -.21

.25 .71***

-.06

.21

-.16 -.71*** -.33 -.12 .82*** .48*

.13

.21

(8) (9)
-.34 -.06

-.03

.11

-.41 -.16

.15 .74*** .28

.32

.42*

.50**

.46*

.22

.54** .60**

.45*

.07

.23

.24

.02

.49**

.43*

.43*

.10

-.02

.41*

.04

.67**

-.22 -.09 -.13

.01

.26

-.33 -.13

.02

-.15 -.65*** -.41

.08 .82*** .50* .75*** .47*

-.24 -.03

.03

-.16 -.32 -.25

.28 .75*** .43*

.48*

.57**

.49*

-.32 -.30

.13

.01

-.41 -.18

.08 .73*** .57**

.42*

.28

.63**

.48*

-.20 -.32

.10

.38

-.17 -.23

.18 .57** .50*

.41

.43*

.42*

.30

.03
.38

Note. Correlations significantly different from zero at *p < .05; **p < .01; ***p < .001.
Correlations for women are below the diagonal, and correlations for men are above the diagonal.
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Table 7
Sex moderation of the link from connectivity between the DMN and attention network to nicotine
dependence (NDSS)
NDSS scale

Model and variables

Total

Step 1
Step 2
Step 3

Drive

Step 1
Age
Urge to smoke
Step 2
Step 3

Priority

Tolerance

Continuity

Step 1
Step 2
Step 3
Age
Urge to smoke
Sex
Connectivity
Sex x Connectivity
Step 1
Age
Urge to smoke
Step 2
Age
Urge to smoke
Sex
Connectivity
Step 3
Age
Urge to smoke
Sex
Connectivity
Sex x Connectivity
Step 1
Step 2
Step 3

1.42
1.04
.82

df for
F
2,47
4,45
5,44

3.29*

2,47

β

F

.24
.32

t

R2 (ΔR2)
.06
.09 (.03)
.09 (.00)
.12

1.73
2.26*

-.04, .52
.04, .60

2.32
1.83

4,45
5,44

.17 (.05)
.17 (.00)

3.14
1.53
2.81*

2,47
4,45
5,44

.12
.12 (.00)
.24 (.12)*

-.13
.33
.02
.02
.36

-.93
2.35*
.16
.17
2.67*
4.93*

2,47

-.38
.09

-.42, .15
.05, .63
-.25, .29
-.26, .30
.09, .63
.17

-2.81**
.67
2.76*

4,45

-.36
.14
-.01
.16

-.66, -.11
-.19, .37
.20 (.03)

-2.55*
.92
-.09
1.12
2.50*

5,44

-.33
.13
-.01
.14
-.16

-.65, -.08
-.16, .44
-.29, .26
-.13, .44
.22 (.02)

-2.26*
.92
-.04
1.00
-1.18
.29
1.30
1.08
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2,47
4,45
5,44

95% CI
for β

-.62, -.04
-.16, .43
-.28, .27
-.14, .43
-.44, .12
.01
.10 (.09)
.11 (.01)

NDSS scale
Stereotypy

Model and variables
Step 1
Age
Urge to smoke
Step 2
Step 3

β

F
4.21*

df for
F
2,47

.18
-.30

t

R2 (ΔR2)
.15

1.32
-2.18*
2.27
2.05

4,45
5,44

95% CI
for β
-.10, .46
-.59, -.02

.17 (.02)
.19 (.02)

Note. Step 1 included covariates (age and urge to smoke). Step 2 included sex and network
connectivity. Step 3 included the interaction between sex and network connectivity. Models,
variables, and ΔR2 significant at *p < .05; **p < .01.
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Table 8
Sex moderation of the link from connectivity within the attention network to nicotine dependence
(NDSS)
Model and
variables
Step 2
Step 3

R2 (ΔR2)

1.02
.82

df for
F
4,45
5,44

Drive

Step 2
Step 3

2.46
2.01

4,45
5,44

.18 (.06)
.19 (.01)

Priority

Step 2
Step 3

1.53
1.30

4,45
5,44

.12 (.00)
.13 (.01)

Tolerance

Step 2
Step 3

2.41
1.90

4,45
5,44

.18 (.01)
.18 (.00)

Continuity

Step 2
Step 3

.48
.38

4,45
5,44

.04 (.03)
.04 (.00)

Stereotypy

Step 2
Step 3

2.28
1.99

4,45
5,44

.17 (.02)
.19 (.02)

NDSS scale
Total

F

.08 (.02)
.09 (.01)

Note. No models, variables, or ΔR2 significant at p < .05. Step 1 (covariate) model results are
shown in Table 7. Step 2 included sex and network connectivity. Step 3 included the interaction
between sex and network connectivity.
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Table 9
Sex moderation of the link from connectivity within the reward network to quitting self-efficacy
(RSEQ)
Model and
variables
Step 1
Step 2
Step 3

R2 (ΔR2)

1.03
2.36
1.86

df for
F
4,45
5,44
4,45

Negative
Affect

Step 1
Step 2
Step 3

2.59
1.55
1.32

4,45
5,44
4,45

.10
.12 (.02)
.13 (.01)

Positive Affect

Step 1
Step 2
Step 3

.28
.77
.65

4,45
5,44
4,45

.01
.06 (.05)
.07 (.01)

Restrictive
Situations

Step 1
Step 2
Step 3

.69
1.83
1.53

4,45
5,44
4,45

.03
.14 (.11)
.15 (.01)

Idle Time

Step 1
Step 2
Step 3

1.28
1.79
1.40

4,45
5,44
4,45

.05
.14 (.09)
.14 (.00)

Social and
Food

Step 1
Step 2
Step 3

1.16
1.66
1.40

4,45
5,44
4,45

.05
.13 (.08)
.14 (.01)

Low Arousal

Step 1
Step 2
Step 3

1.84
2.17
1.70

4,45
5,44
4,45

.07
.09 (.02)
.16 (.07)

