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ABSTRACT
Dysregulated reward processing in addiction is characterized by overvaluing drug stimuli
and undervaluing other rewards (e.g., sex, food, money, etc.). Research suggests this may play a
critical role in compulsive drug use and risk for relapse. We attempted to induce two different
types of monetary reward devaluation in two studies of chronic cigarette smokers (Study 1:
expectation to smoke, Study 2: monetary rewards viz-a-viz. cigarette rewards). Though this
manipulation did not result as expected, we did observe predicted ventromedial striatal activation
in response to reward in Study 1, and an unexpected increase in pre-SMA response to
punishment in both studies. The latter effect was interpreted to represent the integration of
negative feedback with the behavioral choice that incurred the loss. We were mainly interested in
brain network changes involved in imbalanced reward processing and we utilized the recently
developed beta series technique to compare connectivity between conditions. In Study 1, this
revealed a main effect of time that was disparate from the univariate analysis and suggested that
reward processing becomes more efficient with continued use (as evidenced by reduced
univariate activation and increased connectivity with other regions). A time by outcome
interaction between the bilateral ventromedial striatum was observed, such that connectivity was
greater for pre-shift punishment trials and post-shift reward trials. One interpretation of this
effect is that participants shifted their priority from avoiding punishment to pursuing reward over
time. To our knowledge, this represents the first attempt to explore brain networks subserving
reward devaluation in drug use. Future endeavors should carefully consider the experimental
design that will maximally juxtapose “normal” vs. devalued reward processing, as well as the
best way to assess connectivity.
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Introduction
Cigarette smoking remains a serious health concern. It is estimated that approximately
18% of adults in the United States (U.S.) smoke cigarettes (Agaku, King, & Dube, 2014). The
majority of these individuals (78%) are daily smokers, most of whom smoke a high amount (≥
10 cigarettes each day). The consequences of cigarette smoking to individual health and the
economy are vast. Cigarette smoking and exposure to second-hand smoke together are the
leading causes of preventable death in the U.S., contributing to an estimated 480,000 deaths
annually (U.S. Department of Health and Human Services, 2014). Additionally, the direct costs
of medical care and lost productivity due to premature death total approximately $289-332.5
billion annually. The risks of smoking are now well known and a large proportion of smokers
would like to quit. Indeed, according to one report, almost 70% of smokers wanted to quit
completely (Malarcher, Dube, Shaw, Babb, & Kaufmann, 2011). Despite the strong interest in
quitting, success is often elusive. For example, just above 50% of smokers attempt to quit each
year, with only about 6% remaining smoke-free for at least 6-months (Agaku et al., 2014;
Malarcher et al., 2011). Other investigations of cessation also describe a high incidence of
relapse, most often occurring within the first few days of the quit attempt (Allen, Bade,
Hatsukami, & Center, 2008; J. R. Hughes, Keely, & Naud, 2004).
There are several reasons why quitting smoking may be difficult, with various accounts
pointing to cognitive (e.g., abstinence-induced attention, concentration, and working memory
deficits; J. R. Hughes, 2007; Mendrek et al., 2006; Nichols, Gates, Molenaar, & Wilson, 2014),
personality (e.g., impulsivity, delay-discounting; Chung et al., 2011; Doran, Spring, McChargue,
Pergadia, & Richmond, 2004; Gilbert, Crauthers, Mooney, McClernon, & Jensen, 1999), mood
(e.g., negative affectivity; Kassel, Stroud, & Paronis, 2003), and biological (Epping-Jordan,
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Watkins, Koob, & Markou, 1998; Kenny & Markou, 2001) factors. One reason that appears to be
particularly important in many prominent models of addiction is the disruption of reward
processing centers in the brain. This is caused (at least in part) by chronic drug use that renders
individuals hypersensitive to drug stimuli and hyposensitive to nondrug rewards—so-called
imbalanced reward processing (Bühler et al., 2010; Volkow et al., 2010). Thus, an addicted
individual may find it especially challenging to resist the urge to use a drug, even when offered
alternative rewards (e.g., money or vacation trips conditional upon abstinence). Some researchers
have referred to this process as a "hijacking" of normal reward processing systems (e.g.,
Montague, Hyman, & Cohen, 2004).
The present examination sought to further delineate some of these reward processing
changes in addiction within a sample of chronic cigarette smokers. First, we review the brain
regions involved in reward processing and how they function in addiction. Next, we highlight
important experimental paradigms used to investigate reward processing in humans. Then, we
focus on the imbalanced reward processing observed in cigarette smokers. We also discuss new
statistical methods that can be applied to the study of reward processing in addiction. Finally, we
describe two studies we conducted in order to better characterize brain network changes
supporting imbalanced reward processing.
Reward Processing in Addiction
Brain circuits supporting reward processing have been extensively studied in animals
(Schultz, 1997, 1998; Schultz, Tremblay, & Hollerman, 2000). The advancement of modern
neural imaging techniques has allowed researchers to investigate reward processing in humans
(Koepp, Gunn, Lawrence, Cunningham, Dagher, et al., 1998). Several structures are consistently
activated during tasks of reward processing, and include: orbitofrontal cortex (OFC), amygdala,
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and striatum (McClure, York, & Montague, 2004). Figure 1 depicts the brain regions involved in
reward processing from a meta-analysis of 142 studies (Liu, Hairston, Schrier, & Fan, 2011).

