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Neuroeconomics integrates behavioral economics and cognitive neuroscience to understand the neurobio-
logical basis for normative and maladaptive decision making. Delay discounting is a behavioral economic
index of impulsivity that reflects capacity to delay gratification and has been consistently associated with
nicotine dependence. This preliminary study used functional magnetic resonance imaging to examine
delay discounting for money and cigarette rewards in 13 nicotine dependent adults. Significant differences
between preferences for smaller immediate rewards and larger delayed rewards were evident in a number
of regions of interest (ROIs), including the medial prefrontal cortex, anterior insular cortex, middle temporal
gyrus, middle frontal gyrus, and cingulate gyrus. Significant differences between money and cigarette re-
wards were generally lateralized, with cigarette choices associated with left hemisphere activation and
money choices associated with right hemisphere activation. Specific ROI differences included the posterior
parietal cortex, medial and middle frontal gyrus, ventral striatum, temporoparietal cortex, and angular
gyrus. Impulsivity as measured by behavioral choices was significantly associated with both individual
ROIs and a combined ROI model. These findings provide initial evidence in support of applying a neuroeco-
nomic approach to understanding nicotine dependence.

© 2012 Elsevier Ireland Ltd. All rights reserved.
1. Introduction

1.1. Understanding nicotine dependence using behavioral economics and
neuroeconomics

Cigarette smoking remains the single largest cause of preventable
morbidity and mortality in the US and the world (Mokdad et al.,
2004; World Health Organization, 2008). It is an established cause
of cardiovascular disease, respiratory disease, and an array of cancers
(Centers for Disease Control and Prevention, 2003; 2008) and is esti-
mated to be annually responsible for 450,000 deaths in the United
States and 5,000,000 deaths worldwide (World Health Organization,
2008). Beyond disease burden, smoking also exerts a massive
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economic burden throughout the world (Wipfli and Samet, 2009a,
2009b). Smoking is believed to be largely motivated by clinical or
subclinical levels of nicotine dependence and understanding the
factors that cause and maintain nicotine dependence may improve
prevention and treatment (Ray et al., 2009).

Behavioral economics, a hybrid field integrating insights from psy-
chology and economics, has been extensively applied to understand
nicotine dependence and other addictive behaviors (for reviews, see
Bickel and Vuchinich, 2003; Vuchinich and Heather, 2003). In partic-
ular, high levels of delay discounting (DD), a behavioral economic
index of impulsivity, have been consistently associated with smoking
(Reynolds, 2006a; MacKillop et al., 2011). Specifically, delay discount-
ing characterizes how much a person devalues a reward based on
its delay in time, reflecting capacity to delay gratification. This form
of impulsivity is particularly relevant to nicotine dependence and
other substance use disorders because these conditions prototypically
reflect persistent preferences for the transient short-term reward of
tine dependence: A preliminary study of delay discounting of mon-
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Table 1
Participant characteristics (N=13). FTND=Fagerström Test of Nicotine Dependence.

Characteristic #/mean (S.D.)/(median)

Sex 7 males/6 females
Age 40.15 (13.10)
Race 9 Whites, 1 Black, 1 Native American/Pacific Islander,

2 Asians
Hispanic ethnicity 12 non-Hispanic/1 Hispanic
Income $20,000–$29,999/annum (median)
Cigarettes/day 22.31 (8.55)
FTND 6.54 (1.20)
fMRI responses