Craving

Step 1
Step 2
Step 3

1.89
2.37
1.94

4,45
5,44
4,45

.08
.17 (.09)
.18 (.01)

RSEQ scale
Total

F

.04
.17 (.13)
.17 (.00)

Note. No models, variables, or ΔR2 significant at p < .05. Step 1 included covariates (age and
urge to smoke). Step 2 included sex and network connectivity. Step 3 included the interaction
between sex and network connectivity.
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Table 10
Correlations between connectivity and quitting self-efficacy
Within-Network Connectivity

Between-network Connectivity
DMNDMNAttentionAttention
Reward
Reward
.07
.08
.04

DMN

Attention

Reward

.11

.05

.13

-.12

-.05

.34*

-.08

.06

.26

Negative
Affect

.01

-.08

.14

-.02

-.03

.03

Positive
Affect

-.29*

-.03

.14

-.16

-.05

.26

Restrictive
Situations

-.06

-.05

.31*

-.10

.11

.22

Idle Time

-.07

.11

.32*

.05

.13

.33*

Social and
Food

-.09

-.07

.28*

-.03

.04

.21

Low
Arousal

-.06

-.05

.29*

-.05

.06

.08

Craving

.08

.01

.27

.01

.09

.17

Number
of Quit
Attempts
RSEQ
Total

Note. Correlations significantly different from zero at *p < .05.

72

Table 11
Sex moderation of the link from connectivity within the reward network to nicotine tolerance
NDSS scale
Tolerance

Model and variables
Step 2
Age
Urge to smoke
Sex
Connectivity
Step 3
Age
Urge to smoke
Sex
Connectivity
Sex x Connectivity

β

F
2.42

df for
F
4,45

-.38
.10
-.02
.05

t

R2 (ΔR2)
.18 (.01)

-2.68*
.72
-.15
.37
2.93*

-.37
.13
-.02
.02
-.27

95% CI
for β

5,44

-.67, -.10
-.19, .40
-.30, .26
-.23, .34
.25 (.07)*

-2.68*
.92
-.13
.13
-2.07*

-.65, -.09
-.15, .42
-.28, .26
-.26, .29
-.55, -.01

Note. Step 1 (covariate) model results are shown in Table 7. Step 2 included sex and network
connectivity. Step 3 included the interaction between sex and network connectivity. Models,
variables, and ΔR2 significant at *p < .05; **p < .01.
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Figure 2. Mean motion parameters by sex. There are no significant sex differences at p < .05.
Means for men are in black, and means for women are in gray; error bars show standard
deviations. (A.) Mean translational motion parameters (measured in millimeters). (B.) Mean
rotational motion parameters (measured in radians).
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Figure 3. ROI SNR by sex. There are no significant sex differences at p < .05. Means for men
are in black, and means for women are in gray; error bars show standard deviations.
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1
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Figure 4. Mean smoking behavior by sex. There are no significant sex differences at p < .05.
Means for men are in black, and means for women are in gray; error bars show standard
deviations. (A.) Nicotine dependence (NDSS) total and subscale scores (calculated from factor
scores in Shiffman et al., 2004). (B.) Quitting self-efficacy (RSEQ) total and subscale scores.
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Figure 5. Component loadings from PCAs used to quantify within-network connectivity. Z(r)
scores from six ROI pairs contributed to each network: DMN, attention, and reward.
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1

Connectivity
(PCA regression-based composite score)

1.5
1
0.5
Men

0

Women
-0.5
-1
-1.5
DMN

Attention

Reward

Figure 6. Sex differences within resting state networks underlying smoking. Differences
significant by ANCOVA at *p < .05, controlling for age and urge to smoke. Means for men are in
black, with error bars showing standard deviations in the negative direction. Means for women
are in gray, with error bars show standard deviations in the positive direction.
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DMN-Attention

DMN-Reward

Attention-Reward

Figure 7. Sex differences between resting state networks underlying smoking. Differences
significant by ANCOVA at *p < .05, controlling for age and urge to smoke. Means for men are in
black, with error bars showing standard deviations in the negative direction. Means for women
are in gray, with error bars show standard deviations in the positive direction.
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1.50

Nicotine priority
composite score
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r = .24
-0.50

Men

-1.00
-1.50
-3.00

Women

r = -.36†
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1.00
2.00
DMN-attention connectivity
(PCA regression-based composite score)
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Figure 8. Relation between DMN-attention connectivity and nicotine priority by sex. Data points
for men are shown as black squares with a black linear trend line. Data points for women are
shown as gray circles, with a gray linear trend line. Simple correlations are significantly different
from zero at †p < .10.
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DMN
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Reward
0
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0.2
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Mean z(r) score
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Mean z(r) score
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DMN-Attention

DMN-Reward

Attention-Reward

B.
Figure 9. Mean connectivity within and between resting state networks. Differences significant
by paired t-test at *p < .05; ***p < .001. (A.) Connectivity within resting state networks
underlying smoking. (B.) Connectivity between resting state networks underlying smoking.
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A.

B.

C.

D.

Figure 10. Connectivity maps for four participants. Black reflects a connectivity strength of 0,
and white reflects a connectivity strength of 1.1; the maximum strength exceeds 1 because
connectivity among ROI pairs was quantified by Fisher r-to-z` transformed Pearson correlations.
Within-network connectivity is depicted by the 4x4 blocks on the diagonal, and betweennetwork connectivity is depicted by the off-diagonal 4x4 blocks. (A. - B.) Connectivity maps for
two female participants. (C. - D.) Connectivity maps for two male participants.
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A.