Figure 1. Brain regions in reward processing. Brain regions involved in processing rewards (red)
and punishments (blue) as determined by activation likelihood estimation (ALE) of 142 studies.
Stereotaxic coordinates are provided in MNI space. Adapted from Figure 1 in Neuroscience &
Biobehavioral Reviews, 35(5), Liu, Hairston, Schrier, & Fan, Common and distinct networks
underlying reward valence and processing stages: a meta-analysis of functional neuroimaging
studies, 1223, 2011, with permission from Elsevier.
The OFC receives inputs from sensory cortex and projects to, among other areas, anterior
cingulate cortex (ACC), ventral tegmental area (VTA), and dorsolateral striatum (Kemp &
Powell, 1970; Morecraft, Geula, & Mesulam, 1992; Rolls, Critchley, Mason, & Wakeman,
1996). Given these extensive connections with sensory, decision making, and motor regions, it is
believed that the OFC may store the representations for the value of sensory stimuli and guide
behavior. The OFC is particularly active in situations of uncertainty, where the likely values of
available choices must be compared to determine the appropriate course of action (Elliott, Dolan,
& Frith, 2000). In order to effectively compare different stimuli or potential outcomes, incentive
magnitude must be represented. The OFC and amygdala regions show decreased activity to the
prediction of sated reinforcers in comparison to non-sated reinforcers, thus representing an
incentive "scale" (Gottfried, O'Doherty, & Dolan, 2003). OFC activity following receipt of
predicted monetary reward or absence of a predicted reward also demonstrates a scaled response,
with greater quantities of money won resulting in more activation, and negative mismatch
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between expected reward and outcome resulting in more dramatic decreases in activation
(Knutson, Fong, Bennett, Adams, & Hommer, 2003; J. O'Doherty, Kringelbach, Rolls, Hornak,
& Andrews, 2001).
The OFC and amygdala appear to work together in the processing of rewards, particularly
in coding for current incentive value. The amygdala has historically been thought to contribute to
emotional processing, specifically the interpretation of fearful or aversive stimuli (Calder,
Lawrence, & Young, 2001). However, the amygdala has recently been conceptualized as coding
for emotional intensity or salience of all stimuli, not just negative ones (Baxter & Murray, 2002).
Indeed, the ability to produce a positive or negative affective state to possible choices seems
critical to choosing advantageously in a gambling task, something that is deficient in patients
with OFC or amygdala damage (Bechara, Damasio, Damasio, & Lee, 1999; Bechara, Tranel,
Damsio, & Damasio, 1996). Additionally, the amygdala seems necessary to produce a positive or
negative affective state following receipt of reward or punishment (Bechara, Damasio, Damasio,
& Lee, 1999). An inability to generate these consequence states as a result of damage to the
amygdala would therefore preclude the ability to generate anticipatory affect and thus cloud
decision making (Bechara, Damasio, & Damasio, 2003). More generally, the amygdala (in
conjunction with the OFC) has been interpreted as housing the current value of stimuli. That is,
representations of stimuli values need to be updated to reflect their current salience (e.g.,
indulgence leads to satiety). This updating seems to be dependent on the amygdala because
stimulus associations can be learned in animals with amygdalar lesions, but subsequent behavior
does not reflect changing stimulus values, as seen in healthy controls (Baxter & Murray, 2002;
Málková, Gaffan, & Murray, 1997).
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The striatum receives input from dopamine neurons in the substantia nigra and VTA,
which have long been associated with perceptions of pleasure or reward (Spanagel & Weiss,
1999). Phasic dopamine release in the striatum, amygdala, prefrontal cortex, and other areas in
response to environmental stimuli is thought to signal the presence of an unexpected reward
(Schultz, 1998). That is, when circumstances are "as expected," tonic dopamine release is at
baseline. When things are better than expected (e.g., delivery of an unexpected reward),
dopamine release increases transiently (i.e., phasic release). Conversely, when things are worse
than expected (e.g., absence of a predicted reward), tonic dopamine release decreases (Schultz,
1997, 1998). Thus, initial presentations of a rewarding stimulus will elicit bursts of dopamine
throughout the striatum, amygdala, and prefrontal areas. If the stimulus can be reliably predicted,
this dopaminergic response will shift to the earliest stimulus that predicts the reward (i.e., a
conditioned stimulus). In other words, the uncued presentation of the conditioned stimulus is the
"better than expected" circumstance, or positive prediction error. Therefore, dopamine release
seems to signal the presence or absence of rewards, while other structures (e.g. OFC, amgydala,
and striatum) provide more fine-tuned value attributions based on context and experience.
The striatum is often subdivided into ventromedial and dorsolateral sections; the nucleus
accumbens and ventromedial aspects of the caudate head and putamen form the ventromedial
striatum, whereas the dorsolateral portions of the caudate head and putamen make up the
dorsolateral striatum (Bhanji & Delgado, 2014; Voorn, Vanderschuren, Groenewegen, Robbins,
& Pennartz, 2004). The ventromedial striatum in particular seems to serve as a prediction error
detection system. It has been shown to increase in activity (as measured by blood oxygenation
level-dependent [BOLD] signal) in tandem with synaptic levels of dopamine (Schott et al.,
2008). Additionally, many studies have documented ventromedial striatal activity in response to
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reward anticipation and receipt (Delgado, Nystrom, Fissell, Noll, & Fiez, 2000; Knutson,
Adams, Fong, & Hommer, 2001; Knutson, Fong, Adams, Varner, & Hommer, 2001). The
dorsolateral striatum is also involved in processing rewards, though there is some evidence
suggesting that it serves to help reinforce behaviors designed to retrieve the reward, rather than
solely identifying the reward (Delgado, 2007; O'Doherty et al., 2004). For example, Tricomi,
Delgado, and Fiez (2004) tested participants in conditions where they did or did not perceive
control over the outcome of trials. They used an oddball paradigm where recurrent, mundane
visual stimuli were randomly interrupted by one of two cues to respond. For one cue, outcome
(win or loss of money) was arbitrary. For the other cue, participants believed that their response
determined whether they won or lost money. Dorsolateral striatum was robustly activated only
when participants believed their actions influenced the receipt of reward, indicating that it was
responding to the behavioral contingencies in force instead of the mere presence of reward.
In addiction, this process of reward learning and appraisal can be severely disrupted.
Recent computational models of addiction have proposed that the unusually strong dopamine
effects of drugs can hijack this system and overvalue drugs at the expense of other naturally
rewarding stimuli (Hyman, Cohen, & Montague, 2004; Montague et al., 2004). Recall that
phasic dopamine in striatal and other prefrontal regions signals the unexpected presence of a
reward or, in time, the prediction of a reward (through prediction error mechanisms). This helps
facilitate learning; in the absence of unexpected reinforcing events, dopamine levels are at their
baseline and no new learning occurs (Schultz, 1998). All drugs, through various biochemical
channels, dramatically increase the synaptic levels and duration of dopamine in the ventromedial
striatum. Thus, whenever a drug is taken and regardless of the subjective experience, the
enhanced dopamine levels will signal a positive prediction error (i.e., the drug was better than
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expected). These strengthened signals in ventromedial striatum, OFC, and amygdala would then
result in rapid association learning between drugs and cues; cues, in turn, would come to elicit an
extremely powerful motivation to obtain the drugs. Dopamine release in the dorsolateral striatum
would also facilitate the consolidation of elaborate drug using behaviors (e.g., automatic using
behaviors; Tiffany, 1990). Therefore, by activating the midbrain dopamine system in ways
uncharacteristic of primary reinforcers, individuals can become highly sensitive to drug cues, at
the expense of natural rewards, and develop highly learned, compulsive, ritualistic drug using
behaviors (Berke & Hyman, 2000). The activation of these circuits also helps explain drug using
behaviors that are independent of avoiding aversive withdrawal symptoms, as well as how
former users can relapse after extended periods of abstinence (Shaham & Stewart, 1995; Stewart,
2000).
Assessing Reward Processing in Humans Using the Card guessing Task
Before further describing the mismatched reward valuation observed in addicted
individuals, it will be helpful to understand the experimental paradigms used to assess reward
processing in humans. One critical variable in any reward processing study is the stimulus that
will be used as the reward. Studies have effectively used appetitive odors (Bragulat et al., 2010)
and pictures (Siep et al., 2009), food (Kringelbach, O’Doherty, Rolls, & Andrews, 2003;
O'Doherty et al., 2004; O'Doherty, Deichmann, Critchley, & Dolan, 2002), erotic videos and
images (Abler, Grön, Hartmann, Metzger, & Walter, 2012; Sabatinelli, Bradley, Lang, Costa, &
Versace, 2007), and money (Delgado et al., 2000; Tricomi et al., 2004; Wilson et al., 2014) as
reward-related stimuli that can be carefully manipulated in an experimental context. One
disadvantage to using money as the reward is that money is not a primary reinforcer (i.e.,
something intrinsically valuable without need for learning) and therefore may not be processed
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the same way as other stimuli. O'Doherty et al. (2002) noted that studies using money frequently
fail to demonstrate midbrain and amygdala anticipatory activity to the same extent as studies
using primary reinforcers. But, there are several advantages to using money, including: it is
almost universally valued, is scalable (i.e., magnitude can be increased or decreased), and can
even be reversed (i.e., loss of money can be incurred) to more directly examine gains and losses.
A variety of paradigms have been introduced to study reward processing in humans. One
of the earliest human studies used PET scanning to measure dopamine levels in the striatum
while participants played a video game and earned money for each level they completed (Koepp,
Gunn, Lawrence, Cunningham, & et al., 1998). The researchers observed a two-fold increase in
extracellular dopamine in the ventromedial striatum during the video game task; Koepp et al.
interpreted this activity to represent the affective properties of the task (i.e., the rewarding
aspects). Unfortunately, the design of the Koepp et al. study prohibited differentiating the many
components likely involved in that task (e.g., activity related to rewarding aspects of the game
vs. the accrual of money for passing game levels, different phases of reward processing, etc.).
More recently, fMRI methodologies have allowed for novel paradigms that grant access to some
of these more difficult questions.
A simple fMRI paradigm that relies on classical conditioning involves presenting visual
cues that are predictive of different outcomes (some rewarding, some not) to participants.
Reward versus no reward contrasts reveal BOLD activity in regions assumed to process rewards.
By increasing the time between cue and stimulus delivery, researchers are able to differentiate
between anticipatory and consummatory effects. O'Doherty et al. (2002) implemented this
paradigm with three visual cues, each one predicting either a pleasant sweet, unpleasant salty, or
neutral liquid delivered to the participant's mouth. They observed that anticipating the sweet taste
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activated common regions implicated in reward processing, including midbrain, amygdala,
striatum, and OFC, whereas receiving the salty taste only activated OFC.
While the above design is especially helpful in delineating anticipatory from
consummatory brain responses, it employs a passive task that is not equipped to answer
questions involving behavioral responses (but see O'Doherty et al., 2004 for a modified version
employing instrumental conditioning). Delgado et al. (2000) developed an event-related
paradigm that was designed to examine the different neural responses to rewards and
punishments. In their card guessing task, participants were shown a rectangle (a "card") with a
question mark on it. During this choice task, participants indicated whether they believed the
value of the card to be lower or higher than 5 (values range from 1-9). The value of the card was
then displayed inside the rectangle, followed by feedback. Correct guesses yielded a $1 award,
incorrect guesses yielded a $0.50 loss, and "draws" (i.e., the card value is 5) yielded no reward or
punishment. This disparity between gain/loss amounts was based on the idea, derived from
Prospect Theory, that losses loom larger than gains (Kahneman & Tversky, 1979). Though
participants were under the impression that their choices determined trial outcomes, in fact the
card values were only decided by the computer after the participant responded, thus allowing the
researchers to enforce equivalent outcomes for all participants. The main finding from this study
was that the dorsolateral striatum responded differently to reward and punishment. This region
demonstrated increased activity following the choice cue (while outcome was unknown). After
the outcome feedback portion of the trial, activity was sustained in rewarded trials but declined
sharply below baseline in punished trials.
This card guessing paradigm is a valuable approach to studying reward processing
because it reliably elicits activity in the striatum, a key region in reward processing, and is
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flexible enough to allow for a diversity of manipulations (e.g., see Delgado, Locke, Stenger, &
Fiez, 2003; Delgado, Stenger, & Fiez, 2004; Delgado, 2007; Delgado, Miller, Inati, & Phelps,
2005; Porcelli, Lewis, & Delgado, 2012; Sweitzer et al., 2014). As will be discussed later,
variations of this task were used in the present study.
Imbalanced Reward Processing in Cigarette Smokers
Drug rewards vs. non-drug rewards. Recall that addicted individuals may show a
reward processing bias such that drugs are preferentially sought at the expense of other
reinforcers, leading to the compulsive and destructive nature of drug abuse (Berke & Hyman,
2000; Hyman et al., 2004; Montague et al., 2004). Consistent with this idea, there are some
experimental data indicating that addicted individuals process rewards differently than nonaddicted persons, and that drug stimuli are valued to a greater extent than non-drug stimuli in the
former. For example, Beck et al. (2009) reported that detoxified alcoholic participants
demonstrated reduced activity in the ventromedial striatum compared to non-using controls when
earning monetary reward. In another study that also compared detoxified alcoholics and nonalcoholic adults, Wrase et al. (2007) employed the same money earning task as well as pictures
of alcohol-associated and neutral cues. Detoxified alcoholic participants displayed reduced
ventromedial striatal activity in anticipation of earning money (in fact, this region was not active
at the statistical threshold), but showed enhanced activity in response to alcohol-associated cues.
This pattern of results suggests that it is not just a blunted striatal response to all rewards in
alcoholic individuals, but rather that the motivational properties of money (and presumably other
rewards) are diminished and the salience of substance-related stimuli is increased.
Similar patterns have been observed in cigarette smokers (Martin-Soelch, Missimer,
Leenders, & Schultz, 2003). For example, Bühler et al. (2010) gave dependent and non-
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dependent smokers an opportunity to earn cigarette and monetary rewards while undergoing
fMRI. Their motivation to earn either reward (as measured by instrumental responding during
the task) was positively related to striatal activity during anticipation of the reward. Furthermore,
non-dependent smokers worked harder/had greater striatal activation than dependent smokers for
money rewards than for cigarette rewards. There were no differences between reward types for
the dependent group. Another study adapted the card guessing task previously described
(Delgado et al., 2000) to allow daily cigarette smokers the opportunity to earn either cigarette
rewards or monetary rewards (Sweitzer et al., 2014). Brain activity in the striatum and medial
PFC was higher for cigarette rewards than monetary rewards during conditions of abstinence,
demonstrating greater salience for the cigarette rewards. It is likely that these processing
differences are relevant for real world outcomes, as smokers that demonstrated subdued eventrelated potentials (ERPs) to intrinsically pleasant images in a separate study were less likely to
remain abstinent for several weeks (Versace et al., 2012).
Smoking expectancy. Another factor that has been repeatedly shown to bias reward
processing toward smoking cues is smoking opportunity. In a review of cue-elicited craving,
Wilson, Sayette, and Fiez (2004) illustrated that studies of active drug users were associated with
more consistent prefrontal activation in response to cues than did treatment-seeking users. They
interpreted this difference to be a function of drug use expectancy (i.e., active users could
anticipate using their drug following the study). This interpretation was tested in a study where
some cigarette smokers were told they would have an opportunity to smoke half-way through the
experiment, whereas the other participants were told they would have to wait until the end. In a
cue exposure paradigm, cue-elicited activation was greater in regions including the OFC for
participants anticipating a more immediate opportunity to smoke (Wilson, Sayette, Delgado, &
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Fiez, 2005). As was previously discussed, the OFC has a central role in maintaining the current
affective/motivational value of a stimulus. These results suggest that the salience of drug cues is
greater for individuals expecting an opportunity to use.
Two additional studies directly compared reward processing of monetary awards under
conditions of opportunity to smoke. Wilson, Sayette, Delgado, and Fiez (2008) adapted the card
guessing task (Delgado et al., 2000) and provided the same expectancy manipulation as reported
in Wilson et al. (2005): half would have an opportunity to smoke midway through the
experiment, whereas the others would have to wait until the study ended, approximately two
hours later. Participants that were told they could smoke soon displayed lesser striatal activity in
response to wins and losses than did those told they would have to wait to smoke. In a withinsubjects replication of Wilson et al. (2008), Wilson et al. (2014) failed to find the expected
condition by outcome interaction in striatal activity (i.e., that smoking opportunity would result
in decreased activation to rewarding outcomes). However, they did observe that activity in
ventromedial striatum was associated with willingness to delay smoking for additional monetary
award. Namely, after the scan procedure, participants were given an opportunity to earn an
additional $1 for every 5 minutes they abstained from smoking (up to $10). Those who delayed
onset of smoking for extra money exhibited greater striatal activity during win trials in the card
guessing task than those who did not delay smoking for additional money.
Applying Network Analyses to Reward Processing
The absence of an expectancy effect on reward in the ventromedial striatum reported in
Wilson et al. (2014) potentially highlights one of the limitations in the existing literature of both
reward processing in general and in the context of addiction. Namely, reward processing studies
have primarily compared task-related mean activation levels of brain regions in isolation. Over
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the last several years, researchers have increasingly recognized the importance of considering
how brain regions act in relation to each other during tasks (i.e., connectivity; McIntosh, 2000;
Sporns, 2011). Connectivity is often distinguished as either functional or effective, with the
former referring to temporal correlations between regions and the latter connoting specific
directional influences between regions (Friston, 1994). By focusing on regional level of activity
instead of associations between task-related regions, important information about brain
functioning is missed. For example, in a study of deprived cigarette smokers completing a
working memory task, we found significant working memory load effects in two brain regions
(Nichols et al., 2014). However, when we examined the effective connectivity between several
regions using a novel modeling approach (Gates & Molenaar, 2012; Gates, Molenaar, Hillary,
Ram, & Rovine, 2010; Gates, Molenaar, Hillary, & Slobounov, 2011), we found that participants
who did worse on the task also had more interregional connections, suggesting reliance on
inefficient processing networks. In addition to characterizing interregional relationships, network
analyses may also detect relevant regions that fail to show critical activation in univariate
analyses. In their demonstration of a recently developed functional connectivity analysis method,
Rissman, Gazzaley, and D'Esposito (2004) observed that some regions with high functional
connectivity with the seed region did not show significant BOLD activity in the univariate
analysis. They interpreted this finding as indicating that a population of neurons within the
voxels may be synchronous with the seed region, even if their activity is not large enough to
drive the BOLD activity above the threshold needed for univariate analysis. This possibility
highlights the importance of considering connectivity analyses in tandem with traditional
analytic methods.
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While standard investigations of reward processing generally reveal a similar set of
anatomically connected regions (e.g., those structures described earlier in this manuscript), there
are relatively few reports of network analyses being utilized during reward processing. Stoeckel
et al. (2009) applied path analysis to a limited set of reward processing structures in obese and
healthy women. Participants viewed pictures of high- and low-calorie food while fasting. Three
directed paths were inputted into the model: amygdala to OFC, amygdala to ventromedial
striatum (nucleus accumbens), and OFC to ventromedial striatum. Comparing the path
coefficients between groups revealed that in obese women, the amygdala had less of an influence
on OFC and ventromedial striatum, but the OFC had a greater influence on the ventromedial
striatum than in non-obese women. These results suggested that the increased salience of food in
obese individuals is, in part, mediated by greater influence of the OFC on the ventromedial
striatum. One important limitation of this study is that only three paths were examined (this
number was restricted, in part, by the mathematical and conceptual complexities of including
additional regions and paths).
A separate study by Camara, Rodriguez-Fornells, and Münte (2008) employed functional
connectivity to examine network differences in processing rewards and losses in a gambling task.
They noted that some investigators have reported similar patterns of activation for both rewards
and losses, and others have reported differences between outcomes. Their hypothesis was that
similar structures would be activated regardless of outcome, but that differences in functional
connectivity would distinguish between gains and losses. Consistent with their hypothesis,
standard univariate analysis revealed a similar fronto-striatal-limbic network for both gains and
losses, including the cingulate cortex, superior frontal cortex, inferior parietal lobe, insular
cortex, parahippocampal regions, thalamus, caudate nuclei, cerebellum, cuneus, and
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ventromedial striatum. Unlike the results obtained using univariate analysis, however, and in line
with predictions, gains and losses were differentiated by patterns of connectivity. Specifically,
using the ventromedial striatum as a seed region, connectivity analysis indicated a network that
included the OFC, insular cortex, amygdala, and hippocampus. In trials where participants lost
an unexpectedly large amount of money, connectivity between the ventromedial striatum and
OFC was enhanced. This, along with the findings reported by Stoeckel et al. (2009), suggests
that the ventromedial striatum and OFC are jointly involved in processing or learning from
negative events.
The Current Research
As indicated above, additional research is needed to understand interactions among the
several regions involved in reward processing. One specific area that has not been examined
utilizing connectivity methods is reward processing in addiction. Earlier, we described welldocumented mean-level activation differences observed in addicts versus healthy controls in
response to rewards (e.g., Beck et al., 2009; Bühler et al., 2010; Wilson et al., 2008; Wrase et al.,
2007). It is possible that network differences underlie at least part of the imbalanced reward
processing characteristic of addiction. More specifically, two types of reward devaluation were
primarily discussed: non-drug rewards with and without the expectation of imminent drug use
(Wilson et al., 2014; Wilson et al., 2008), and drug rewards vis-à-vis non-drug rewards (Bühler
et al., 2010; Sweitzer et al., 2014). In the case of the former, I predict that smokers introduced to
an opportunity to smoke will display a shift in their reward processing, such that subsequent
evaluations of non-drug reward will exhibit less functional connectivity between the
ventromedial striatum and affective regions like the OFC and amygdala, relative to before the
expectancy manipulation. I also expect that introducing drug rewards will have a similar effect
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on processing non-drug rewards. That is, I predict that functional connectivity between the
ventromedial striatum and other motivational processing regions like the OFC and amygdala will
be less robust for non-drug rewards than for drug-related rewards.
We developed two fMRI studies to test these hypotheses. Briefly, Study 1 involves a
within-subjects manipulation wherein participants engaged in a modified version of the card
guessing task (Delgado et al., 2000) before and after being told they would have an opportunity
to smoke. Study 2 adapted the card guessing task and resembled the form used in Sweitzer et al.
(2014). This version of the task included two types of rewarded trials, those in which participants
earned points toward smoking a cigarette, and those in which they earned points toward an extra
monetary payout. Participants in both studies also completed additional procedures that are not a
focus of this study and will not be described herein.
Initial findings have been published from both studies. Wilson et al. (2014), as previously
described, reported the association between activity in the ventromedial striatum and willingness
to delay smoking for extra money in Study 1. Wilson, Smyth, and MacLean (2014) reported data
from the first 10 participants of Study 2 as a "proof of concept" that fMRI paradigms could be
combined with ecological momentary assessment (EMA) techniques to answer important
questions. Specific data reported in Wilson, Smyth, and MacLean (2014) are associations
between activity in the ventromedial striatum in response to winning money in fMRI and
subsequent personal ratings of the importance of money, collected via EMA during the week
following fMRI. The proposed analysis will significantly extend these earlier reports by focusing
on the network processes presumably contributing to the devaluation of non-drug rewards.
The "beta series correlation analysis" approach to functional connectivity is well suited to
answer the primary network-related questions. Developed by Rissman et al. (2004), this method
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uses the general linear model (GLM) common to standard univariate analyses of task-related
brain activity, but adapts it such that each trial is included in the regression and thus each voxel
gets a parameter estimate (i.e., beta value) for each trial. Beta values from each trial are
organized by conditions of interest to form relevant "beta series." Beta values are submitted to a
correlation analysis, resulting in correlation brain maps indicating the association between
disparate voxels' beta series for the conditions of interest. This can either be done in a seeded
approach (i.e., inputting the beta series for a seed region or voxel and doing a whole-brain
correlation analysis) or with a selection of a priori regions of interest. The underlying assumption
of the beta series method is that voxels that are functionally related will show similar temporal
dynamics; therefore, the trial-by-trial variability that is treated as noise in univariate analyses
becomes the point of comparison in the beta series correlation analysis. This method makes it
easy to compare context-dependent network changes (i.e., differences in networks resulting from
changes in task context or circumstance), rendering it ideal for answering questions about
addiction-related changes in reward processing networks. The beta series correlation analysis
method has been successfully applied to multiple experiments (e.g., Camara et al., 2008;
Daselaar, Fleck, & Cabeza, 2006; Daselaar, Fleck, Dobbins, Madden, & Cabeza, 2006; Rissman,
Gazzaley, & D'Esposito, 2008; Zanto, Rubens, Thangavel, & Gazzaley, 2011).
While the primary aim of the proposed analysis pertains to the network dynamics
involved in reward devaluation, a secondary aim was to identify relevant behavioral factors that
are associated with these network changes. Since context-dependent differences in the
connectivity maps will presumably reflect neural changes supporting the devaluation of nondrug
rewards, it is expected that these differences will relate to other behavioral indices of compulsive
drug use. We collected data on several factors for supplemental analysis on brain-behavior
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relationships. These measures included expired CO level at testing (indicative of nicotine
abstinence), self-reported urge at the beginning and end of the experiment and the urge change
over time (difference score between the two urge ratings), as well the Nicotine Dependence
Syndrome Scale (NDSS; Shiffman, Waters, & Hickcox, 2004)--a self-report questionnaire
measuring different facets of nicotine dependence. The NDSS (Shiffman et al., 2004) provides a
total score and scores on five subscales, two of which are of particular interest. The Drive
subscale is believed to measure the compulsive nature of cigarette smoking, and the Priority
subscale assesses the degree to which individuals choose to smoke over other competing
activities.
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Materials and Methods
Summary of Approach
Data collection comprised two different studies. Briefly, the aim of Study 1 was to
examine the direct effects of introducing smoking expectancy on neural responses during a
monetary reward processing task. To that end, participants first performed a card guessing task
without the expectancy of being able to use their cigarettes. Midway through the task, half of the
participants were instructed that a mistake had been made and they actually would be able to use
their cigarettes upon completion of the task (an expectancy “shift” manipulation). Therefore,
changes in reward processing of monetary rewards as a function of expectancy to smoke could
be observed. The aim of Study 2 was to directly compare neural responses to monetary versus
cigarette rewards. In this study, participants completed several trials of a card guessing task, but
in this case each trial was designated as accruing points that would result in either bonus money
or access to a cigarette. In short, Study 1 examined how the processing of monetary rewards
changed in the context of anticipating cigarette use; Study 2 extended these findings by directly
comparing the processing of monetary versus cigarette reward. Methods common to both studies
are reviewed first, followed by methods and procedures that were unique to the individual
studies in greater detail.
Participants. Right-handed, native English speaking cigarette smokers were recruited for
both studies through radio and newspaper advertisements. Participants were aged between 18-45
years old and smoked a minimum of 10 cigarettes per day for the past 12 months without
immediate plans to quit. Other disqualifying criteria included experiencing cardiovascular or
respiratory disease during the previous year, maintaining a diagnosis of a major mental disorder,
current use of psychiatric medication, or dependence on a substance (other than nicotine).
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Procedures. Individuals interested in participating were initially screened over the
phone. Those who responded according to eligibility criteria were invited to visit the lab.
Qualified participants came to the lab on at least 2 occasions (though participants in Study 2
completed additional measures over several more visits): first to undergo additional screening
and complete baseline questionnaires, and second to complete the fMRI portion of the
experiments. During the first visit, participants provided an expired-air carbon monoxide (CO)
sample (“baseline CO”) to verify smoking status (≥ 10 parts per million [ppm]). In both studies,
participants were instructed to abstain from nicotine products for 12 hours and alcohol and other
drugs for 24 hours prior to the second appointment. Smoking abstinence on the second visit was
confirmed via a second CO sample (“experimental CO,” ≤ 50% of baseline CO; Sayette,
Loewenstein, Griffin, & Black, 2008; Wilson, Sayette, & Fiez, 2012).
A variety of measures were used in each study to assess smoking habits, nicotine
dependence, and urge to smoke. Here we describe only those germane to this analysis. As
previously stated, all participants were administered the NDSS (Shiffman et al., 2004); the NDSS
contains 30 self-statements about smoking behavior (e.g., "I smoke at different rates in different
situations") and yields a total score (NDSS-Total) and five factor-analytically derived subscales:
Drive (craving, compulsion to smoke), Priority (preference for smoking over other activities),
Tolerance (reduced sensitivity), Continuity (stability in smoking rate), and Stereotypy (fixed
smoking patterns). Raw scores on the NDSS are converted into factor scores (M = 0, SD = 1).
The NDSS is the main measure of dependence that will be used in the supplementary analysis
because of its subscales. Another measure of dependence, the Fagerstrom Test for Nicotine
Dependence (FTND; Heatherton, Kozlowski, Frecker, & Fagerstrom, 1991) was also
administered and used to compare equivalency of samples between groups in Study 1 and
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between Study 1 and Study 2. We collected self-reported craving at two different time points
(urge at pre-scan, urge at post-scan) which also allowed us to calculate a difference score
representing change in urge over time.
Study 1
Participants. Fifty-one cigarette smokers completed the experiment. Seven participants
yielded unusable data (one participant was excluded due to technical error while six other
participants demonstrated excessive head movement during fMRI data acquisition), leaving
forty-four participants with usable data. Participants were randomly assigned to one of two
experimental conditions (instructed-yes or instructed-no, described below). Group characteristics
are presented in Table 1. As can be seen, assigned groups did not differ on the basis of age, sex,
ethnicity, nicotine dependence (assessed by the FTND and NDSS), CO readings, or mid-task
urge ratings. There was a trend for participants in the instructed-no group to smoke more
cigarettes per day than those in the instructed-yes group.
Overall, participants were between the ages of 18 and 42 (M = 26.11 years old, SD =
7.04), were predominately white (N = 40, 1 individual identified as Black, 1 as Hispanic, and 2
as Asian or Pacific Islander), and just over half were male (N = 24).
Materials. As indicated above, nicotine dependence was assessed using the
FTND (Heatheron et al., 1991) and the NDSS (Shiffman et al., 2004). Urge to smoke was
verbally rated along a scale of 0-100 (absolutely no urge at all and strongest urge I've ever
experienced, respectively) immediately before and after collecting fMRI data during the second
visit.
The main experimental task was the card guessing task. All participants performed the
card guessing task while functional data were collected in the MRI scanner. This task was
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Table 1
Study 1 Participant Characteristics
M (SD)
Characteristic
Instructed-no Instructed-yes