Control choices 34 (3.28)
Impulsive choices 52 (10.46)
Restrained
choices

20 (10.71)
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the drug at the cost of much larger long-term outcomes in an array of
domains. Moreover, impulsive discounting has been linked with nic-
otine dependence in numerous studies. Compared to non-smokers
and ex-smokers, nicotine dependent individuals exhibit significantly
more impulsive delay discounting (Bickel et al., 1999; Mitchell,
1999; Baker et al., 2003; Reynolds et al., 2004; Reynolds, 2006b)
and, among smokers, greater impulsivity is associated with greater
cigarette consumption and nicotine dependence (Epstein et al.,
2003; Reynolds, 2006b; Sweitzer et al., 2008). In addition, more im-
pulsive delay discounting has been found to predict the onset
of smoking over the course of adolescence (Audrain-McGovern
et al., 2009) and is a negative prognostic factor in smoking cessation
(Krishnan-Sarin et al., 2007; Yoon et al., 2007; MacKillop and
Kahler, 2009; Sheffer et al., 2012). In most studies delay discounting
is assessed using measures employing the domain-general commodity
of money (i.e., a reward that can be used in a variety of different do-
mains), but discounting can also be assessed for domain-specific com-
modities (i.e., a commodity that is a specific type of reward), including
cigarettes. Several studies have found nicotine dependent individuals
to exhibit even greater discounting for cigarette rewards (Bickel et al.,
1999; Baker et al., 2003) and other drugs (Madden et al., 1997; Petry,
2001; Coffey et al., 2003). This suggests that nicotine dependent individ-
uals and individuals with other addictive disorders are bothmore impul-
sive in general and particularly so when it comes to their drug of choice.

A major step forward in behavioral economics has come from in-
tegrations of its methods with those from cognitive neuroscience,
commonly termed neuroeconomics. This is particularly the case for
delay discounting, which has been perhaps the most extensively
studied decision-making process to date. Using functional magnetic
resonance imaging (fMRI), a number of studies have revealed a pro-
file of cortical and subcortical brain regions that appear to be respon-
sible for discounting preferences (McClure et al., 2004; Kable and
Glimcher, 2007; Ballard and Knutson, 2009; Bickel et al., 2009). A re-
cent meta-analysis of fMRI discounting studies identified common re-
gions of significant activation across diverse methodologies and
samples (Carter et al., 2010), including differential activation in the
medial and inferior prefrontal cortex (PFC), the anterior insular cor-
tex (AIC), the posterior parietal cortex (PPC), posterior cingulate
(PC), and subcortical limbic activation in the ventral striatum (VS).
From a functional standpoint, these regions are theorized to reflect
two conflicting systems, one comprising motivational brain regions
that are responsible for drive, reward, and incentive value (e.g., AIC,
VS) and the other comprising regions responsible for behavioral inhi-
bition and future orientation (e.g., PFC, PPC) (McClure et al., 2004;
Bechara, 2005; Bickel et al., 2007). Metaphorically, the motivational
regions represent the “gas pedal” and the inhibitory regions represent
the “brakes,” with observed preferences being determined by the
balance of the two. However, there is also evidence supporting a
more general single system approach (Kable and Glimcher, 2007;
Monterosso and Luo, 2010).

In spite of its promise, there have been limited applications of
neuroeconomics to nicotine dependence and other substance use dis-
orders. To date, three cross-sectional studies have examined dis-
counting using fMRI, one studying alcohol dependent individuals
and two studying stimulant dependent individuals. In the first case,
Boettiger et al. (2007) found differential PFC, PPC, and hippocampal
activation in comparing alcohol dependent individuals to controls.
With regard to stimulant dependence, two studies examined dis-
counting in individuals with stimulant dependence and controls
(Monterosso et al., 2007; Hoffman et al., 2008). These studies used
“easy” and “hard” discounting choices which were determined using
pre-scan assessment. Monterosso et al. (2007) found that stimulant
dependent individuals exhibited less differential PFC and PPC activa-
tion relative to controls in a contrast of “easy” and “hard” choices.
This was theorized to reflect more inefficient cognitive processing.
Hoffman et al. (2008) identified similar patterns, with reduced
Please cite this article as: MacKillop, J., et al., The neuroeconomics of nico
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activity in stimulant dependent individuals in the dorsolateral PFC,
precuneus, and VS compared to controls. No studies, to our knowl-
edge, have applied a neuroeconomic approach to understanding nic-
otine dependence or examined differences in impulsivity for both
domain-general rewards and addictive commodities.