B.
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C.

D.
Figure 11. Synchrony among BOLD time series for DMN ROIs for four participants.
Participants are the same as those whose data are shown in Figure 10. Note that the y-axis
intercept is not zero, and different graphed line types reflect different ROIs. (A. - B.) DMN
synchrony for two female participants. (C. - D.) DMN synchrony for two male participants.
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Figure 12. Relation between within-network reward connectivity and nicotine tolerance by sex.
Data points for men are shown as black squares with a black linear trend line. Data points for
women are shown as gray circles, with a gray linear trend line. No simple correlations
significantly different from zero at †p < .10.
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CHAPTER 4. DISCUSSION
The aim of this research was to determine if and how resting state brain function
underlies sex differences in cigarette smoking behavior, including women’s greater difficulty
quitting compared to men. This aim was accomplished by using fMRI and behavioral data from
27 male and 23 female adult regular smokers to examine sex differences within and between
resting state brain networks (i.e., brain regions with synchronous activity), and to identify sexmoderated links from the brain networks to smoking behavior. Hypotheses concerned three
networks that are implicated in processes that underlie smoking, differ in cigarette smokers
versus non-smokers, and show sex differences in non-smokers: DMN, attention, and reward
(e.g., Cole, Beckmann, et al., 2010; Filippi et al., 2013; Janes et al., 2012; Sutherland et al.,
2012). Hypotheses also concerned two behaviors that are associated with smoking cessation:
nicotine dependence and quitting self-efficacy (e.g., Hymowitz et al., 1997; Schnoll et al., 2011).

Interpretation of Results
Analyses revealed an intriguing pattern of results, stemming from hypothesized effects
and follow-up investigations. Results provide insight into women’s difficulty quitting smoking
and inform future research.
Hypotheses. Hypotheses were partially supported. Significant effects are interpreted and
non-significant effects are explained below. All findings are considered with respect to resting
state data quality (e.g., SNR).
Hypothesis 1: Sex differences were expected in connectivity within the resting state
networks of smokers: (1a) women would have greater connectivity than men within the DMN;
(1b) men would have greater connectivity than women within the attention network; (1c) women
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would have greater connectivity than men within the reward network. Network connectivity was
quantified by a regression-based composite score, with loadings determined by a single
component PCA conducted on the six transformed correlations among the four ROIs constituting
each network. Hypotheses were examined with three ANCOVAs: Age and urge to smoke were
covariates, sex was the independent variable, and within-network connectivity was the dependent
variable.
Hypotheses were partially supported. Connectivity within the DMN was greater in
women than in men, with a small-to-moderate effect size. This is consistent with expectations
based on data from smokers and non-smokers (Biswal et al., 2010; Bluhm et al., 2008; Wetherill
et al., 2014; Zhou et al., 2014; Zuo et al., 2010). Age was a significant covariate, such that
increased age was related to increased DMN within-network connectivity, consistent with other
reports (e.g., Dosenbach et al., 2010). There were no significant sex differences in connectivity
within the attention or reward networks, but means were in the expected directions.
There are methodological and substantive explanations for the failure to find a significant
sex difference in connectivity within the attention network. Methodologically, the study may
have been limited because only the RLPFC was used as an attention network ROI, but it is
possible that this actually increased the likelihood of detecting a sex difference favoring men
because non-smoking men have more right-lateralized resting state brain function than nonsmoking women (Liu et al., 2009; Tian et al., 2011). Substantively, hypotheses were based on
data from non-smokers showing a sex difference favoring men in connectivity within the
attention network (Filippi et al., 2013), so a failure to find a sex difference in smokers suggests
that individuals who smoke have attention network connectivity that differs from typical
individuals. This is similar to data on sex differences in spatial ability: Although there is an
87