F

% Male
52
57
χ2 = 0.08
Age
26.04 (6.63)
26.17 (7.54)
0.003
Cigarettes per day 16.38 (1.69)
14.43 (2.92)
3.88
FTND
4.38 (1.69)
3.65 (1.61)
2.15
NDSS: Total
-0.62 (0.75)
-0.63 (0.63)
0.01
NDSS: Drive
-0.70 (1.2)
-0.72 (1.05)
0.00
NDSS: Priority
-0.52 (0.51)
-0.59 (0.52)
0.16
NDSS: Tolerance
-0.13 (0.85)
0.07 (1.12)
0.43
NDSS: Continuity 0.00 (0.82)
-0.19 (0.85)
0.57
NDSS: Stereotypy 0.09 (0.64)
0.08 (0.73)
0.00
Baseline CO
23.00 (9.58)
19.09 (7.17)
2.38
Experimental CO
6.19 (2.36)
6.48 (3.27)
0.11
Pre-scan urge
50.29 (28.00) 52.65 (25.47) 0.09
Post-scan urge
65.43 (24.01) 62.65 (29.00) 0.12
Urge change
15.14 (29.33) 10.00 (14.21) 0.56
Note. NDSS = Nicotine Dependence Syndrome Scale (Shiffman,
Waters, & Hickcox, 2004); FTND = Fagerstrom Test for Nicotine
Dependence (Heatherton et al.., 1991).

P
1
0.95
0.06
0.15
0.94
0.95
0.69
0.52
0.45
0.97
0.13
0.74
0.77
0.73
0.46

adapted from Delgado et al. (2000) and was chosen because it reliably elicits striatal responses to
non-drug rewards (Delgado, 2007; Hariri et al., 2006; Wilson et al., 2014). Trials began with a 2
s choice period in which a "card" (a rectangle with question mark inside) was displayed.
Participants pressed a button on a hand-held response grip to indicate whether they believed the
value of the card was higher or lower than 5 (card values ranged from 1-9, excluding 5). After
the 2 s choice period, the correct value of the card was displayed for 1 s, followed by visual
feedback also lasting 1 s. Feedback was presented as a green upward arrow for correct trials and
a red downward arrow for incorrect trials. Subsequently, participants viewed a fixation cross for
12.5 s until the following trial began. Participants earned $1 in payment for every correct trial
and lost $0.50 for every incorrect trial. In reality, the experimental program decided the card
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value after collecting the participant's response, thus allowing all participants to receive an equal
number of wins and losses (presented in a pseudorandom order).
Procedure. Interested individuals were initially screened over the telephone. Those who
met eligibility criteria were invited to visit the lab to fill out smoking behavior and demographic
measures. This baseline visit began between 11:00 a.m. and 4:00 p.m. for all participants. As
indicated above, participants confirmed their smoking status by providing a CO reading of at
least 10 ppm. They were instructed to refrain from nicotine products for 12 hours and other drugs
for 24 hours prior to the start of the second visit. They were told their nicotine abstinence would
be verified by another CO reading at the following visit.
The second lab visit was scheduled to occur within 3 weeks of the first session, beginning
between 10:00 a.m. and 2:00 p.m. Participants who did not abstain from smoking (as evidenced
by a CO level ≥ 50% of their baseline CO) were rescheduled for another time. All participants
surrendered their cigarettes and lighters and were told that they would not be able to smoke for
the duration of the experiment (approximately 2 hours--a sufficient amount of time to establish
the expectation of not being able to smoke: Juliano & Brandon, 1998; Wilson et al., 2005;
Wilson et al., 2012). Participants were introduced to the card guessing task and were informed
that they could earn bonus money according to their performance on the task. After providing an
urge rating, they were placed in the MRI scanner.
All participants completed 60 interleaved trials of the card guessing task (30 wins and 30
losses). At this halfway point (dubbed “shift”), the experimenter informed the participants in the
instructed-yes group via an intercom that they would in fact have an opportunity to use their
cigarettes soon. Specifically, participants were told:
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You are about halfway done with the feedback task. Before you continue, I
wanted to tell you about a mistake in the instructions that I previously gave you.
When I told you that you would not be able to smoke during the study, I was
looking at the wrong information. Actually, you will have the chance to smoke
during the study. Specifically, you will be removed from the scanner and will be
given a brief break after you finish the feedback task, which will take about 16
more minutes to complete. You will be given an opportunity to smoke during the
break. I apologize for the error.
Participants in the instructed-no condition received different feedback informing them
that they were half-way through the task and reminding them that they would not have an
opportunity to smoke until the experiment was over. Specifically, they were told:
As you can see on the screen, you are halfway through the tasks. As a reminder,
you will not be able to smoke until the conclusion of the study visit. We are going
to get started with the next block of tasks.
Following the completion of 60 more interleaved trials, participants again rated their urge
to smoke and were removed from the scanner. Participants then completed additional tasks
according to which group (instructed-yes or instructed-no) they were assigned. These tasks are
not the focus of the present analysis and are not discussed herein. All subjects were debriefed
and earned up to $140 for their participation.
Study 2
Participants. 20 cigarette smokers completed the experiment. Ages were between 19 to
44 years old (M = 25, SD = 7.8). Just over half of participants were male (N = 12), and most were
white (N = 16, 1 identified as Hispanic, and data are absent for 3 individuals).
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Materials. Nicotine dependence was assessed using the FTND and NDSS (described
above). Smoking urge and associated symptoms were measured throughout the study using
computerized visual analogue scales (VAS). For the VAS data, participants viewed a prompt
(e.g., "Please rate your urge to smoke a cigarette right now") and directed a vertical indicator
along a horizontal bar to mark their current state on the scale (e.g., between "no urge at all" and
"strongest urge ever"). Sometimes this was performed outside of the scanner on the computer, in
which case participants used the keyboard keys 'd' and 'c' to move the slider. At other times,
participants completed these ratings while in the fMRI scanner, using two buttons on their
response grip to adjust the slider. VAS ratings were made for three questions, one asking about
urge, one asking about mood state (unpleasant--pleasant), and one asking about mental alertness
(sleepy--aroused/activated). As in Study 1, the main urge ratings for the present analysis were
provided just before and immediately after the scan protocol.
The main experimental measure in Study 2 was the card guessing task. The card guessing
task was modified from the version in Study 1 to accommodate different types of reward trials.
In Study 2, participants accrued points that were applied to either bonus money or an opportunity
to smoke a cigarette. Correct guesses earned 10 points toward earning the respective reward (an
extra $10 or an opportunity to smoke 1 cigarette). Losses resulted in the deduction of 5 points
from the participant's total. Similar to Study 1, feedback following each trial consisted of a green
upward arrow or red downward arrow signifying reward or punishment, respectively. However,
in Study 2, the feedback arrows were enclosed by a colored box that indicated which type of
reward was won or lost. A blue border for the card indicated that the trial was a "money trial"
and a yellow border indicated a "cigarette trial." As in Study 1, the outcomes were arranged such
that every participant won and lost an equal number of trials and ultimately "earned" enough
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points for both the bonus money and an opportunity to smoke. The timing of the various stages
differed slightly from those in Study 1. In Study 2, the choice task was 2 s, followed by the value
of the card for 500 ms, followed by feedback for 1.5 s. The interstimulus interval was jittered
with values between 10 s and 14 s.
Procedure. As in Experiment 1, interested participants were first screened through a
brief telephone interview. Those that met criteria were then invited to visit the lab. During this
baseline visit, participants provided a CO sample to confirm their status as a daily smoker (≥
10ppm). They also answered questions regarding their smoking behaviors. Participants were
scheduled for a second visit, which always occurred on a Friday. (This was important for
subsequent aspects of the study, which are not a focus of the proposed analysis.) Participants
were instructed to refrain from any nicotine products for 12 hours and any alcohol or other drugs
for 24 hours prior to the second appointment.
At the beginning of the experimental session, participants provided a CO sample to
confirm their abstinence from smoking. They then completed additional questionnaires that are
not germane to the proposed analysis. Participants completed their initial VAS ratings (urge,
affective state, and arousal) and were introduced to the card guessing task. After practicing the
task, the experimenter retrieved one cigarette of their preferred brand and a lighter and escorted
the participant to the MRI scanner.
Participants underwent a high resolution anatomical scan followed by resting baseline
scans. At the conclusion of the resting baseline, participants again made the three primary VAS
ratings. The modified card guessing task immediately followed. For the card guessing task, the
experimenter read the following instructions to the participants via an intercom:
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As a reminder for this task you will be guessing whether a card is higher or lower
than 5. You will be earning points towards money and an opportunity to smoke
after the end of the scan. For every correct response you earn 10 points and for
every incorrect response you lose 5 points. As a reminder, a BLUE border
indicates the trial will be a money trial and a YELLOW border indicates the trial
is to earn points for an opportunity to smoke. You must have at least 100 points
by the end of the study to earn each reward. That is, you must have at least 100
points earned from the BLUE cards to receive the $10 jackpot and at least 100
points on YELLOW trials to receive a chance to smoke. If you have fewer than
100 points for either reward at the end of the scan, you will NOT earn that reward.
Do you have any questions?
As the value of the cards was decided by the computer program after the participants
made their selections, the outcomes were fixed such that all participants had an equal number of
wins and losses across both categories. All participants "earned" enough points to win both
rewards. Participants completed 108 interleaved trials (27 wins and losses for each reward type).
At the conclusion of the card guessing task, participants were given the opportunity to
remain in the scanner and complete additional tasks that are not considered in the present
analysis.
As the experimental session took place on Friday, participants were required to return to
the lab Monday-Thursday of the following week for an ecological momentary assessment
(EMA) portion of the study. The procedure and results of the EMA data will be presented
elsewhere. In all, participants could earn up to US$250 for their participation in this study,
though participants were paid $55 for the tasks contributing to the proposed analysis.
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Data Collection and Analysis
fMRI data acquisition. MRI procedures were carried out at the Penn State Social, Life,
and Engineering Sciences Imaging Center. A 3-Tesla Siemens Trio scanner (Siemens Medical
Solutions, Erlangen, Germany) was used to collect structural and functional brain images. High
resolution three-dimensional structural volumes (1x1x1 mm voxels) were acquired with a T1weighted magnetization-prepared rapid gradient echo sequence. Functional data were acquired
using a standard echo-planar imaging pulse sequence (38-slice oblique-axial functional images
[3x3x3 mm voxels, TR = 2,000 ms, TE = 25 ms, FOV = 192 mm, flip angle = 79º]).
The functional volumes underwent several preprocessing steps, including 3D motion
correction, slice timing correction, and correction for signal drift within and between runs. The
anatomical images were transformed to the Talairach reference anatomy using a twelveparameter affine automated algorithm. The transformation parameters were then applied to the
functional images. The resulting coregistered functional images were then smoothed with a
three-dimensional Gaussian filter (8 mm full width at half maximum).
fMRI analytic method. In both studies, fMRI data obtained during the card guessing
tasks were analyzed using a mixed-effects general linear model (GLM) with task-related
regressors. Specifically, regressors of interest were created by convolving a delta function for
each condition with a standard two-gamma hemodynamic response function. Motion parameters
and missed trials (i.e., trials where the participants did not respond) were included as covariates
of no interest. The above regressors were entered into a GLM to obtain parameter estimates (i.e.,
beta weights) for each participant. Parameter estimates obtained at the individual participant
level were submitted to a random effects group analysis. The group-level analyses will be
described more specifically for each study separately.
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The beta series correlation analysis (Rissman et al., 2004) was used to create brain maps
of functional connectivity in order to examine context-dependent changes during reward
processing. In contrast to the traditional GLM described above, each trial is entered as its own
regressor in a single-subject beta series GLM and trial-by-trial parameter estimates are produced
for each voxel. These beta values are organized by condition of interest into respective beta
series. The resulting condition-specific beta series for a seed region are then correlated with the
beta series for voxels in the rest of the brain. This produces a correlation map illustrating
functional connectivity with the seed region for that given task or condition in that individual.
Person-specific correlation maps for different conditions can easily be combined into group maps
and compared to examine context-dependent changes in functional connectivity.
To generate connectivity maps of reward processing during the card guessing tasks, the
ventromedial striatum was used as a seed region for whole-brain analysis. Importantly, seed
regions were derived from the full group contrasts (i.e., voxels responding to each condition) of
the univariate analyses, not the beta series GLMs. A sphere with a 5mm radius was drawn
around the peak voxel in each hemisphere. These were defined separately for each study.
All preprocessing and analysis described to this point were performed with BrainVoyager
QX 2.8 (Goebel et al., 2006). MATLAB (Version R2014b; The MathWorks, Inc., 2014) and the
NeuroElf toolbox (Version 1.0; Weber, 2014) were used to extract the beta series for the seed
regions, perform the whole-brain analyses, and conduct necessary transformation of the
correlation coefficients in order to allow statistical comparison and inferences (inverse
hyperbolic tangent transform: Cox, 2008; Fisher, 1921). Because of technical limitations with the
BrainVoyager software in performing additional analyses on these correlation maps, resulting
files were converted by MATLAB and NeuroElf to the NIfTI standard. FSL’s Randomise
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program was used to perform all group level comparisons in order to take advantage of its nonparametric permutation-based hypothesis testing (Winkler, Ridgway, Webster, Smith, & Nichols,
2014).
In this method, permutations (shuffling) of the collected data are used to generate an
accurate distribution of possible values against which to test the null hypothesis. This relies on
fewer assumptions than parametric approaches and has been demonstrated to robustly control
family-wise error rates better than traditional methods (Eklund, Nichols, & Knutsson, 2015).
Because of the structure of FSL’s Randomise program, all comparisons were performed using
the t-test (two-tailed). Most of these were designed to be one-sample tests to facilitate withingroup comparisons using the constraints imposed by Randomise (e.g., for main effect of time:
subtracting the post-shift maps from the pre-shift maps and testing the result against the null
hypothesis of 0. This is statistically equivalent to a paired-samples test.).
Within Randomise, the threshold-free cluster enhancement (TFCE) method was used to
test for statistical significance (Smith & Nichols, 2009). TFCE incorporates information from
neighboring voxels to bias those voxels with local support (e.g., “cluster enhancing”) while
avoiding setting a pre-defined “inclusion” statistical threshold (e.g. “threshold-free”). This
preserves the spatial relationships (i.e., the “topography” of the data) without making the
investigator choose small clusters composed of voxels with very high statistical significance, or
large diffuse clusters composed of voxels meeting a lower statistical threshold. Because the
TFCE correction method is inherently a voxel-based correction, and it is designed to preserve
focal maxima, significant sub-regions within large clusters are reported. Additionally, as this was
a novel analysis, all imaging results throughout both studies with corrected p < 0.15 are reported
as trends, though only findings with corrected p < 0.05 are noted as significant.
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Results
Behavioral Data
Demographic, smoking history, and task related information for participants in both
studies are presented in Table 2. The two samples were comparable in most factors, but
participants in Study 1 smoked more cigarettes per day on average and had higher levels of
dependence (assessed by FTND) than did participants in Study 2.
Table 2
Participant Characteristics
M (SD)
Characteristic
Study 1
Study 2
F
P
n
44
20
Age
26.11 (7.04) 25.25 (7.81)
0.19
0.66
Cigarettes per day 15.36 (3.38) 13.4 (3.72)
4.35
0.04
FTND
4 (1.67)
2.88 (1.45)
5.88
0.01
NDSS: Total
-0.63 (0.68)
-0.80 (0.87)
0.70
0.41
NDSS: Drive
-0.71 (1.10)
-0.90 (1.18)
0.35
0.56
NDSS: Priority
-0.56 (0.51)
-0.67 (0.39)
0.75
0.39
NDSS: Tolerance
-0.02 (1.00)
-0.13 (0.90)
0.16
0.69
NDSS: Continuity -0.10 (0.83)
0.01 (0.72)
0.22
0.64
NDSS: Stereotypy 0.09 (0.68)
0.11 (0.68)
0.01
0.91
Baseline CO
20.95 (8.54) 20.70 (7.96)
0.01
0.91
Experimental CO
6.34 (2.84)
5.3 (1.95)
2.20
0.14
Pre-scan urge
51.52 (26.42) 56.12 (27.58) 0.36
0.55
Post-scan urge
63.98 (26.46) 61.32 (26.59) 0.13
0.72
Urge change
12.45 (22.58) 6.06 (14.81)
1.10
0.30
Note. NDSS = Nicotine Dependence Syndrome Scale (Shiffman,
Waters, & Hickcox, 2004); FTND = Fagerstrom Test for Nicotine
Dependence (Heatherton et al.., 1991). P values < 0.05 appear in
bold font.
Participants in Study 1 demonstrated a significant increase in smoking urge during the
scan protocol (t[43] = 3.66, p = 0.001), whereas those in Study 2 did not (t[15] = 1.64, p = 0.12).
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Study 1
Univariate fMRI data. The main between-group comparison (i.e., main effect of group)
was an independent-samples t-test, whereas within-group comparisons (e.g., main effects of time
and outcome) were constructed to be paired t-tests as described above. This map subtraction
method was extended to enable interaction effects to be tested in a paired (time by outcome) or
independent (group by time by outcome) fashion.
There was a trend for a main effect of group, with individuals in the instructed-yes group
demonstrating greater BOLD activation to all trials of the card guessing task in the right
precuneus than those in the instructed-no group (see Table 3). In order to see if the borderline
significant group difference in cigarettes smoked per day might contribute to this difference in
brain activity, we tested the correlation between cigarettes smoked per day and neural activity.
This correlation was not significant (r = 0.06, p = 0.71).
Table 3
Univariate Main Effect of Group
Shift > Control
Size
Stereotaxic Coordinates
3
(mm ) ~BA X
Region
Y
Z Peak T Shift