1.2. Current investigation

The current study was a preliminary investigation of the differential
brain activity associated with delay discounting of monetary rewards
and cigarette rewards in nicotine dependent adults. Clarifying the differ-
ences in brain activity responsible for general rewards versus cigarette
rewards may further inform the maladaptive decision-making that
maintains nicotine dependence. Based on previous studies of delay dis-
counting in healthy adults,we predicted that discountingwould be char-
acterized by activity in the medial and inferior PFC, AIC, PPC, PC, and VS.
In addition, we predicted that, a commodity effect would be present for
behavioral choices (i.e., greater impulsivity for cigarette rewards) and,
for brain activity, although activity would be similarly localized to
money choices, there would be significant differences in activity magni-
tude compared to money, reflecting the more impulsive orientation
toward cigarette rewards.

2. Method and materials

2.1. Participants

Fifteen participants were recruited from the community using
advertisements. Inclusion criteria were: 1) 18 years-old or older;
2) daily self-reported smoking of 20+ cigarettes; 3) expired carbon
monoxide (CO) of 10+ppm; 4) FagerströmTest of NicotineDependence
(FTND) score of 6+ (Heatherton et al., 1991); 5) no interest in quitting
smoking within the next year; 6) right handed. Exclusion criteria were:
1) any contraindicating conditions for magnetic resonance imaging
(MRI) screening; 2) pregnancy (females only; confirmed by First
Response® pregnancy test); 3) living with anyone else enrolled in the
study. Two participants who completed the protocol were subsequently
excluded based on missing and incorrect responses to control items in
the scanner, suggesting low effort. No data from those participants
were included. Participant characteristics are presented in Table 1.

2.2. Assessment

2.2.1. Self-report and biological indices
Eligibility for theMRI scanwas assessed using anMRI safety and con-

traindication screening questionnaire. Demographics were assessed via a
self-report questionnaire. Nicotine dependence and cigarettes/day were
assessed using the psychometrically validated FTND (Heatherton et al.,
1991). Expired CO was assessed using a PiCO+ Smokerlyzer (Bedfont
Scientific, Ltd; Rochester, UK).
tine dependence: A preliminary study of delay discounting of mon-
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2.2.2. Delay discounting paradigm
The delay discounting paradigmwas based on the Monetary Choice

Questionnaire (MCQ; Kirby et al., 1999), which has been previously
used to study discounting in nicotine dependent adults (e.g.,
MacKillop and Kahler, 2009). The items presented two amounts of
money or cigarettes, each with an accompanying interval of time
(Fig. 1). The active stimuli were dichotomous choices between smaller
immediate rewards (money or cigarettes) and larger delayed rewards
(money or cigarettes), and are provided in the supplementary mate-
rials. Control items were dichotomous choices between larger and
smaller rewards (money or cigarettes) that were both available today.
Cigarette amountswere generated by converting themonetary amounts
in the MCQ by a conversion factor of $4.63/pack, the approximate na-
tional average cost of a pack of cigarettes (Boonn, 2007). Participants
were informed that the cigarettes in the task referred to their preferred
brand. Participants' responses were coded as “impulsive” (i.e., selecting
the smaller immediate reward over the larger delayed reward),
“restrained” (i.e., selecting the larger delayed reward over the smaller
immediate reward), or “control” (i.e., selecting the larger immediate
reward over the smaller immediate reward). Level of impulsivity exhib-
ited during the scans as a function of choicesmadewas quantified as the
hyperbolic discounting function, k (Mazur, 1987). Responses were
entered with the index and middle finger of the right hand on an MRI-
compatible response box placed on the participant's hip.