average sex difference in spatial ability favoring men (reviewed in Beltz et al., 2013; Blakemore,
Berenbaum, & Liben, 2009), the sex difference is not present in some subgroups, such as jet
pilots (who do not show a sex difference in mental rotations; Verde et al., 2013) or those with
good navigational abilities (who do not show a sex difference in brain function during
navigation; Ohnishi, Matsuda, Hirakata, & Ugawa, 2006). Although it is unclear whether
attention connectivity differences between smokers and non-smokers precedes or follows
smoking initiation, there are two reasons to think that it is a consequence of cigarette use. First,
cigarette use has been shown to affect brain structure in attention network ROIs (e.g., reducing
LPFC volume; Brody et al., 2004), so it is reasonable to think that it also affects functional
connectivity among ROIs. Second, acetylcholine receptors mediate the effect of nicotine on
attention network ROIs (Cosgrove et al., 2012; Swan & Lessov-Schlaggar, 2007), and chronic
overstimulation of these receptors may have a larger effect on connectivity than do sex-related
individual differences. If smoking reduces the sex difference in network connectivity, the effect
is not global because sex differences in connectivity within the DMN are consistent with results
from non-smokers, perhaps because DMN ROI volumes do not shrink with smoking or because
there are fewer nicotinic acetylcholine receptors in DMN ROIs. Thus, smoking may perturb the
resting state connectivity of the attention network but not the DMN, so that sex differences in the
former are reduced and sex differences in the latter are maintained. Future longitudinal studies
including smokers and non-smokers could test this hypothesis.
There are several possible methodological explanations for the failure to find a significant
sex difference in connectivity within the reward network. Although the specific brain regions
that constitute the reward network have been found to be related to smoking in past work on
resting state brain function (Cole, Beckmann, et al., 2010; Janes et al., 2012; Moran et al., 2012),
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connectivity among these regions has not been investigated. Moreover, one of the regions in this
network – the ROFC – had a very low SNR, owing partly to its most inferior central coordinate
(even compared to the LOFC). Perhaps due to this, connectivity between the ROFC and LOFC
unexpectedly loaded negatively (albeit with low magnitude) on the reward network component,
potentially calling its validity and reliability into question. Nonetheless, findings from additional
analyses on links between connectivity and smoking behavior showed that connectivity within
the reward network is important for understanding links between resting state brain function and
quitting self-efficacy (independent of sex), links which are discussed in detail below. Future
investigations should optimize the identification of this network, perhaps by including amygdala
ROIs in hypothesis-driven work (see Janes et al., 2012; Moran et al., 2012 Sutherland et al.,
2012) or by using ICA to define the network in exploratory work.
Hypothesis 2: Sex differences were expected in connectivity between the resting state
networks of smokers: (2a) women would have greater connectivity than men between the DMN
and reward network; (2b) women would have greater connectivity than men between the DMN
and attention network; (2c) men would have greater connectivity than women between the
attention and reward networks. Between-network connectivity was quantified by a regressionbased composite score, with loadings determined by a single component PCA conducted on the
16 transformed correlations among the 8 ROIs constituting connectivity between networks.
Hypotheses were examined with three ANCOVAs: Age and urge to smoke were covariates, sex
was the independent variable, and between-network connectivity was the dependent variable.
Hypotheses were partially supported. Connectivity between the DMN and reward
network was greater in women than in men, with a moderate effect size. This is consistent with
expectations based on a generalization of functional neuroimaging data from smokers showing
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that the DMN and reward network play a greater role in subserving the smoking behavior of
women than of men (Janes et al., 2012; McClernon et al., 2008; Wetherill et al., 2014). There
were no sex differences in connectivity between the DMN and attention network or between the
attention and reward networks. Urge to smoke, however, was a significant covariate in two
analyses, such that an increased urge was related to increased connectivity between the DMN
and reward network and between the DMN and attention network. Although the overall pattern
of results remained the same without this covariate, these findings preliminarily extend past work
on within-network connectivity (i.e., increased craving is associated with increased withinreward connectivity; Janes et al., 2014) to between-network connectivity involving the reward
network.
Because little work has examined sex differences in connectivity between resting state
networks, it is difficult to explain the failure to find sex differences in the current study. The
failure to detect differences may be due to the operationalization of the attention network, which
was not separated into CEN and SN sub-networks (see Seeley et al., 2007; Sridharan et al., 2008;
Uddin et al., 2011). These networks have been suggested to play different roles in smoking
behavior (reviewed in Sutherland et al., 2012), and thus, may not show the same pattern of
between-network sex differences. The failure to detect a sex difference in DMN-attention
connectivity also counters findings from a preliminary study in which there was a sex difference
favoring women between these networks (Wetherill et al., 2014). Discrepant findings may be due
to several factors, including the deprivation state of smokers (urge to smoke was a significant
covariate in the current study), data analysis approaches (a priori ROIs with hypothesis-driven
correlations vs. exploratory seed-based correlations), and use of age as a covariate. Both studies
utilized samples of similar size and controlled for the sex difference in brain volume.
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Hypothesis 3: Sex was expected to moderate the link between resting state connectivity
and smoking behavior: (3a) women would have a greater association than men from DMNattention connectivity to nicotine dependence; (3b) men would have a greater association than
women from connectivity within the attention network to nicotine dependence; (3c) women
would have a greater association than men from connectivity within the reward network to
quitting self-efficacy. Network connectivity was quantified by the same regression-based
composite scores examined above for sex differences. Hypotheses were tested with three
hierarchical multiple regressions: Age and urge to smoke were covariates entered in step 1, sex
and connectivity were entered in step 2, and the interaction was entered in step 3. Smoking
behavior was the dependent variable. FTND score was the primary operationalization of nicotine
dependence, with NDSS total and subscale scores used in exploratory examinations. Number of
quit attempts was the primary operationalization of quitting self-efficacy, with RSEQ total and
subscale scores used in exploratory examinations.
Hypotheses were not supported. Although sex moderated the link from DMN-attention
connectivity to nicotine priority, the direction of the interaction was opposite expectations, with a
small-to-moderate effect size. For women, increased between-network connectivity was
associated with decreased nicotine priority, but for men increased connectivity was associated
with increased priority. This counters other resting state data from smokers showing a link
between increased nicotine dependence and increased DMN-attention connectivity in nondeprived women (Janes et al., 2012), and decreased or asynchronous links in deprived mixed-sex
samples (Hong et al., 2009; Moran et al., 2012).
It is likely that differences in abstinence contributed to this unexpected finding. First,
nicotine abstinence (as well as the sex composition of the samples) differed between the study
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that reported a positive link between DMN-attention connectivity and dependence (Janes et al.,
2012) and those that did not (Hong et al., 2009; Moran et al., 2012). Second, nicotine priority is
the preference for smoking over other reinforcers, so the experience of deprivation prior to the
test session may have affected male and female smokers with varying levels of nicotine priority
in different ways. Unfortunately, this explanation cannot be examined in the current study
because data on smoking behavior and resting state brain function were not collected in the same
session; the implications of this are elaborated below.
Sex did not moderate the link from connectivity within the attention network to nicotine
dependence or from connectivity within the reward network to quitting self-efficacy. Potential
study confounds were examined in an attempt to explain these null results. Concerning resting
state data, movement was not a confound, but SNR was low in the ROFC, as discussed above.
Concerning smoking behavior data, the timing of data collection was a confound. Nicotine
dependence and quitting self-efficacy measures were completed by participants under nondeprivation conditions several days prior to the resting state scan, which was conducted under
deprivation conditions. So, data were collected when participants were experiencing different
nicotine states, which past work has shown to affect the resting state brain function of smokers
(Cole, Beckmann, et al., 2010; Hong et al., 2009; Janes et al., 2014; Moran et al., 2012).
Covarying urge to smoke, a subjective proxy for the differing levels of deprivation experienced
by participants and reported in the same session as the resting state scan, provided a partial
statistical control for the suboptimal design. This covariate was significant in several analyses on
brain connectivity and nicotine dependence in ways that are consistent with past work (see
Shiffman et al., 2004): Increased urge to smoke was related to increased nicotine drive and
smoking priority and to decreased smoking stereotypy. Nonetheless, differences in smoking
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deprivation during behavioral and resting state data collection make this study optimal only for
detecting brain-behavior links that are unrelated to nicotine state, that is, links that reflect traits
of cigarette smokers.
Additional analyses revealed that sex moderated the link from connectivity within the
reward network to nicotine tolerance, with a small effect size. Age was a significant covariate,
such that increased age was related to decreased tolerance, perhaps suggesting that older adults
with high nicotine tolerance are unlikely to participate in smoking studies requiring deprivation –
like this one. This interpretation is supported by study data showing that the link between age
and tolerance is not significant when the sample is reduced to participants between 18 and 30
years old. Moreover and as stated above, the timing of data collection was optimal for detecting
brain-behavior links for nicotine-related traits (not states), and nicotine tolerance can reflect a
smoking trait: It reflects reduced sensitivity to the effects of nicotine, and it can be acute
(reduced effects over the course of a day) or chronic (reduced effects over the course of a
smokers’ history of cigarette use), as measured in this study (Perkins et al., 1994; Shiffman et al.,
2004). For women, increased connectivity within the reward network was associated with
increased tolerance, but for men increased connectivity was associated with decreased tolerance.
The positive link between reward connectivity and nicotine tolerance for women is consistent
with data showing that tolerance is the only NDSS subscale associated with non-pharmacological
reasons for smoking and social smoking (Shiffman et al., 2004), two sex differences in smoking
behavior that favor women.
There were no main effects of sex or connectivity on smoking behavior. The failure to
find sex differences is not inconsistent with the literature because studies showing sex
differences in smoking have primarily utilized experimental manipulations – not self-report
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(Perkins et al., 2006; Perkins et al., 2001; Perkins et al., 2002). Although there were some
significant sex differences in smoking behavior correlations (e.g., with women showing a
stronger link than men between increased nicotine dependence and increased confidence to
refrain from smoking while experiencing negative affect), they are difficult to interpret because
they likely reflect Type I error; there are no patterns among the significant correlations, which
were not corrected for multiple comparisons.
The failure to find a main effect of network connectivity on smoking behavior was
surprising, so regressions were followed-up with zero-order correlations. Correlations revealed
significant links between connectivity within the reward network and quitting self-efficacy, such
that increased connectivity was associated with increased confidence in ability to remain
abstinent in situations involving smoking restriction, idle time, social interactions and food, and
low arousal. The ability to detect significant zero-order correlations but not regression main
effects likely reflects low statistical power, owing to a small sample size.
The pattern of results linking connectivity within the reward network to smoking
behavior provides insight into why women may have difficulty quitting. The pattern is logical for
men: Increased connectivity within the reward network is related to decreased nicotine tolerance
and increased confidence in ability to refrain from smoking. But, the pattern is paradoxical for
women: Increased connectivity within the reward network is related to increased nicotine
tolerance and to increased confidence in ability to refrain from smoking, suggesting that the
same brain network underlies high nicotine dependence and high quitting self-efficacy. This
likely contributes to women’s difficulty with cessation because smokers with low dependence
and high quitting self-efficacy are most likely to succeed (Gwaltney et al., 2001; Hymowitz et
al., 1997; Kozlowski, Porter, Orleans, Pope, & Heatherton, 1994; Schnoll et al., 2011).
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Network connectivity considerations. PCAs were used to quantify network connectivity
for hypothesis testing because PCA is a powerful data reduction technique. A single component
explained from 45% to 55% of the variance within resting state networks and from 36% to 55%
of the variance between resting state networks. Thus, networks determined from first principal
components can be interpreted as the dominant functional process among a set of ROIs,
independent of other processes. Although PCAs have been similarly used by others (e.g., van den
Heuvel & Pol, 2010; Zhou et al., 2009), there is currently no consensus for the best way to
characterize functional connectivity from seed-based analyses (discussed in Cole, Smith, et al.,
2010). Sometimes connectivity among all ROI pairs are interpreted after corrections for multiple
comparisons (e.g., Biswal et al., 2010; Fox et al., 2005), but this is typically used in exploratory
analyses. Other times simple means are used (e.g., Van Dijk et al., 2010), but this assigns equal
weight to all ROIs, which may not be an accurate reflection of the nature of the network
(discussed in Zhou et al., 2009).
Mean z(r) scores were calculated in order to facilitate the comparison of resting state
network connectivity found in this study to that reported in other studies (e.g., Biswal et al.,
2010; Chang & Glover, 2009; Fox et al., 2005; Fox et al., 2009; Murphy et al., 2009; Van Dijk et
al., 2010). Results concerning within-network connectivity aligned with expectations and the
extant literature. Within-network connectivity was greater than between network connectivity,
consistent with evidence for the small world efficiency of resting state brain networks (van den
Heuvel & Pol, 2010; Wang et al., 2010). Also, connectivity within the DMN was greater than
connectivity within the attention or reward networks, consistent with expectations for resting
state data (Fox & Greicius, 2010; Raichle et al., 2001; Rosazza & Minati, 2011; van den Heuvel
& Pol, 2010).
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Results concerning between-network connectivity raise an interesting issue. Connectivity
between all networks was positive, including DMN-attention and DMN-reward connectivity. On
the one hand, this may reflect expectations for smokers because typical samples show
anticorrelated between-network connectivity with the DMN (Fox et al., 2005; Sridharan et al.,
2008; Uddin et al., 2009), but smokers show perturbed (asynchronous or positive) connectivity
(Cole, Beckmann, et al., 2010; Janes et al., 2012; Zhang et al., 2011). On the other hand, this
finding may reflect the resting state preprocessing procedures used here, particularly the lack of
global signal regression, which has been shown to induce spurious anticorrelations between
resting state networks (Cole, Smith, et al., 2010; Murphy et al., 2009; Van Dijk et al., 2010). The
studies cited above that report perturbed between-network connectivity in smokers do not
provide insight into this issue because they used procedures related to global signal regression
(e.g., dual regression) that could also induce spurious anticorrelations (Cole, Beckmann, et al.,
2010; Janes et al., 2012). Therefore, it is unclear whether positive between-network connectivity
in the present study reflects smoking or the lack of global signal regression. Future work could
address this issue by replicating the current procedures in a control group of non-smokers.
Individual-level connectivity. Sex differences in brain and behavioral processes
underlying smoking reflect how the prototypical male smoker differs from the prototypical
female smoker, but there is variability in the extent to which individuals are typical for their sex
(see Berenbaum et al., 2011; De Vries, 2004; Molenaar & Campbell, 2009). This was
exemplified in the individual-level additional analyses reported above, showing similarities and
differences in the brain and DMN connectivity of two randomly selected men and two randomly
selected women. It is important for future work to investigate mean-level sex differences in order
to specify the individual differences marked by sex that are important for smoking. In other
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words, what exactly is it about being male or female that matters for the brain bases of smoking?
Possibilities reviewed above include gonadal hormones, neurotransmitters, genes, HPA axis
function, and experience (Andoh et al., 2008; Anker & Carroll, 2010; Cosgrove et al., 2007; Ray
et al., 2006; Richards et al., 2011).