β (SD)
Control

R Precuneus 405
19
39
-76
34 4.41
0.25 (0.38) -0.10 (0.30)
Note. Coordinates and T-values for the maximally activated voxels. Coordinates
provided in Talairach reference space. Beta weight estimates are averaged for the whole
region per participant, and then averaged for all participants. The estimates were set up
to represent percent signal change from baseline. ~BA = Approximate Brodmann area.
L = left hemisphere.
There was a very large cluster that exhibited a significant main effect of time (see Figure
2). These voxels demonstrated greater BOLD activity in the first half of the card guessing task
than in the second half. This cluster spanned both hemispheres and included anterior cingulate
cortex, striatum, insula, medial frontal, sensorimotor cortex, and hippocampal/parahippocampal
areas. See Table 4 for details.
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Figure 2. Study 1 main effect of time, univariate analysis. Z coordinates in Talairach space
provided in the upper left corner of each slice. R & L = Right and left hemispheres, respectively.
Table 4
Study 1 - Univariate Main Effect of Time
Pre > Post
β (SD)

Stereotaxic Coordinates

Sub-region

Size
(mm3)

~BA

X

Y

Z

L Anterior Cingulate

4,293

33

-6

8

22

R Anterior Cingulate

1,269

3

26

L Caudate

7,074

-9

R Caudate

13,311

L Cerebellar Lingual

351

L Cingulate Gyrus

3,159

R Cingulate Gyrus

2,997

R Claustrum

Peak T

Pre

Post

3.77

0.51 (0.30)

0.37 (0.24)

4

3.75

0.48 (0.29)

0.38 (0.28)

8

1

5.28

0.40 (0.29)

0.22 (0.28)

9

8

1

6.31

0.53 (0.36)

0.37 (0.30)

0

-40

-14

2.54

0.32 (0.25)

0.20 (0.25)

31

-12

-28

43

4.72

0.53 (0.26)

0.40 (0.19)

31

15

-34

43

4.74

0.51 (0.33)

0.35 (0.30)

1,755

36

-1

-2

3.64

0.40 (0.48)

0.23 (0.44)

L Culmen

2,754

-24

-49

-17

3.76

0.51 (0.32)

0.38 (0.23)

R Culmen

4,347

27

-40

-20

4.21

0.83 (0.38)

0.67 (0.34)

34
L Cuneus

2,106

19

-12

-82

34

3.37

0.61 (0.35)

0.48 (0.25)

R Cuneus

4,131

18

6

-70

16

4.35

0.24 (0.33)

0.10 (0.28)

R Declive

486

12

-58

-17

2.60

0.41 (0.36)

0.28 (0.26)

L Fusiform Gyrus

2,538

37

-36

-43

-14

4.67

0.39 (0.27)

0.27 (0.25)

R Fusiform Gyrus

2,862

37

42

-49

-8

4.33

0.17 (0.26)

0.07 (0.21)

R Hippocampus

3,132

30

-22

-11

3.48

0.40 (0.24)

0.29 (0.22)

L Inf Frontal Gyrus

5,616

44

-51

5

13

5.22

0.43 (0.30)

0.28 (0.26)

R Inf Frontal Gyrus

1,863

47

48

17

-5

4.87

0.44 (0.27)

0.31 (0.28)

L Inf Par Lobule

10,584

40

-57

-31

28

7.06

0.39 (0.32)

0.19 (0.28)

L Inf Temp Gyrus

5,859

19

-51

-61

-2

6.10

0.51 (0.29)

0.34 (0.26)

L Insula

3,618

13

-39

-4

13

4.35

0.49 (0.35)

0.33 (0.25)

R Insula

3,942

13

33

23

-2

4.91

0.64 (0.40)

0.48 (0.37)

L Lingual Gyrus

1,782

17

-12

-82

1

3.91

0.51 (0.37)

0.36 (0.35)

L Med Frontal Gyrus

3,132

6

-6

-4

52

4.07

0.53 (0.22)

0.43 (0.19)

R Med Frontal Gyrus

2,889

6

6

-1

61

4.39

0.27 (0.38)

0.12 (0.30)

L Globus Pallidus

5,481

-12

2

-8

5.37

0.22 (0.30)

0.08 (0.24)

R Midbrain

11,772

3

-28

-2

5.48

0.33 (0.31)

0.19 (0.26)

R Mid Frontal Gyrus

2,133

6

24

-7

49

4.13

0.35 (0.34)

0.22 (0.25)

L Mid Occ Gyrus

2,970

19

-36

-67

10

4.28

0.20 (0.28)

0.10 (0.24)

L Mid Temp Gyrus

6,669

21

-48

-49

4

5.65

0.68 (0.42)

0.51 (0.37)

R Mid Temp Gyrus

9,666

37

51

-64

4

6.58

0.44 (0.32)

0.26 (0.30)

L ParaHip Gyrus

1,053

36

-33

-25

-23

4.09

0.48 (0.55)

0.31 (0.50)

R ParaHip Gyrus

2,052

19

24

-52

-5

3.11

0.42 (0.38)

0.29 (0.29)

L Postcentral Gyrus

2,781

3

-42

-22

55

5.24

0.32 (0.36)

0.16 (0.35)

R Postcentral Gyrus

11,880

2

57

-22

37

9.04

0.44 (0.25)

0.30 (0.19)

L Posterior Cingulate

3,645

30

-12

-64

10

4.00

0.46 (0.26)

0.33 (0.23)

L Precentral Gyrus

3,375

6

-54

-4

40

5.17

0.54 (0.30)

0.38 (0.29)

R Precentral Gyrus

3,996

6

33

-13

58

5.61

0.66 (0.32)

0.50 (0.29)

L Precuneus

1,647

7

-18

-58

55

4.80

0.56 (0.30)

0.41 (0.28)

R Precuneus

3,537

7

30

-49

49

4.66

0.45 (0.29)

0.32 (0.27)

L Sup Frontal Gyrus

1,944

6

-12

-1

64

4.06

0.26 (0.28)

0.14 (0.21)

L Sup Par Lobule

1,323

7

-27

-58

55

4.41

0.55 (0.28)

0.42 (0.21)

L Sup Temp Gyrus

1,377

38

-54

5

-5

3.52

0.62 (0.31)

0.49 (0.30)

R Sup Temp Gyrus

8,100

22

48

-40

7

5.35

0.57 (0.25)

0.40 (0.28)

R Thalamus
2,754
15
-31
1
3.65
0.64 (0.37)
0.49 (0.30)
Note. Coordinates and T-values for the maximally activated voxels. Coordinates provided in Talairach reference
space. Beta weight estimates are averaged for the whole region per participant, and then averaged for all participants.
The estimates were set up to represent percent signal change from baseline. ~BA = Approximate Brodmann area. L &
R indicate left and right hemisphere, respectively. Inf = Inferior, Sup = Superior, Med = Medial, Mid = Middle, Par =
Parietal, Occ = Occipital, Temp = Temporal, ParaHip = Parahippocampal.
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Regions demonstrating a main effect of outcome are presented in Figure 3 and Table 5.
Both left and right ventromedial striatum showed significantly greater response to win trials than
loss trials, and left and right medial frontal gyrus showed the opposite pattern (i.e., greater
response to loss trials than to win trials).