2.2.3. Functional neuroimaging protocol
Imaging data were collected at the Brown University Magnetic Res-

onance Imaging Facility on a Siemens 3 T TIM Trio scanner. Structural
imaging used a high-resolution T1 scan (voxel size 1 mm3, field of
view=1922 mm, matrix=2562, slice thickness=1mm). Functional
imaging used echo planar imaging (EPI) of T2* scans using a single-
Fig. 1. Delayed reward discounting (DRD) paradigm. Active stimuli reflect choices between
amounts of money and cigarettes, whereas control items had no delay. Notes: the cigarett
study itself; ISI=inter-stimulus interval; s=second.
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shot gradient echo pulse sequence (repetition time (TR)=2500 ms,
echo time (TE)=28ms, field of view=1922 mm, matrix=642, voxel
size=3 mm3, with 42 contiguous 3 mm slices collected axially). Two
dummy TRs, for which no data were collected, preceded the functional
scans to permit the scanner to reach steady-state equilibrium.

Participants completed four delay discounting decision-making
runs in an event-related design. Each imaging run comprised 27
total items, with 18 active items and 9 control items (run dura-
tion=5:20 min). Each item was presented for 6000 ms for observa-
tion and response input, followed by jittered inter-stimulus interval
(ISI) (average duration=4000 ms). Monetary rewards were pre-
sented during the first and third runs and cigarette rewards were
presented during the second and fourth runs.

To ensure maximum relevance and salience, participants received
one actual outcome from their choices. Specifically, following the
scan, participants selected one poker chip from a fishbowl containing
a chip for every item and received their choice for the item to which
the poker chip pertained. This applied to all items, including both
active and control and monetary rewards and cigarette rewards. If a
participant selected the immediate reward for their outcome choice,
they received that reward as they left the session; if participants
received a delayed reward, they received the reward by mail or in-
person, at their preference, after the prescribed number of days.

2.3. Procedure

Participants were recruited from the community using advertise-
ments. Those appearing eligible after a telephone screen were invited
for an in-person screen. There, eligible participants were given an
overview of the study and those interested were enrolled and under-
went informed consent. Enrolled participants were also given a more
smaller immediately available money or cigarette rewards compared to larger delayed
e amounts are the corresponding numbers based on the conversion factor used in the

tine dependence: A preliminary study of delay discounting of mon-
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thorough orientation to the study's procedures, including the types of
choices they would be making (without disclosing stimuli) and the
fact they would receive one of those choices.

At the imaging session, participants were first asked to smoke a
cigarette to ensure no significant withdrawal effects and equate
exposure to tobacco. The participants completed a 1-hour orientation
to the procedures, including a practice scan in a demonstration MRI
device. The MRI scan was then completed and the randomly selected
choice was determined, after which participants concluded the ses-
sion with a debriefing interview.

In terms of compensation, participants received $15 for the in-
person screen, regardless of outcome, and $30 for the MRI session,
plus one of their in-scanner choices, with a maximum value of $85.
For the in-scanner choices, all participants received choices resulting
in immediate rewards, except one, who received a reward delayed by
14 days; 62% of the participants received monetary rewards and
38% received cigarette rewards. All procedures were approved by
the Brown University Institutional Review Board.

2.4. Data analysis

Prior to examining the fMRI data, participants' behavioral data
obtained during the scan were examined for validity, consistency of
responding, consistency across runs, level of impulsive discounting
exhibited and reaction time. With regard to discounting, impulsivity
was operationalized as the hyperbolic discounting function, k (Mazur,
1987), and derived using standard MCQ methods (Kirby et al., 1999).