Strengths and Limitations
The proposed study is limited in some respects, but these limitations are partially offset
by its hypothesis-driven design and potential to facilitate future research. First, the sample only
included smokers. While this has benefits (e.g., number of participants in the sample who smoke
is large compared to other studies; McClernon et al., 2008; Peters et al., 2011), it also has
drawbacks. For example, it is unclear whether the sex difference in connectivity within the DMN
is related to smoking or simply reflects a population-level sex difference. It is also unclear
whether the positive correlations between the DMN and the attention and reward networks
reflect a pattern unique to smokers or result from forgoing global signal regression.
Second, there was low statistical power to detect some effects, particularly in the
hierarchical regression analyses. This is evidenced by the significant link between connectivity
within the reward network and quitting self-efficacy in zero-order correlations but not in
regressions. It is paramount for future work to use larger samples of smokers, and to explicitly
compare brain connectivity of same-sex smokers and non-smokers in order to determine the
extent to which the patterns of resting state connectivity detected in this study are unique to
smokers.
Third, the measurement of smoking behavior had strengths and weaknesses. The primary
operationalizations of nicotine dependence (FTND) and quitting self-efficacy (number of quit
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attempts) were not optimal, as there were few significant findings for either measure. The FTND
had poor internal consistency, perhaps because its items were modified for presentation within a
general smoking history questionnaire. Number of quit attempts may not be a valid
operationalization of confidence in ability to quit because smokers with a high number of quit
attempts also have a high number of relapses. Moreover, smokers often fail to accurately report
their attempts to quit, as shown in studies using biochemical verification of smoking status (e.g.,
salivary cotinine and CO expiration; Murray, Connett, Istvan, Nides, & Rempel-Rossum, 2002).
Exploratory operationalizations of nicotine dependence (NDSS) and quitting self-efficacy
(RSEQ), however, revealed some interesting results that encourage future work with these
measures.
Fourth, it is challenging to interpret findings linking resting state connectivity to nicotine
dependence when the links are significant for some aspects of nicotine dependence but not for
others. On the one hand, this raises concerns about Type I error because brain connectivity was
examined for links to several, overlapping measures of nicotine dependence, and these analyses
were not corrected for multiple comparisons due to their exploratory nature. On the other hand,
this highlights the importance of considering the multidimensionality of nicotine dependence in
investigations of the brain and behavioral correlates of smoking, consistent with other work. For
example, decreased self-control was related to increased nicotine drive and smoking priority, but
to decreased smoking continuity and stereotypy in a large sample of smokers (Wilson &
MacLean, 2013).
Fifth, ROI-based functional connectivity analyses pose unique advantages and
disadvantages compared to alternative approaches, such as ICA. ROI-based analyses are
disadvantageous because ROI selection is challenging and can limit inferences about systems98