Figure 3. Study 1 main effect of outcome, univariate analysis. “Hot” colors (orange-yellow)
indicate voxels significant for reward > punishment contrast; “cold” colors (dark-light blue)
indicate voxels significant for punishment > reward contrast. Z coordinates in Talairach space
provided in the upper left corner of each slice. R & L = Right and left hemispheres, respectively.
Several brain maps were created to test the interaction effects. Pre-shift minus post-shift
maps were created for each individual, for win trials and loss trials separately. These two sets of
maps (i.e., pre-shift minus post-shift wins and pre-shift minus post-shift losses) were then
subtracted for each participant. These final maps were tested in a one-sample t-test (within-
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Table 5
Study 1 - Univariate Main Effect of Outcome
Win > Loss
Region
L ventromedial
striatum
R ventromedial
striatum

Size
(mm3)

β (SD)

Stereotaxic Coordinates
~BA

X

Y

Z

Peak T

Win

Loss

729

-12

2

-5

7.58

0.58 (0.44)

0.36 (0.41)

945

9

2

-2

7.72

0.54 (0.41)

0.33 (0.37)

Loss > Win
Region
L medial frontal gyrus
R medial frontal gyrus

Size
(mm3)
378
702

β (SD)

Stereotaxic Coordinates
~BA

X

Y

Z

Peak T

Win

Loss

6
6

-6
9

-4
2

61
58

6.03
6.15

0.34 (0.28)
0.45 (0.32)

0.46 (0.31)
0.56 (0.33)

Note. Coordinates and T-values for the maximally activated voxels. Coordinates provided in Talairach
reference space. Beta weight estimates are averaged for the whole region per participant, and then
averaged for all participants. The estimates were set up to represent percent signal change from baseline.
~BA = Approximate Brodmann area. L & R indicate left and right hemisphere, respectively.

subjects comparison of time by outcome interaction) or sorted by group membership and tested
in an independent-samples t-test (between-groups comparison of group by time by outcome
interaction). No regions demonstrated any interaction effect (all p’s > 0.28).
Connectivity analysis. The connectivity analysis was the primary aim of the study. An
initial GLM was performed for each study that included a covariate of interest for each trial. For
Study 1, there were 2 conditions (pre-shift, post-shift) x 2 outcomes (win, loss) x 30 trials of each
type = 120 covariates of interest. Missed trials (i.e., no behavioral response recorded) and motion
parameters were included as covariates of no interest. The resulting beta values were then sorted
into voxel-specific series according to conditions of interest (i.e., Study 1: pre-shift win, pre-shift
loss, post-shift win, post-shift loss). Therefore, each beta series represents that voxel's estimated
activity during each trial of the respective experimental condition. To measure functional
connectivity, the beta series of the ventromedial striatum were correlated with the beta series
from every other voxel in the brain, producing condition-/task-specific correlation brain maps.
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These correlation coefficients were transformed into z-scores to expand their range and
allow for inferences to be made (Cox, 2008; Fisher, 1921). Similar to the process outlined in the
univariate analyses, independent- and paired-samples t-tests compared the network maps of
different conditions to uncover the context-dependent network changes.
A 5mm sphere was drawn around the peak voxels in the left and right ventromedial
striatum that responded to the full contrast (i.e., 1 1 1 1: pre-shift win, pre-shift loss, post-shift
win, post-shift loss) in the univariate GLM. These were the left and right seeds used in the beta
series analysis, and are depicted in Figure 4.

Figure 4. Left and right seeds for beta series analysis in Study 1. SAG, COR, & TRA = Sagittal,
coronal, and transverse slices, respectively. A, P, R, L = Anterior, posterior, right, and left,
respectively. Stereotaxic coordinates in Talairach space are provided (X, Y, & Z).
The left and right seeds both exhibited a main effect of time in very large clusters of
voxels. See Figures 5 and 6, and Tables 6 and 7. Connectivity with both seeds increased in the
second half of the card guessing task. Connectivity was largely bilateral and included prefrontal,
frontal, parietal, and temporal cortical areas, motor cortex, and subcortical structures including
striatum, thalamus, hippocampus, and amygdala. The left seed was also associated with a
cerebellar cluster.
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Figure 5. Study 1 main effect of time with left seed, connectivity analysis. Z coordinates in
Talairach space provided in the upper left corner of each slice. R & L = Right and left
hemispheres, respectively.
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Figure 6. Study 1 main effect of time with right seed, connectivity analysis. Z coordinates in
Talairach space provided in the upper left corner of each slice. R & L = Right and left
hemispheres, respectively.

40
Table 6
Main Effect of Time, Left Seed
Stereotaxic Coordinates
Sub-region
R Amygdala
L Anterior Cingulate
R Anterior Cingulate
L Brainstem
R Brainstem
L Caudate
L Cingulate Gyrus
R Cingulate Gyrus
L Claustrum
R Claustrum
L Culmen
L Cuneus
L Hippocampus
R Hippocampus
L Inf Frontal Gyrus
R Inf Frontal Gyrus
L Inf Parietal Lobule
L Inf Temporal Gyrus
L Insula
R Insula
R Globus Pallidus
L Med Frontal Gyrus
R Med Frontal Gyrus
L Mid Frontal Gyrus
R Mid Frontal Gyrus
R Paracentral Lobule
L ParaHip Gyrus
R ParaHip Gyrus
L Postcentral Gyrus
L Posterior Cingulate
R Posterior Cingulate
L Precentral Gyrus
L Putamen
L Sup Frontal Gyrus
L Sup Temp Gyrus
R Sup Temp Gyrus

Size
(mm3)
1,998
1,134
324
3,537
2,592
972
864
594
4,995
3,132
918
135
1,782
2,079
1,539
1,863
594
891
3,888
1,971
4,455
1,215
972
1,944
594
1,080
675
648
756
1,404
1,647
2,997
3,510
1,593
2,376
4,455

~BA

24

24
24

17

46
40
20
13
13
6
9
9
9
31
28
19
3
31
23
9
8
38
22

X
21
-3
9
-3
6
-36
-12
6
-33
39
-21
-15
-33
30
-48
33
-45
-57
-33
39
21
-12
15
-36
45
6
-18
27
-54
-3
6
-33
-24
-36
-45
48

Y
-1
29
32
-10
-10
-37
-1
-4
2
-16
-28
-73
-28
-16
32
47
-31
-22
-16
-1
-4
2
41
14
29
-10
-10
-49
-16
-58
-46
5
-1
20
8
-19

Z
-11
4
1
-8
-8
4
40
34
10
-2
-20
13
-8
-11
10
1
31
-20
19
19
4
52
22
31
28
46
-20
-5
28
22
25
34
1
49
-11
4

Connectivity Z-score (SD)
Peak
T
3.55
3.21
2.97
4.58
4.90
3.31
4.58
3.42
5.21
4.25
2.97
2.54
3.85
3.45
3.19
3.55
3.22
3.39
4.51
3.84
4.56
3.26
3.35
4.36
3.29
3.11
2.90
2.81
3.31
3.25
3.48
5.22
4.94
3.95
4.78
3.93

Pre-shift
0.48 (0.27)
0.31 (0.25)
0.32 (0.26)
0.50 (0.21)
0.54 (0.22)
0.31 (0.25)
0.47 (0.23)
0.51 (0.24)
0.57 (0.24)
0.41 (0.24)
0.44 (0.22)
0.46 (0.23)
0.37 (0.22)
0.48 (0.24)
0.42 (0.24)
0.38 (0.22)
0.43 (0.25)
0.29 (0.22)
0.45 (0.24)
0.42 (0.22)
0.65 (0.24)
0.46 (0.21)
0.41 (0.21)
0.46 (0.25)
0.44 (0.24)
0.52 (0.24)
0.37 (0.22)
0.36 (0.29)
0.42 (0.27)
0.37 (0.25)
0.37 (0.24)
0.45 (0.23)
0.77 (0.25)
0.40 (0.24)
0.35 (0.24)
0.44 (0.23)

Post-shift
0.60 (0.34)
0.43 (0.33)
0.44 (0.34)
0.62 (0.27)
0.66 (0.27)
0.42 (0.27)
0.60 (0.29)
0.61 (0.29)
0.72 (0.31)
0.53 (0.31)
0.54 (0.27)
0.55 (0.29)
0.48 (0.28)
0.59 (0.29)
0.53 (0.29)
0.49 (0.27)
0.55 (0.30)
0.39 (0.28)
0.59 (0.30)
0.53 (0.32)
0.77 (0.31)
0.57 (0.28)
0.53 (0.31)
0.61 (0.30)
0.54 (0.28)
0.63 (0.30)
0.47 (0.31)
0.46 (0.26)
0.54 (0.31)
0.47 (0.27)
0.48 (0.26)
0.60 (0.28)
0.91 (0.29)
0.54 (0.32)
0.48 (0.32)
0.55 (0.31)

41
L SMG
1,053 40
-57
-52
31
3.14 0.35 (0.25) 0.46 (0.26)
L Thalamus
2,457
-9
-10
4
3.88 0.76 (0.25) 0.89 (0.28)
R Thalamus
2,106
6
-10
7
3.68 0.77 (0.24) 0.88 (0.28)
L Uncus
621
28
-18
-1
-23
3.10 0.31 (0.24) 0.43 (0.31)
L Cerebellar Lingual
675
-3
-43
-14
3.78 0.49 (0.26) 0.61 (0.29)
L Culmen
324
0
-31
-17
3.45 0.33 (0.27) 0.44 (0.32)
R Culmen
162
15
-31
-20
3.70 0.47 (0.22) 0.60 (0.32)
Note. Coordinates and T-values for the maximally activated voxels. Coordinates provided in Talairach
reference space. ~BA = approximate Brodmann area. L & R indicate left and right hemisphere,
respectively. Inf = Inferior, Sup = Superior, Med = Medial, Mid = Middle. ParaHip = Parahippocampal,
Temp = Temporal. SMG = Supramarginal Gyrus.
Table 7
Main Effect of Time, Right Seed
Stereotaxic Coordinates
Sub-region
L Anterior Cingulate
L Brainstem
R Brainstem
L Caudate
L Cingulate Gyrus
L Claustrum
R Claustrum
L Inf Frontal Gyrus
R Inf Frontal Gyrus
L Inf Parietal Lobule
R Inf Parietal Lobule
L Insula
R Insula
R Globus Pallidus
L Med Frontal Gyrus
R Med Frontal Gyrus
L Midbrain
R Mid Frontal Gyrus
R Posterior Cingulate
L Precentral Gyrus
R Precentral Gyrus
L Putamen
R Putamen
R Sup Frontal Gyrus

Size
(mm3)
1,242
297
891
243
351
1,404
378
3,132
2,376
5,805
1,107
1,431
189
945
1,134
216
2,403
1,269
513
999
27
918
54
702

~BA X
33
0
-3
6
-15
31
0
-30
34
33
44
-57
46
36
40
-45
40
51
13
-42
13
39
15
9
-3
10
15
-6
10
36
23
6
44
-42
9
33
-33
30
10
27

Y
8
-10
-10
-10
-31
-19
2
8
35
-34
-40
-13
-1
-4
41
56
-13
50
-40
11
8
-19
5
50

Z
19
-8
-8
28
34
16
-8
16
16
31
25
-5
19
7
25
4
-17
1
25
7
34
1
4
25

Connectivity Z-score (SD)
Peak
T
4.42
4.42
4.12
3.16
4.10
3.72
3.46
3.63
4.65
4.13
3.82
3.34
4.34
3.96
3.70
3.88
3.39
4.44
3.31
3.81
2.96
3.33
2.99
4.42

Pre-shift
0.30 (0.24)
0.48 (0.24)
0.54 (0.25)
0.40 (0.24)
0.51 (0.23)
0.46 (0.23)
0.51 (0.28)
0.41 (0.25)
0.49 (0.21)
0.42 (0.24)
0.45 (0.22)
0.38 (0.32)
0.44 (0.21)
0.72 (0.24)
0.54 (0.23)
0.41 (0.23)
0.40 (0.27)
0.42 (0.23)
0.47 (0.25)
0.48 (0.25)
0.47 (0.23)
0.54 (0.26)
0.59 (0.25)
0.50 (0.21)

Post-shift
0.41 (0.28)
0.60 (0.27)
0.66 (0.27)
0.52 (0.28)
0.63 (0.25)
0.58 (0.28)
0.62 (0.30)
0.54 (0.35)
0.61 (0.25)
0.54 (0.27)
0.56 (0.26)
0.49 (0.32)
0.57 (0.30)
0.85 (0.30)
0.66 (0.30)
0.53 (0.29)
0.51 (0.30)
0.53 (0.25)
0.59 (0.27)
0.61 (0.33)
0.60 (0.28)
0.64 (0.29)
0.71 (0.35)
0.62 (0.28)
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L Sup Parietal Lobule
27
7
-27
-58
43
3.01
0.46 (0.27) 0.57 (0.28)
L Sup Temp Gyrus
459
38
-45
8
-11
4.26
0.28 (0.24) 0.39 (0.32)
R Sup Temp Gyrus
1,458 22
51
-7
1
3.91
0.42 (0.24) 0.53 (0.30)
L SMG
297
40
-57
-52
31
4.23
0.33 (0.23) 0.46 (0.27)
L Thalamus
675
-15
-10
4
4.16
0.67 (0.25) 0.79 (0.29)
R Thalamus
135
18
-13
10
3.67
0.63 (0.25) 0.75 (0.28)
L Mid Frontal Gyrus
1,431 9
-36
17
34
4.17
0.47 (0.24) 0.63 (0.30)
L Precentral Gyrus
513
6
-36
-7
31
4.80
0.47 (0.26) 0.62 (0.27)
L Sup Frontal Gyrus
432
8
-36
20
49
3.88
0.40 (0.25) 0.54 (0.32)
L Sup Frontal Gyrus
1,080 6
-6
8
61
3.31
0.42 (0.22) 0.55 (0.28)
L Mid Frontal Gyrus
216
9
-30
32
40
3.68
0.48 (0.27) 0.63 (0.30)
Note. Coordinates and T-values for the maximally activated voxels in each sub-region. Coordinates
provided in Talairach reference space. ~BA = Approximate Brodmann area. L & R denote left and right
hemispheres, respectively. Inf = Inferior, Sup = Superior, Med = Medial, Mid = Middle. Temp =
Temporal. SMG = Supramarginal Gyrus.

There were no main effects of group or outcome for either seed (all p’s > 0.32).
The time by outcome interaction trended significant between the right seed and the left
ventromedial striatum (see Figure 7). This is summarized in Table 8 and depicted in Figure 8.
Post-hoc paired-samples t-tests demonstrated that connectivity between these regions was greater
for loss trials than for win trials pre-shift (t[43] = 2.69, p = 0.01), but was greater for win trials
than for loss trials post-shift (t[43] = 4.22, p < 0.001). This reversal was accomplished by an
increase in connectivity on win trials over time (t[43] = 3.80, p < 0.001) and a borderline
significant decrease in connectivity on loss trials over time (t[43] = 1.98, p = 0.055). In order to
better illustrate the beta series connectivity method in general, and this interaction in particular,
we extracted the parameter estimates for the seed region and the interaction cluster for each
condition and overlaid the timeseries from one representative participant. This is depicted below
in Figure 9.
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Figure 7. Study 1 interaction of time by outcome, connectivity analysis. Connectivity is between
the right seed and the left ventromedial striatum (region depicted). Stereotaxic coordinates
provided in Talairach space. A& P = Anterior and posterior, respectively; R & L = Right and left
hemispheres, respectively. SAG = Sagittal slice, COR = Coronal slice, and TRA = Transverse
slice.
Table 8
Interaction of Time and Outcome, Right Seed
Connectivity Z-score (SD)

Region

Size
(mm3)

Stereotaxic Coordinates
X

Y

Z

Pre-shift
Peak T

Win

Loss

Post-shift
Win

Loss

L VS
405
-12
14
-8
4.41
0.19 (0.24) 0.30 (0.23) 0.37 (0.28) 0.21 (0.27)
Note. Coordinates and T-values for the maximally activated voxels. Coordinates provided in Talairach
reference space. L VS = Left ventromedial striatum.

The outcome by time interaction was not significant for the left seed (p > 0.32), and none
of the between-group interactions (i.e., group by time, group by outcome, or group by time by
outcome) were significant for either seed (all p’s > 0.32).
Exploratory analysis of brain-behavior relationships. As the left and right
ventromedial striatum were hypothesized to be critical structures in reward processing and these
regions served as the seeds for connectivity analysis, relationships between univariate BOLD
activity in these regions and the various smoking variables collected were examined separately
for each study. We also explored the relationship of connectivity between the right seed and the
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Figure 8. Connectivity changes between right ventromedial striatum seed and left ventromedial
striatum as a function of outcome and time. Connectivity was greater for loss trials before the
midpoint, but greater for win trials after the midpoint.
left ventromedial striatum (time by outcome interaction in Study 1) and the smoking variables.
Because these were inherently supplemental and exploratory analyses, tests were not corrected
for multiple comparisons. All findings noted significant are p < 0.05.
Masks of the seeds used for the beta series connectivity analysis were utilized to extract
the univariate BOLD activity in these regions for each participant. The potential influence of
smoking-related behaviors on seed BOLD activity was assessed by correlating activity with
smoking measures. These relationships for the full Study 1 sample are depicted in Table 9.
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Figure 9. Connectivity time by outcome interaction in one participant. Trial-by-trial parameter
estimates (β) for the seed region (right ventromedial striatum) and the cluster defined in the
interaction (left ventromedial striatum) are overlaid for each condition in one participant. The
correlation coefficient (r) for the two timeseries in each condition is displayed, reflecting the
different connectivity across conditions.
Experimental CO was loosely associated with post-shift activation in both seeds (right: p
= .056, left: p = .059). Additionally, cigarettes per day and the Stereotypy subscale of NDSS
were negatively associated with the difference in right seed response to wins vs losses (computed
as win minus loss, a positive result for 2/3 of participants). See Figure 10. In other words, as
cigarettes per day increased, the contrast of win minus loss activity diminished and became
negative. This relationship did not quite reach significance for the left seed. Similarly, as score
on the NDSS: Stereotypy increased, the contrast of win minus loss activity for the right seed
diminished.
As we predicted there might be group differences due to the shift manipulation, we tested
the group effect using the method outlined by Weaver and Wuensch (2013), with the
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Table 9
Study 1 Correlations Between Univariate Seed Region Activity and Smoking Factors
Exp.
Urge: Urge: Urge: NDSS: NDSS: NDSS: NDSS:
Right seed CPD
CO
1
2
Δ
Tot
D
P
Tol

NDSS:
C

NDSS:
S

Pre-win

-0.02

0.12

-0.12

0.01

0.16

-0.06

-0.10

-0.04

0.02

0.18

0.04

Pre-loss

0.07

0.20

-0.18

-0.10

0.10

-0.11

-0.13

-0.16

-0.11

0.17

0.19

Post-win

0.01

0.28

-0.13

-0.17

-0.05

-0.14

-0.12

-0.15

-0.02

-0.01

-0.02

Post-loss

0.20

0.26

-0.08

-0.16

-0.10

0.01

-0.11

-0.05

0.02

-0.04

0.11

Pre-shift

0.03

0.17

-0.16

-0.05

0.13

-0.09

-0.12

-0.11

-0.05

0.18

0.12

Post-shift

0.12

0.29

-0.11

-0.18

-0.08

-0.07

-0.12

-0.11

0.00

-0.03

0.05

Post-pre

-0.09

-0.11

-0.08

0.13

0.24

-0.03

-0.01

-0.01

-0.06

0.25

0.10

Win

0.00

0.22

-0.14

-0.08

0.06

-0.11

-0.12

-0.10

0.00

0.10

0.01

Loss

0.16

0.27

-0.16

-0.15

0.00

-0.06

-0.14

-0.13

-0.06

0.08

0.18

Win-loss

-0.32

Left seed

CPD

-0.10
Exp.
CO

0.04
Urge:
1

0.14
Urge:
2

0.12
Urge:
Δ

-0.09
NDSS:
Tot

0.03
NDSS:
D

0.04
NDSS:
P

0.12
NDSS:
Tol

0.04
NDSS:
C

-0.32
NDSS:
S

Pre-win

0.02

0.16

-0.18

-0.10

0.10

0.03

-0.05

-0.01

0.12

0.07

0.02

Pre-loss

0.15

0.18

-0.24

-0.11

0.16

0.02

-0.03

-0.04

-0.08

0.11

0.17

Post-win

0.10

0.27

-0.10

-0.10

0.00

0.06

0.04

-0.17

0.00

-0.07

0.02

Post-loss

0.21

0.28

-0.09

-0.13

-0.05

0.14

0.05

-0.04

0.08

-0.10

0.01

Pre-shift

0.09

0.18

-0.22

-0.11

0.14

0.03

-0.04

-0.03

0.02

0.10

0.10

Post-shift

0.16

0.29

-0.10

-0.12

-0.03

0.11

0.04

-0.11

0.04

-0.09

0.02

Post-pre

-0.09

-0.12

-0.15

0.01

0.19

-0.09

-0.10

0.09

-0.03

0.22

0.10

Win

0.06

0.24

-0.16

-0.11

0.06

0.05

-0.01

-0.10

0.07

0.00

0.02

Loss

0.20

0.26

-0.19

-0.14

0.06

0.09

0.01

-0.05

0.00

0.01

0.10

Win-loss
-0.28 -0.05
0.07
0.06
-0.01 -0.08
-0.04
-0.09
0.13
-0.01
-0.16
Note. CPD = Cigarettes per day; Exp. CO = Experimental CO; Urge: 1 = Pre-scan urge rating; Urge: 2 = Postscan urge rating; Urge: Δ = change in urge rating (urge: 2 - urge: 1); NDSS = Nicotine Dependence Syndrome
Scale (Shiffman, Waters, & Hickcox, 2004); NDSS: Tot = NDSS total score; NDSS: D = NDSS Drive subscale;
NDSS: P = NDSS Priority subscale; NDSS: Tol = NDSS Tolerance subscale; NDSS: C = NDSS Continuity
subscale; NDSS: S = NDSS Stereotypy subscale. Correlations significant at p < .05 appear in bold typeface.

accompanying SPSS syntax file downloaded from:
https://sites.google.com/a/lakeheadu.ca/bweaver/Home/statistics/spss/my-spsspage/weaver_wuensch.
In short, this method applies Fisher’s r-to-z transformation (Fisher, 1921) to the group
correlation coefficients and then conducts a z-test on the difference. Only correlations that
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Figure 10. Relationship between right seed univariate activity and smoking factors. Parameter
estimates for the right ventromedial striatum seed region (win minus loss) are plotted against
cigarettes per day and the Stereotypy subscale of the NDSS, revealing a negative relationship
with both factors.
demonstrated a group effect were then tested for significance (i.e., to determine coefficients < >
0).
Correlations that showed a main effect of group are presented in Table 10. In these
instances, the instructed-no group almost uniformly exhibited larger positive correlation
coefficients than the instructed-yes group, which generally showed small or negative
coefficients. Contrary to expectations, many of these differences occurred during pre-shift trials
(i.e., prior to the shift manipulation).
Experimental CO level was positively associated with post-shift and loss trials generally,
and post-shift loss trials specifically, in the right seed for instructed-no participants. In contrast,
experimental CO level was positively associated with win trials in the left seed for the same
group. In each of these cases, the instructed-yes group exhibited no association.
The relationship between urge and BOLD activity in the left seed differed between the
two groups on multiple trial types. On the relationship between post-scan urge and change in
BOLD activity over time (i.e., post-scan minus pre-scan trials), the two groups showed an
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Table 10
Correlations Between Univariate Seed Region Activity and Smoking Factors Demonstrating Group Differences
Exp. CO

Urge: Δ

Urge: 2

NDSS: Tot

NDSS: D

Right seed

Inst.-Y

Inst.-N

Inst.-Y

Inst.-N

Inst.-Y

Inst.-N

Inst.-Y

Inst.-N

Inst.-Y

Inst.-N

Pre-win

0.00

0.33

-0.13

0.25

0.24

0.14

-0.35

0.27

-0.41

0.27

Pre-loss

0.13

0.34

-0.24

0.15

0.19

0.06

-0.41

0.24

-0.46

0.28

Post-loss

0.01

0.70

-0.12

-0.22

-0.04

-0.12

-0.05

0.08

-0.13

-0.08

Pre-shift

0.07

0.35

-0.19

0.21

0.22

0.10

-0.39

0.27

-0.45

0.29

Post-shift

0.06

0.68

-0.12

-0.24

0.06

-0.14

-0.17

0.03

-0.20

-0.04

Post-pre

0.03

-0.27

-0.14

0.42

0.27

0.22

-0.39

0.23

-0.43

0.32

Loss

0.08

0.65

-0.20

-0.04

0.09

-0.03

-0.27

0.20

-0.35

0.14

Exp. CO

Urge: Δ

Urge: 2

NDSS: Tot

NDSS: D

Left seed

Inst.-Y

Inst.-N

Inst.-Y

Inst.-N

Inst.-Y

Inst.-N

Inst.-Y

Inst.-N

Inst.-Y

Inst.-N

Pre-win

0.01

0.47

-0.22

0.13

0.18

0.08

-0.21

0.36

-0.34

0.34

Pre-loss

0.09

0.35

-0.26

0.16

0.06

0.27

-0.26

0.36

-0.35

0.37

Pre-shift

0.05

0.44

-0.24

0.16

0.12

0.19

-0.24

0.38

-0.36

0.38

Post-pre

-0.06

-0.20

-0.28

0.40

0.15

0.21

-0.38

0.18

-0.46

0.25

Win

0.05

0.61

-0.12

-0.07

0.18

0.02

-0.12

0.28

-0.21

0.26

Win-loss
-0.14
0.08
0.17
-0.08
-0.23
-0.04
-0.12
-0.02
-0.05
0.43
Note. Inst.-Y = Instructed-yes group; Inst.-N = Instructed-no group; Exp. CO = Experimental CO; Urge: 2 =
Post-scan urge rating; Urge: Δ = change in urge rating (post-scan - pre-scan); NDSS = Nicotine Dependence
Syndrome Scale (Shiffman, Waters, & Hickcox, 2004); NDSS: Tot = NDSS total score; NDSS: D = NDSS
Drive subscale; Correlations that differ by group are italicized. Correlations significant at p < .05 appear in bold
typeface.

opposite pattern, wherein change in BOLD activity was more positively related to post-scan urge
for the instructed-no group than the instructed-yes group, though neither of these correlation
coefficients were significantly different than 0. The two groups also differed on the relationship
between urge change and the difference between win and loss trials (i.e., urge increase over time
and the BOLD magnitude difference subtracting loss trials from win trials). The instructed-yes
group revealed a significant positive association, whereas the instructed-no group revealed a
negative, but non-significant association.
The NDSS Total score showed different associations with BOLD activity between the
two groups, though none of these coefficients were significantly different than 0. Activity in both
seeds during pre-shift trials were differentially related to NDSS: Total, demonstrating a more
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positive relationship in the instructed-no group and a more negative relationship in the
instructed-yes group. The same held true for right seed activity in pre-loss trials as well as postshift minus pre-shift activity (i.e., a more positive relationship in instructed-no participants and a
more negative relationship in instructed-yes participants).
The NDSS: Drive displayed similar patterns as NDSS: Total. In both seeds, the BOLD
activity change across time (i.e., post-shift minus pre-shift trials) was negatively related to
NDSS: Drive in the instructed-yes group. Participants in the instructed-no group exhibited a nonsignificant positive relationship. Participants in the instructed-yes condition also had a significant
negative relationship between right seed activity on the pre-shift loss trials and NDSS: Drive
score, whereas those in the instructed-no group had a non-significant positive relationship.
In order to better understand the potential behavioral influences on the time by outcome
connectivity interaction with the right seed, we correlated the connectivity z-scores for this
interaction region (left ventromedial striatum) with the smoking variables. As was done for the
univariate data, we first explored these relationships in the full sample and then examined group
differences. These data are presented in Tables 11 and 12.
Within the full sample, self-reported urge at the conclusion of the scan was positively
associated with connectivity for trials after the shift point. It was also higher for loss trials in
general. The relationship between connectivity and post-shift and loss trials is perhaps explained
by a strong positive relationship for post-shift loss trials in particular. Self-reported urge at the
beginning of the experiment was also positively related with connectivity for loss trials in
general, and post-shift loss trials in particular.
Higher experimental CO levels were associated with lower connectivity on loss trials.
Though this relationship failed to reach statistical significance for either pre-shift or post-shift
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Table 11
Correlations Between Connectivity and Smoking Factors for Left Ventromedial Striatum in the Full Sample
NDSS:
Right seed CPD Exp. CO Urge: 1 Urge: 2 Urge: Δ Tot
NDSS: D NDSS: P NDSS: Tol NDSS: C NDSS: S
Pre-win

0.14

-0.09

-0.12

-0.03

0.12

-0.07

0.00

0.02

-0.03

-0.19

-0.18

Pre-loss

0.02

-0.28

0.16

0.12

-0.06

-0.07

-0.03

0.29

-0.07

-0.08

-0.11

Post-win

0.05

-0.19

0.17

0.24

0.08

0.03

0.08

0.17

0.04

0.03

-0.19

Post-loss

0.06

-0.21

0.31

0.39

0.10

0.13

0.23

0.32

-0.02

0.10

-0.35

Pre-shift

0.10

-0.23

0.02

0.05

0.04

-0.09

-0.02

0.18

-0.06

-0.17

-0.18

Post-shift

0.06

-0.22

0.27

0.35

0.10

0.09

0.17

0.27

0.01

0.07

-0.30

Post-pre

-0.02

-0.05

0.26

0.32

0.07

0.16

0.19

0.14

0.06

0.21

-0.16

Win

0.11

-0.18

0.04

0.14

0.12

-0.02

0.05

0.12

0.00

-0.09

-0.23

Loss

0.05

-0.31

0.31

0.34

0.03

0.05

0.14

0.39

-0.05

0.02

-0.30

Win-loss 0.07
0.13
-0.29
-0.20
0.10 -0.08
-0.09
-0.28
0.06
-0.13
0.06
Note. Association between connectivity between right seed and left ventromedial striatum (region exhibiting time
by outcome interaction) and smoking variables for the full Study 1 sample. CPD = Cigarettes per day; Exp. CO =
Experimental CO; Urge: 1 = Pre-scan urge rating; Urge: 2 = Post-scan urge rating; Urge: Δ = change in urge rating
(urge: 2 - urge: 1); NDSS = Nicotine Dependence Syndrome Scale (Shiffman, Waters, & Hickcox, 2004); NDSS:
Tot = NDSS total score; NDSS: D = NDSS Drive subscale; NDSS: P = NDSS Priority subscale; NDSS: Tol =
NDSS Tolerance subscale; NDSS: C = NDSS Continuity subscale; NDSS: S = NDSS Stereotypy subscale.
Correlations significant at p < .05 appear in bold typeface.