level brain function, whereas ICA captures systems-level brain function by identifying spatiallydistinct, temporally related networks with few prior assumptions (Cole, Smith, et al., 2010;
Margulies et al., 2010). ROI-based analyses are advantageous because they afford hypothesistesting by quantifying and comparing networks and by providing results that are easy to
interpret, whereas ICAs are exploratory, data-driven, and require post hoc interpretations of
results (Cole, Smith, et al., 2010; Margulies et al., 2010). So, ROI-based analyses have some
weaknesses, but they are the best option for testing the a priori hypotheses of this study.
Sixth, there were several implicit assumptions regarding data analysis. One is that all
examined effects were linear: ROIs were linearly scaled by brain volume (for discussion, see
Beltz et al., 2013; Bishop & Wahlsten, 1997), PCAs were linear combinations of ROI pairs, and
regressions were linear relations among variables. This assumption was necessary due to the
limited statistical power of the study. Another assumption is that analysis procedures optimal for
this data set were used, even though alternative approaches were available. For example,
canonical correlations (i.e., two-group PCAs) could have been used to compare network
connectivity in men and women or to examine between-network connectivity, but single
component PCAs with subsequent ANCOVAs and regressions were used here and elsewhere in
order to facilitate the interpretation of results (e.g., van den Heuvel & Pol, 2010; Zhou et al.,
2009).

Future Directions
Results presented here demonstrate the importance of considering sex in resting state
studies on drug use and encourage future work in this regard, some of which I have begun or aim
to pursue. Research topics I have begun to investigate include the extent to which findings
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concerning nicotine generalize to other substances, the influence of functional versus effective
connectivity modeling on findings, the dynamic (i.e., non-stationary) nature of resting state data,
and the generalization of findings on sex differences in the endogenous brain function of
smokers to the exogenous brain function of smokers. Research topics I aim to pursue in the
future concern establishing sex differences in the resting state connectivity of smokers using
optimal methods and then delineating the developmental antecedents of sex differences in resting
state brain activity underlying smoking.
Ongoing research. It is unclear whether the results of this study directly generalize to
other substances because of differences in drug pharmacokinetics, methods of administration,
and their relation to resting state brain function (Büttner, 2011; Camchong, Stenger, & Fein,
2013; Khalili-Mahani et al., 2012; Quinn et al., 1997), but such examinations are timely. For
example, recent reports have highlighted the dangers of alcohol use for women. Prevalence data
show that binge drinking rates in women are higher than expected, with 1 in 8 adults and 1 in 5
high school girls having 5 or more drinks in a sitting in the past 30 days (CDC, 2013). Metaanalytic data show that women have a greater risk for drinking-related mortality than do men
(Wang et al., 2014), paralleling data showing greater risk for smoking-related disease in women
than in men (e.g., Dransfield et al., 2006; Henschke et al., 2006; Huxley & Woodward, 2011;
Prescott et al., 1998). My ongoing research utilizes data analytic procedures similar to those
presented here in order to examine sex differences in resting state functional connectivity of
college students, and sex-specific links from connectivity to self-reported negative consequences
of alcohol use.
In this study, functional connectivity in resting state networks was quantified by (zerolagged) PCAs, reflecting contemporaneous links among ROIs. This was a necessary and
100

meaningful approach because past work on resting state brain function (in general and in
smokers specifically) has overwhelmingly utilized functional connectivity. Nonetheless, it is
important for future work to utilize effective connectivity, which reflects directed connectivity
among ROIs by taking advantage of the time series information in BOLD data (Gates, Molenaar,
Hillary, Ram, & Rovine, 2010; Goebel, Roebroeck, Kim, & Formisano, 2003). Such an approach
has potential to provide unique insight into the brain bases of smoking. For example, resting state
effective connectivity has been used to show that the direction of the connection between the
DMN and attention network depends upon nicotine state (Ding & Lee, 2013). My ongoing
research uses unified structural equation modeling (Kim, Zhu, Chang, Bentler, & Ernst, 2007)
implemented with group iterative multiple model estimation (GIMME; Gates & Molenaar, 2012)
with the current data to reveal time-lagged effects that may have been missed by functional
connectivity analyses.
The functional connectivity approach used here, as with most approaches for estimating
connectivity in resting state networks, assumes stationarity, or that connectivity estimates are
constant across time. Recent converging evidence, however, shows that resting state data are
non-stationary (Hutchison et al., 2013). In fact, my collaborative ongoing research uses a novel
raw data likelihood estimation technique to determine the stationarity of resting state brain
connections in cigarette smokers and whether stationarity parameters are linked to quitting selfefficacy. An important area for future works concerns sex differences in these processes.
Results from this study suggest that there may be a paradox in links between rewardrelated resting state (endogenous) brain function and smoking behavior for female smokers.
Specifically, increased connectivity within the reward network was associated with increased
nicotine dependence and increased quitting self-efficacy for women. This is counterintuitive
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because nicotine dependence and quitting self-efficacy predict smoking cessation in opposite
directions (e.g., Hymowitz et al., 1997; Schnoll et al., 2011). It is likely that these findings
generalize to links between task-related (exogenous) brain function and smoking behavior
because resting state brain networks are often synchronized during tasks (Biswal et al., 1995;
Mennes et al., 2010). There are also emerging task-related data showing links between functional
connectivity and smoking behavior. For example, seed-based functional connectivity (using
reward and attention ROIs) in response to smoking cues is greater for smokers with high versus
low dependence (Claus et al., 2013). It is unclear whether there are sex differences in links
between task-related functional connectivity and smoking behavior, but my collaborative
ongoing research investigates this issue using a monetary reward task in a sample of smokers.
If findings concerning links between resting state connectivity and smoking behavior
generalize to links between task-related connectivity and smoking behavior, then research
options and opportunities in this area will significantly increase. In this case, resting state
connectivity should be used for studies employing pediatric or neuropsychiatric samples because
collection of resting state data requires less participant engagement than task-related data (Cole,
Smith, et al., 2010; Van Dijk et al., 2010). Resting state connectivity should also be used for
studies concerning DMN connectivity because this network is best detected during cognitive rest
(Raichle et al., 2001; Uddin et al., 2009). Task-related connectivity should be used for studies in
which investigators have data analysis concerns (e.g., due to limited expertise or to potential
study confounds) because task-related data analysis is more straight-forward than resting state
data analysis (Murphy et al., 2013).
Future research. My first future research aim is to establish sex differences in the
resting state brain function of smokers and sex-moderated links from brain connectivity to
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smoking behavior. I will achieve this by conducting a study optimized for this purpose. The
current study was limited in some respects because its purpose differed from that of its parent
study, which was designed to delineate smoking expectancy effects on brain responses to
monetary rewards (Wilson et al., 2014).
My future study will use repeated measures with a sample of male and female smokers
and non-smokers. I will enroll two hundred adult participants (50 female and 50 male smokers,
50 female and 50 male non-smokers) within a narrow age range (18 to 30 years old). The
inclusion of non-smokers will facilitate interpretation of significant sex differences in smokers if
they are found, indicating whether differences reflect the entire population (regardless of
smoking status) or are unique to smokers. The narrow age range will eliminate the need for age
as a statistical covariate. The sample size will provide sufficient statistical power for detecting
moderate-sized effects between any two groups (e.g., female smokers vs. female non-smokers) at
α = .05 and a power of .70, increased by repeated measurements (Cohen, 1988). I would prefer to
have enough power to detect small effects (i.e., enroll more than 200 participants), but this is
unlikely to be feasible.
Each participant will provide data during two test sessions. One session will be conducted
when smokers are non-deprived, and another will be conducted when smokers are deprived, with
counter-balanced session order. This will address questions regarding the effects of abstinence
on resting state brain-behavior links in smokers (Hong et al., 2009; Janes et al., 2012; Moran et
al., 2012), and data from non-smokers will serve as an important control for repeated
measurement. In both sessions, I will collect resting state data during a 20-min scan. The
relatively long scan will afford precise examination of BOLD time series stationarity (Hutchison
et al., 2013). Smokers will complete multidimensional measures, including the NDSS and
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RSEQ, at both test sessions. This will permit inferences about brain-behavior links occurring
during the same nicotine state, eliminating the need for urge to smoke as a statistical covariate
and overcoming a major limitation of the current study in which brain and behavioral data were
provided under different nicotine states (deprivation and non-deprivation, respectively).
I will conduct hypothesis-driven ROI-based functional connectivity analyses, similar to
those reported in the current study. But, I will add a left LPFC ROI to the attention network and
change the MNI central coordinate of the ROFC in the reward network to 28, 12, -20, paralleling
the coordinate of the LOFC. In addition to the functional connectivity analyses, I will conduct
data-driven effective connectivity analyses using GIMME (Gates & Molenaar, 2012). These
analyses will provide much needed insight into the time- and direction-dependence of links
among network ROIs. I realize that this proposed study is ambitious, but such ambition is
necessary in order to answer the multiple outstanding questions about sex differences in resting
state brain function underlying smoking.
Results from the current study and its proposed follow-up will inform my second future
research aim: To delineate how the brain mediates sex hormone effects on gender development,
focusing on adolescent risk-taking. Smoking serves as a model system for risk-taking behavior,
so identifying sex differences in the resting state brain function of adult smokers versus nonsmokers provides a first step toward this second aim.
There are four reasons to think that sex hormones influence sex differences in the resting
state brain function underlying smoking in adolescence. The first three ways were considered
above, so they are only briefly mentioned here; the fourth way is considered in detail. First, there
are sex differences in brain development during adolescence (Lenroot & Giedd, 2010; Lenroot et
al., 2007). Second, some of these sex differences are related to pubertal hormones (Casey et al.,
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2011; Lenroot & Giedd, 2010; Steinberg, 2008). Third, due to the discordance between the
development of brain regions implicated in affective and cognitive control processes, adolescents
are particularly sensitive to appetitive stimuli, including drugs (Bava & Tapert, 2010; Galvan,
2010). In fact, the majority of adult cigarette users initiate smoking in adolescence (USDHHS,
2012).
Fourth, resting state brain function has much potential for developmental research.
Conceptually, it has been posited as a biomarker of individual differences, reflecting a
culmination of biological, psychological and social processes (Bassett et al., 2012; Fox &
Greicius, 2010; Janes et al., 2012; Sutherland et al., 2012; Zhang & Raichle, 2010). There are
several lines of evidence to support this position. For example, DMN function is heritable; h2 =
.42 (Glahn et al., 2010). Also, studies have shown that resting state functional connectivity
reflects brain maturity. Brain function in children is characterized by short-range connections
among anatomically close regions, whereas brain function in adults is characterized by longrange connections among functionally-related regions, reflecting increasing systems-level neural
processing across development (Fair et al., 2009; Fair et al., 2007). Recent work has shown that
specific connectivity between the insula and other attention network regions is greater in adults
than children (Uddin et al., 2011). In a sample of 7-to-30 year-olds, age accounted for 55% of the
variance in the functional maturity of connections among five resting state brain networks,
including the DMN (Dosenbach et al., 2010). Moreover, prospective work has shown that early
life experiences are reflected in later-life resting state functional connectivity in sex-typed ways:
Stress and cortisol in childhood (4.5 years old) predicted decreased amygdala-MPFC resting
state connectivity in late adolescence (18 years old) for girls, but not for boys (Burghy et al.,
2012). This might suggest that girls are more sensitive to early life experiences than boys, but it
105