Table 12
Correlations Between Connectivity and Smoking Factors for Left Ventromedial Striatum
Demonstrating Group Differences
Urge: 2
Inst.-N

Urge: Δ
Inst.-Y
Inst.-N

Right seed

Exp. CO
Inst.-Y
Inst.-N

Inst.-Y

Pre-win
Pre-loss
Post-win
Post-loss
Pre-shift
Post-shift
Post-pre
Win

-0.35
-0.67
-0.45
-0.34
-0.60
-0.42
0.01
-0.49

0.40
0.26
0.31
-0.04
0.41
0.14
-0.19
0.41

0.01
0.20
0.49
0.58
0.12
0.57
0.56
0.34

-0.13
0.01
-0.18
0.16
-0.07
0.00
0.06
-0.18

0.02
-0.07
0.32
0.51
-0.03
0.43
0.52
0.22

0.14
-0.07
-0.04
-0.11
0.04
-0.09
-0.12
0.05

Loss

-0.58

0.13

0.49

0.12

0.29

-0.12

Note. Association between connectivity between right seed and left ventromedial striatum (region
exhibiting time by outcome interaction) and smoking variables for the Study 1 sample, split by groups.
Inst.-Y = Instructed-yes group; Inst.-N = Instructed-no group; Exp. CO = Experimental CO; Urge: 2 =
Post-scan urge rating; Urge: Δ = change in urge rating (post-scan - pre-scan); Correlations that differ
by group are italicized. Correlations significant at p < .05 appear in bold typeface.
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loss trials separately, the effect was more consistently demonstrated in pre-shift loss trials.
Two subscales of the NDSS were related to connectivity on loss trials: Priority and
Stereotypy. These were related in different ways. The Priority subscale was positively associated
with connectivity, especially after the shift point. In contrast, the Stereotypy subscale was
negatively associated with connectivity on post-shift and loss trials in general, and post-shift loss
trials in particular.
In examining the group differences, the instructed-yes group demonstrated several
relationships between connectivity and experimental CO level, post-scan urge, and urge change
over time. The instructed-no group did not.
Connectivity between the right seed and the left ventromedial striatum in loss and win
trials generally were negatively associated with experimental CO level for the instructed-yes
group. However, this relationship also seemed sensitive to time, as connectivity on pre-loss and
post-win trials specifically were related to experimental CO.
Post-scan urge was positively correlated with connectivity between right seed and left
ventromedial striatum on post-shift trials generally, and post-shift win trials specifically, for the
instructed-yes group. Also, urge change (post-scan minus pre-scan urge ratings) was positively
associated with post-loss trials specifically, as well as the change in connectivity over time (postshift minus pre-shift connectivity). The instructed-no group demonstrated very small, nonsignificant correlation coefficients for each of these urge-connectivity comparisons.
Study 2
Univariate fMRI data. Similar methods as outlined for Study 1 were employed to test
effects in Study 2, except that all comparisons were within-subjects. Three main t-tests were
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utilized to examine the main effect of outcome (win vs. loss), stimulus type (cigarette or money),
and the outcome by stimulus type interaction.
There was a right lateralized trend for a main effect of outcome, with structures including
the medial and superior frontal gyri and striatal regions (caudate and putamen) demonstrating
greater activation for loss trials than win trials. See Figure 11 and Table 13 for details.

Figure 11. Study 2 main effect of outcome, univariate analysis. Z coordinates in Talairach space
provided in the upper left corner of each slice. R & L = Right and left hemispheres, respectively.
Table 13
Study 2 - Univariate Main Effect of Outcome
Loss > Win
Stereotaxic Coordinates
β (SD)
Size
Peak
Sub-region
(mm3) ~BA X
Y
Z
T
Win
Loss
R Cingulate Gyrus
756
24
3
-16
40
4.20
0.10 (0.23)
0.23 (0.28)
R Med Frontal Gyrus
297
6
12
8
52
3.73
0.24 (0.14)
0.32 (0.18)
R Sup Frontal Gyrus
378
6
12
17
52
4.94
0.11 (0.11)
0.17 (0.13)
R Claustrum
513
24
17
19
5.42
-0.01 (0.18) 0.08 (0.19)
R Putamen
189
18
11
1
3.83
0.52 (0.42)
0.67 (0.39)
Note. Coordinates and T-values for the maximally activated voxels. Coordinates provided in Talairach
reference space. Beta weight estimates are averaged for the whole region per participant, and then
averaged for all participants. The estimates were set up to represent percent signal change from baseline.
~BA = Approximate Brodmann area. R = right hemisphere. Med = Medial, Sup = Superior.
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The main effect of stimulus type did not approach significance (p = 0.77), nor did the
interaction effect (p = 0.29).
Connectivity analysis. Connectivity analyses were conducted similarly to as described
for Study 1. An initial GLM was performed that included a covariate of interest for each trial.
For Study 2, there were 2 stimulus types (money, cigarette) x 2 outcomes (win, loss) x 27 trials
of each = 108 covariates of interest. Missed trials and motion parameters were included as
covariates of no interest. The resulting beta values were then sorted into voxel-specific series
according to conditions of interest (i.e., Study 2: cigarette-win, cigarette-loss, money-win,
money-loss).
Bilateral ventromedial striatal seeds were functionally defined from the Study 2 sample
as described in Study 1. In this case, the univariate GLM contrast used to functionally define the
seeds was 1 1 1 1: cigarette-win, cigarette-loss, money-win, money-loss. The seeds are presented
in Figure 12. Paired-samples t-tests were used to assess changing connectivity as a function of
outcome (win vs. loss), stimulus type (cigarette vs. money), and the interaction of outcome and
stimulus type (i.e., a difference in win vs. loss between cigarette and money trials). None of these
contrasts approached significance.
Exploratory analysis of brain-behavior relationships. As in Study 1, we examined the
relationships between ventromedial striatal activity (operationalized as the seed regions used in
the connectivity analysis) and various smoking-related behaviors. These data are presented in
Table 14 and discussed below.
Increased urge over time (operationalized as post-scan urge minus pre-scan urge) was
associated with decreased seed activity to all trial types in the left seed and to cigarette loss and
money win trials in the right seed. NDSS: tolerance scores were positively associated with
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Figure 12. Left and right seeds for beta series analysis in Study 2. SAG, COR, & TRA =
Sagittal, coronal, and transverse slices, respectively. A, P, R, L = Anterior, posterior, right, and
left, respectively. Stereotaxic coordinates in Talairach space are provided (X, Y, & Z).
BOLD activity to money trials only in both seeds. Additionally, NDSS: priority scores were
negatively associated with right seed activity in cigarette and win trials in general, and cigarette
win trials specifically.
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Table 14
Study 2 Correlations Between Univariate Seed Region Activity and Smoking Factors
NDSS: NDSS: NDSS: NDSS: NDSS: NDSS:
Right seed
CPD Exp. CO Urge: 1 Urge: 2 Urge: Δ Tot
D
P
Tol
C
S
Cig-win

0.04

0.07

0.02

-0.09

-0.44

0.02

-0.10

-0.52

0.35

0.22

0.22

Cig-loss

0.04

-0.03

-0.20

-0.27

-0.56 -0.01

-0.06

-0.38

0.28

0.21

0.05

Money-win

0.06

-0.01

-0.07

-0.18

-0.50

0.10

-0.03

-0.44

0.50

0.23

0.21

Money-loss

-0.05

-0.10

-0.10

-0.12

-0.28

0.03

-0.20

-0.43

0.62

-0.11

0.18

Cigarette

0.04

0.02

-0.09

-0.19

-0.53

0.00

-0.09

-0.46

0.33

0.23

0.14

Money

0.00

-0.06

-0.09

-0.15

-0.40

0.06

-0.13

-0.45

0.59

0.05

0.20

Cig-money

0.07

0.13

-0.01

-0.08

-0.21 -0.10

0.07

-0.06

-0.41

Win

0.05

0.03

-0.02

-0.14

-0.49

0.06

-0.07

-0.50

0.44

0.23

0.22

Loss

0.00

-0.07

-0.17

-0.21

-0.46

0.01

-0.14

-0.43

0.49

0.06

0.13

Win-loss

0.10

0.20

0.24

0.14

-0.10

Cig-win

0.21

0.08

0.00

-0.19

-0.58

0.10

0.10

-0.41

0.27

0.28 -0.02

Cig-loss

0.19

0.15

-0.20

-0.29

-0.53 -0.05

-0.10

-0.27

0.30

0.01 -0.03

Money-win

0.15

0.07

-0.08

-0.25

-0.57

0.13

0.02

-0.29

0.57

0.02

0.02

Money-loss

0.15

0.08

0.02

-0.14

-0.53

0.10

-0.08

-0.20

0.54

-0.10

0.10

Cigarette

0.21

0.13

-0.11

-0.26

-0.59

0.03

0.00

-0.37

0.30

Money

0.16

0.08

-0.03

-0.20

-0.57

0.12

-0.04

-0.25

0.58

Cig-money

0.11

0.09

-0.12

-0.12

-0.06 -0.15

0.05

-0.22

-0.41

Win

0.19

0.08

-0.04

-0.23

-0.62

0.12

0.06

-0.38

0.44

0.16

0.00

Loss

0.18

0.12

-0.10

-0.23

-0.56

0.03

-0.10

-0.25

0.43

-0.04

0.03

Left seed

0.32 -0.10

0.11 0.17 -0.09 -0.15 0.36 0.18
NDSS: NDSS: NDSS: NDSS: NDSS: NDSS:
CPD Exp. CO Urge: 1 Urge: 2 Urge: Δ Tot
D
P
Tol
C
S