might also reflect the post-adolescent sex difference in depression and anxiety, which is partially
characterized by decreased amygdala-MPFC connectivity (Burghy et al., 2012). Finally, clinical
studies are beginning to capitalize on the utility of resting state functional connectivity in
examinations of pediatric neuropsychiatric disease, particularly ADHD and autism spectrum
disorders. Although there are few consistent findings in this new area of research, there seems to
be a prominent role for the DMN and attention network (reviewed in Uddin et al., 2010).
Logistically, resting state provides a more feasible and interpretable examination of brain
function in children than alternative methodologies. Regarding feasibility, resting state data are
easier to acquire than task-related data because scans can be short (5-10 mins) and do not require
following complex directions (e.g., pull right trigger if X, but pull left trigger if Y; Cole, Smith,
et al., 2010; Van Dijk et al., 2010). Moreover, there is evidence that resting state brain networks
can be detected during various sleep states (Fukunaga et al., 2006), raising the possibility of
imaging sleeping children, who might be otherwise difficult to scan (e.g., due to movement or
fear). This has been done successfully with a sample of 85 naturally-sleeping children between
two weeks and two years of age (Lin et al., 2008). Regarding interpretability, group differences
in task-related brain function can be attributed to a number of processes, including strategy use,
practice, and effort (for discussions with respect to development, see Casey et al., 2005; Paus,
2010), whereas resting state brain function is simply considered to reflect the brain’s baseline
activity (for discussion with respect to development, see Uddin et al., 2010). One caveat is that
analysis of resting state data arguably requires greater expertise than the analysis of task-related
data because the signal of interest must be isolated through means other than cognitive
subtraction for resting state data (Murphy et al., 2013). This, however, is a small price to pay for
the opportunity to understand functional brain development.
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Conclusions
Sex marks individual differences in the resting state brain function underlying cigarette
smoking. In fact, sex differences in resting state network connectivity may partially explain why
women have greater difficulty quitting than men: For women only, increased connectivity within
the reward network is related to increased nicotine dependence and to increased quitting selfefficacy, two behaviors that predict smoking cessation but in opposite directions. Thus, results
from this study are important for basic science, revealing individual differences in brain function
and smoking behavior and informing future work on the antecedents of the sex differences (e.g.,
sex hormones). Results are also important for public health, revealing that resting state brain
function is a novel mechanism underlying sex differences in smoking that might be leveraged to
help women quit.
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