0.15 -0.03
-0.04

0.06

0.33 -0.14

Win-loss
0.01
-0.06
0.10
0.03
-0.04 0.15 0.27 -0.19 -0.01 0.34 -0.06
Note. CPD = Cigarettes per day; Exp. CO = Experimental CO; Urge: 1 = Pre-scan urge rating; Urge: 2 =
Post-scan urge rating; Urge: Δ = change in urge rating (urge: 2 - urge: 1); NDSS = Nicotine Dependence
Syndrome Scale (Shiffman, Waters, & Hickcox, 2004); NDSS: Tot = NDSS total score; NDSS: D = NDSS
Drive subscale; NDSS: P = NDSS Priority subscale; NDSS: Tol = NDSS Tolerance subscale; NDSS: C =
NDSS Continuity subscale; NDSS: S = NDSS Stereotypy subscale. Correlations significant at p < .05
appear in bold typeface.
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Discussion
We sought to characterize the brain network changes involved in drug-related imbalanced
reward processing. For Study 1, we predicted that introducing an expectancy to smoke cigarettes
would reduce the functional connectivity between ventromedial striatal seed regions and other
common reward processing regions during the winning and losing of monetary awards,
compared to trials without an expectancy to smoke. For Study 2, we hypothesized similar
reduced functional connectivity for monetary rewards compared to cigarette rewards. In contrast
to our expectations, our data did not support network differences due to expectancy or reward
type. Our main findings from Study 1 are an effect of time and a borderline significant time by
outcome interaction in the connectivity analyses. Study 2 failed to reveal any connectivity
changes across conditions, but did demonstrate an effect of outcome in the univariate analysis.
We discuss these findings in turn and then offer suggestions regarding why our main hypotheses
were not supported.
Reward Processing Over Time
Our univariate and connectivity analyses in Study 1 both revealed a main effect of time.
However, the findings between analyses diverged. The univariate data yielded a large collection
of regions that showed reduced activation over time. In contrast, connectivity between both
striatal seeds and other brain regions increased over time. For the main effect of time in the
univariate map, we expect many regions are not responding to reward processing (indeed, the
univariate map included more posterior regions, for example visual processing areas). However,
several reward processing regions did exhibit reduced activity over time, including bilateral
caudate, anterior cingulate gyrus, and inferior and medial frontal gyrus. Decreased reward
processing over time has been reported in other studies (e.g., Forbes et al., 2009; Sweitzer et al.,
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2014). A significant amount of this diminished response is certainly attributed to task
habituation and fatigue, but in this context may also reflect reward tolerance. Opponent process
theory postulates that repeated presentations of a reward will result in diminished hedonic affect
than earlier presentations (Koob & Le Moal, 2008). Thus, the prospect of winning $1 at the
conclusion of the experiment may not have been as rewarding as winning $1 was at the
beginning of the experiment.
The connectivity analysis, on the other hand, showed a different pattern. Connectivity
between both seeds and a large group of other brain regions increased. These regions include
several areas implicated in reward processing, such as amygdala, anterior cingulate cortex,
insula, medial prefrontal cortex, hippocampus/parahippocampus, and striatum. One spurious
reason for this increased connectivity could be inactivity. That is, if the seed regions became less
active over time, connectivity with other “quiet” regions could increase—not because they are
working together, but because they are not working, together. In order to explore this possibility,
we extracted the pre- and post-shift univariate parameter estimates for both seeds and each
region significant for the connectivity main effect. Both seed regions exhibited the main effect of
time noted above, but remained non-zero for the majority of participants (i.e., decreased BOLD
activity over time: left seed, M β’s = 0.75 vs. 0.57, t[43] = 4.1, p < .001; right seed, M β’s = 0.85
vs 0.64, t[43] = 4.7, p < .001). We did not formally test the connected regions in order to avoid
redundancy with the univariate main effect test, but we did informally examine pre- and postshift mean estimates and standard deviations. BOLD activity was stable across time for regions
connected to both seeds (regions connected to left seed: average β change = 0.05, average SD
change: 0.01; regions connected to right seed: average β change = 0.05, average SD change:
0.01). In addition, the mean parameter estimates varied greatly between connected regions, with
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some approximating 0 and some going higher than 0.5 at either time point. Thus, it does not
seem that the connectivity pattern observed here merely reflects disparate regions being “silent”
together.
Rather, it may be that reward processing—like other mental processes—is dynamic and
changes with protracted use. To our knowledge, this is the first elaboration of brain connectivity
during reward processing over time, but similar patterns of diminished univariate activity and
increased connectivity have been reported in other studies of repeated tasks, especially those
examining practice and learning effects. For example, Kelly and Garavan (2005) reviewed the
literature and reported that decreased BOLD activity is common across trial repetitions. They
attributed this to increased neural efficiency, or a “sharpening” of the signal that occurs when
fewer of the neurons respond to the stimuli. They also noted that changes in univariate activity
are frequently accompanied by increased connectivity with other regions. For example, Büchel,
Coull, and Friston (1999) examined visual association learning for two attributes: object identity
and location. Their participants exhibited decreased BOLD activation to successive presentations
in specialized visual processing regions (e.g., primary visual cortex, inferotemporal cortex, and
dorsal extrastriate cortex), but increased effective connectivity between dorsal and ventral visual
processing regions.
The practice effects literature is usually focused on how the brain changes in response to
learning, and consequently the interpretations of neural changes are often a shift from effortful to
automatic processing (e.g., Chein, & Schneider, 2005; Petersen, van Mier, Fiez, & Raichle,
1998), or a functional reorganization as the task is learned (e.g., see Kelly & Garavan, 2005 for a
review). However, the task employed in Study 1 varies from those usually utilized in
experiments on practice effects because this was not a “learning” task where participants tried to
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improve their task performance. Therefore, the traditional explanations are harder to apply in this
case. Instead, we propose that reward processing is a cognitive operation that becomes more
efficient with continuous use. As participants continuously engage in reward processing, fewer
neurons respond to the stimuli. At the same time, repeatedly engaged circuits become
functionally strengthened.
Processing Rewards and Punishments
Both studies revealed univariate main effects of outcome, which were somewhat
complementary to each other. In Study 1, bilateral ventromedial striatum showed greater
sensitivity to reward than punishment trials, and bilateral medial frontal cortex showed enhanced
responding to punishment compared to reward trials. In Study 2, right prefrontal areas similarly
showed greater sensitivity to loss than reward trials. In contrast to Study 1, dorsolateral striatum
(putamen) also exhibited greater response to punishment than reward trials.
The ventromedial striatal preference for reward trials demonstrated in Study 1 is
consistent with several other studies of reward processing (e.g., Beck et al., 2009; Bragulat et al.,
2010; Camara et al., 2008; Delgado, 2007; Hariri et al., 2006; Knutson et al., 2001a; McClure et
al., 2004; O’Doherty, 2004; O’Doherty et al., 2004; Sabatinelli et al., 2007; Schott et al., 2008;
Schultz et al., 2000; Sweitzer et al., 2014, 2016). In addition to the main effect for reward trials,
ventromedial striatal activity in punish trials was correlated with smoking factors. In the
instructed-no group, BOLD activity in the right seed was positively associated with experimental
experimental CO level on post-shift loss trials. That is, higher CO level (crude indicator of less
nicotine deprivation) corresponded to higher striatal activity on post-loss trials (less
“punishment” signal). This suggests that for instructed-no participants (who were just reminded
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they could not smoke), the pain incurred by punish trials was mitigated by higher experimental
CO levels.
The failure to elicit significant activity in ventromedial striatum in Study 2 perhaps
suggests that participants did not find the win trials particularly “rewarding.” Sweitzer et al.
(2014) employed a similar card task and found significant activity in this region during the
anticipation of both monetary and cigarette rewards. A few notable differences exist between
these studies, one of which is that Sweitzer et al. (2014) investigated anticipatory effects and
Study 2 measured receipt effects. Additionally, the task employed by Sweitzer et al. used
drawings of money or a cigarette to denote which type of reward was at stake for the given trial,
whereas Study 2 used a blue or yellow border around the feedback arrow. The graphical
depictions may have been a more salient cue than the colored borders. Also, each trial in
Sweitzer et al. resulted in a definite outcome (i.e., the accrual/loss of money or a single “puff” on
a cigarette), whereas participants in Study 2 were earning/losing points toward a monetary or
cigarette reward. In other words, the prizes in Study 2 were an all-or-nothing jackpot, with no
information provided to the participant about the probability of earning said jackpot (except for
how many points they needed to accumulate in order to earn the respective prizes). Both of these
differences might have impacted the salience of the rewards for participants in Study 2, and
striatal responses to reward are modulated by incentive and reward valence (Delgado et al., 2003,
2004). Another possibility is that the striatal reward response in this task habituated quickly and
is not detectable when all the trials are analyzed together. Sweitzer et al. (2014) restricted their
analyses to the first two runs, and the effect disappeared when all runs were concatenated (see
supplementary material). Perhaps supporting this possibility, we observed a negative correlation
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between urge change and ventromedial striatal response. That is, as urge increased from pre-scan
to post-scan, striatal BOLD activity decreased.
Both studies revealed medial frontal areas (including superior frontal gyrus) that were
more sensitive to punishment trials than reward trials. These regions were dorsal to those that are
usually implicated in reward processing (e.g., OFC, ventromedial prefrontal cortex) and
generally fit within the pre-supplementary motor area (SMA) demarcation (Johansen-Berg et al.,
2004; Kim et al., 2010). Pre-SMA is positioned superior and caudal to anterior cingulate
cortex—which is believed to respond to errors in choice tasks (e.g., Holroyd et al., 2004)—and
rostral to SMA—which has long been associated with voluntary motor planning (e.g., Goldberg,
1985; Roland, Larsen, Lassen, & Skinhoj, 1980; Shibasaki et al., 1993). Pre-SMA is often
implicated in response-conflict monitoring (Garavan, Ross, Kaufman, & Stein, 2003; Rushworth,
Walton, Kennerley, & Bannerman, 2004). Additionally, Pre-SMA is implicated in higher-order
or complex motor control. Whereas the SMA is consistently activated in repetitive, automatic,
and conditioned behavioral responses, the pre-SMA is activated when participants choose a
response (for a review, see Picard & Strick, 1996). Pre-SMA is functionally connected to dorsal
striatum (caudate), a region thought to help learn associations between reward/punishment and
the enacted motor programs (Delgado, 2007; O'Doherty et al., 2004). Based on the pre-SMA’s
selective activation to punishment trials in Study 1 and Study 2, we suggest this might reflect the
integration of the negative feedback with the chosen response (i.e., a “wrong” choice was made).
Connectivity in the Processing of Rewards vs. Punishments
We found a borderline significant time by outcome interaction in the connectivity
between the right seed and the left ventromedial striatum in Study 1. This was characterized by
greater connectivity for loss trials than win trials pre-shift, and greater connectivity for win trials
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than loss trials post-shift. Referring to the univariate data for these regions is not particularly
informative in explaining the interaction, as these data are not intuitively consistent with the
observed connectivity interaction. The seed region exhibited the main effect of time (pre-shift >
post-shift) and the connected left striatal region showed low BOLD activation across each trial
type, though activation to pre-shift win trials was greater than any of the other trial types (pairedsamples t-tests, t’s[43] > 2.5, p’s < 0.02). See Table 15. This reinforces the unique perspective
that connectivity analyses provide. That is, connectivity analyses may detect covariance between
regions, even when traditional activation analyses fail to detect changes (McIntosh, 1998).
Table 15
Parameter Estimates for Regions in Time by Outcome Connectivity
Interaction
Mean β (SD)
Pre-shift
Post-shift
Region
Win
Loss
Win
Loss
R seed
0.88 (0.37) 0.82 (0.39) 0.65 (0.33) 0.63 (0.35)
L ventral striatum 0.27 (0.37) 0.08 (0.43) 0.11 (0.43) 0.10 (0.36)
Note. Parameter estimates for each trial type in the right seed region and
connected left ventral striatum. Precise location information for each
region is provided elsewhere in the manuscript.
One way to interpret this interaction is using reinforcement sensitivity theory (Gray,
1981). This theory of personality posits that two different systems guide behavior: the Behavioral
Activation System (BAS), which motivates sensitivity to rewards and corresponding approach
behaviors, and the Behavioral Inhibition System (BIS), which motivates sensitivity to
punishment and corresponding avoidance behaviors. Accordingly, individuals vary along these
two dimensions and express differing levels of sensitivity to rewards and punishments. Recently,
neuroimaging studies have related lateralized differences in striatal activity to engagement in
approach or avoidant behaviors. Aberg, Doell, & Schwartz (2015) administered a visual learning
task to participants while collecting fMRI. Participants were shown two visual stimuli at a time
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and had to choose the “correct” one. Various visual stimuli each had different probabilities of
providing reward (picture of a smiley face) or punishment (picture of a frowning face). Through
trial and error, participants learned which visual stimuli were more likely to result in reward and
which were more likely to result in punishment. Participants who showed a larger response to
reward in the left than the right ventral striatum also had stronger approach behaviors (i.e., chose
stimuli with high probability of resulting in reward), whereas those with a larger response to
reward in the right than the left ventral striatum had stronger avoidance tendencies (i.e., avoid
stimuli that had high probability of punishment). This is consistent with studies that show
reduced motivation to earn reward or avoid losing reward in patients with Parkinson’s Disease
with asymmetrical dopamine loss (Porat, Hassin-Baer, Cohen, Markus, & Tomer, 2014).
The univariate data reported above do not directly translate to the interaction observed in
Study 1, but they do suggest that sensitivity to reward and loss involves a delicate interplay
between left and right dopamine regions (especially striatum). The changing connectivity we
observed between left and right striatum may reflect a shift in motivation in our participants
(e.g., move from an avoidant to an approach orientation in the second half of the experiment).
The reasons for such a shift may be complex. Correlations between connectivity in these regions
and smoking variables were significant only for the instructed-yes group. In these participants,
lower experimental CO was related to increased connectivity on pre-shift loss and post-shift win
trials, suggesting lower CO (and by extension higher deprivation) might influence motivational
states to seek rewards or avoid punishments.
Limitations and Future Directions
Our main objective was to characterize brain network changes in reward processing that
facilitate reward devaluation in two contexts of addiction: the expectation of opportunity to use
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(Study 1) and when non-drug (monetary) rewards compete directly with drug rewards (Study 2).
We did not measurably induce imbalanced reward processing in either study. We first consider
the univariate analyses and then address the connectivity analyses.
Wilson et al. (2014) reported their independent analysis of the univariate data from Study
1 and speculated that the shift manipulation may have induced a negative affective state in the
instructed-no participants, thus resulting in a “dampening” of striatal reward processing
comparable to the devaluation expected from the instructed-yes group (Bogdan & Pizzagalli,
2006; Porcelli et al., 2012). This account might help explain why the univariate results were not
as expected, but does not necessarily explain why the connectivity interaction was not
significant. Presumably, if the two groups demonstrated similar univariate activity but for
different reasons (drug-related devaluation vs. negative affective state), different patterns of
connectivity could still emerge. Ultimately, this is an empirical question that has not been
addressed and is outside the scope of the present analysis.
Above, we suggested a few reasons Study 2 did not yield the expected univariate results,
including subjectively weak reward value and/or rapidly habituating reward signal. Both of these
possibilities remain applicable to why monetary reward devaluation was not observed.
Regarding the lack of devaluation effects in the connectivity analyses, we speculate the
seeds may not have been optimal to find such effects. The results in any seed-based analysis will
be constrained by the selected seed. In this case, we functionally defined our seeds based on the
full task contrast (i.e., voxels activated by each trial type). The reasons for defining the seeds this
way instead of by a more meaningful contrast (e.g., voxels responding more to wins than losses,
or cigarette reward than money) were two-fold: 1) we wanted to avoid as much as possible any
potential biasing effect (Kriegeskorte, Simmons, Bellgowan, & Baker, 2009; Vul, Harris,
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Winkielman, & Pashler, 2009), and 2) we were operating on the assumption that similar
univariate BOLD activation could nevertheless contribute to different patterns of connectivity.
As already described, Camara et al. (2008) used the beta series method to differentiate functional
connectivity to monetary rewards vs. losses despite similar univariate activity to both outcomes
(though they defined their seeds by a win > loss contrast).
The conservative approach to seed selection in the present analysis may have impacted
our ability to detect the predicted network differences. Anatomically, the voxels that responded
to the full contrast were notably dorsal to those generally denoted as ventral (or ventromedial)
striatum (e.g., nucleus accumbens) and implicated in reward processing. Though technically still
within the ventromedial striatal demarcation, these seeds more closely resembled dorsal striatal
regions often associated with the behavioral learning component to reward processing (i.e.,
voxels responsive when the participant believes their actions determine reward outcome:
Delgado, 2007; Tricomi et al., 2004). The tasks employed in both studies intended for the
participants to believe that their performance determined trial outcome; it is possible then that the
voxels maximally responsive to the full contrast were those that were putatively more involved
in learning the behavior-reward associations than those voxels more involved in appraising the
subjective value of rewards. This would, in turn, presumably impact which regions demonstrate
functional connectivity. An alternative approach to defining more ventral seeds, in the absence of
an independent localizer task, would be to derive coordinates from a brain atlas or a metaanalysis of reward processing (e.g., Liu et al., 2011).
Given the distinct roles in reward processing attributed to ventromedial and dorsolateral
striatum, it would be illustrative to compare networks derived from each region. Ideally, the
experimental task would include trials where the participants believe their actions determine
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outcome, as well as trials without this presumption (e.g., Delgado, 2007; Tricomi et al., 2004).
We would expect different networks to emerge, one associated with ventromedial striatum and
more reward appraisal regions, and another associated with dorsolateral striatum and more motor
control regions. Additionally, this latter network would presumably be most coherent when
actions are tied to outcomes, whereas the reward appraisal network should be relatively constant
across conditions. Taken one step further, the perception of influence over outcome could be
parametrically manipulated to examine how, if at all, these two putative networks influence each
other.
As this was a novel effort to measure brain connectivity changes within the context of
reward processing, we thought it best to use an exploratory method (i.e., whole-brain analysis).
However, the beta series method (as well as others) also accommodate region of interest
analysis. By restricting analysis to a smaller selection of a priori regions, subtle effects are more
likely to be detected. Commonly identified areas in univariate studies, such as OFC, lateral
insula, and amygdala would be good candidates for such an analysis.
To our knowledge, this is the first demonstration of increasing reward processing
efficiency over time (i.e., decreased BOLD activity concomitant with increased connectivity in
other regions). Additional studies, particularly using alternative measures of connectivity or
different seed regions, would help clarify this relationship. Similarly, we reported functional
connectivity between left and right ventromedial striatum that was sensitive to rewards and
punishments. We suggested this might be associated with approach and avoidance tendencies, as
has been reported in univariate analyses (Aberg et al., 2015; Porat et al., 2014), but we lacked
any assessment of approach/avoidance. Future studies of brain connectivity in reward processing
may consider incorporating this into their task design.
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Conclusions
We attempted to induce two different types of monetary reward devaluation (expectation
to smoke and pitting monetary rewards against cigarette rewards) in two studies of chronic
cigarette smokers. Though this manipulation did not result as expected, we did observe predicted
ventromedial striatal activation in response to reward in Study 1, and an unexpected increase in
pre-SMA response to punishment in both studies. The latter effect was interpreted to represent
the integration of negative feedback with the behavioral choice that incurred the loss. We were
mainly interested in brain network changes involved in imbalanced reward processing and
utilized the recently developed beta series technique (Rissman et al., 2004) to compare
connectivity between conditions. In Study 1, this revealed a main effect of time that was
disparate from the univariate analysis and suggested that reward processing becomes more
efficient with continued use (as evidenced by reduced univariate activation and increased
connectivity with other regions). A time by outcome interaction between the bilateral
ventromedial striatum was observed, such that connectivity was greater for pre-shift punishment
trials and post-shift reward trials. One interpretation of this effect is that participants shifted their
priority from avoiding punishment to pursuing reward over time. To our knowledge, this
represents the first attempt to explore brain networks subserving reward devaluation in drug use.
This remains a critically important field of study because imbalanced reward processing is a
likely predictor of relapse (Martin, Cox, Brooks, & Savage, 2014; Sweitzer et al., 2016; Wilson
et al., 2008, 2014; Wrase et al., 2007). Future endeavors should carefully consider the
experimental design that will maximally juxtapose “normal” vs. devalued reward processing, as
well as the best way to assess connectivity.
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