Functional imaging data processing and analysis were conducted
using Analysis of Functional NeuroImages software (AFNI; Cox,
1996) with follow-up analyses using SPSS 16.0. Of note, technical
problems resulted in data loss during one imaging run for two partic-
ipants, resulting in 75% of data. Functional datasets were initially
aligned to the T1 anatomical dataset, volume-registered (motion-
corrected), and normalized into Talairach space using AFNI script
align_epi_anat.py (Saad et al., 2009). Individual volumes from each of
the four runs were registered to a base volume proximal to acquisition
of the anatomical dataset (i.e., the third volume of the first delay dis-
counting run). The data were then spatially smoothed using a 3-mm
full width at half maximum (FWHM) Gaussian filter, excluding non-
brain voxels. Raw blood oxygen level dependent (BOLD) signal was
scaled to percent signal change from the mean signal intensity and all
four runs were concatenated together. First level analyses of individual
brain responses were characterized using separate general linear models
for choice type and commodity type. For discounting decision-making in
general, 3dDeconvolve (Ward, 2006) applied three task-related regres-
sors (impulsive, restrained, and control) and six nuisance regressors to
account formation (x, y, z, roll, pitch, yaw); the regression model also in-
corporated linear and quadratic trends in the data. Of note, we did not
also use a domain-general comparison of all discounting items with con-
trol items as the choice events were known to be of two opposite types
(e.g., impulsive and restrained) and the primary questions of
interest pertained to differences based on those types. For commodity
differences, the same approach was used but with two task-related
regressors (monetary choices, cigarette choices). Mixed comparisons of
choice type and commodity type were not conducted because of low
numbers of individual choices. In both cases, individual t-statistics per
voxel were used in group-level region of interest (ROI) analyses.

Both a priori and ‘data-driven’ functional ROI strategies were used.
This was because some aspects of the study overlapped with previous
studies using discounting paradigms, but the novel focus on discount-
ing of cigarette rewards made the possibility of unique regions of
activation highly plausible. Thus, the study could both leverage estab-
lished regions of activation but be able to detect novel regions. First, a
priori ROIs were identified based on the recent meta-analysis of fMRI
discounting studies. Specifically, we generated 5-mm-radius ROIs
centered on the Carter et al. (2010) coordinates for the medial
Please cite this article as: MacKillop, J., et al., The neuroeconomics of nico
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prefrontal, anterior insular, posterior parietal, and inferior prefrontal
cortices (all bilaterally); the left posterior cingulate and temporopar-
ietal cortices; and the right ventral striatum. Comparisons for a priori
ROI analyses were between mean t-statistics from each sphere and
used only the active stimuli because the a priori ROIs were based on
previous studies comparing active stimuli. Second, functional ROIs
are defined as ROIs that are identified based on their empirical levels
of activation. In this case, we examined our hypotheses in regions
recruited by the fMRI paradigm in our sample, using both the active
and control items. Specifically, we generated a disjunction (Boolean
“OR” logic) mask for choices (impulsive, restrained, or control) and a
second for commodity (cigarette or money discounting choices), both
in comparison to activity during rest (ISI). This strategy has been vali-
dated in previous fMRI studies on discounting (e.g., Ballard and
Knutson, 2009) and nicotine dependence (e.g., Lawrence et al., 2002;
Sweet et al., 2010). Each mask includes all clusters of significant differ-
ences in activity from all conditions, which avoids bias from any one
condition. Functional ROIs were defined using a family-wise error rate
of pb0.005 with a minimum cluster size of five adjacent voxels
(voxel-wise error rate=0.000016) (Ward, 2000). This cluster thresh-
old further minimizes Type I error because false positive voxel activity
is predicted to take place at random and not expected to aggregate in
multiple adjacent voxels, whereas the opposite is true for true positive
signals (Lazar, 2008). Commodity effect analyses only included active
items, not control items. Hypothesis testingwas conducted using paired
t-tests and analysis of variance (ANOVA) with mean task-associated
brain response per ROI per individual as the dependent variable. Finally,
associations between brain activity and behavioral performance were
examined to clarify themost relevant regions. Specifically, zero-order cor-
relations (Pearson's r) were examined between the a priori and function-
ally defined regions of interest within choice type to determine overall
associations. To determine specificity of association, stepwise regression
was used to enter all relevant candidates into regression and retain only
the most relevant regions. These analyses used a conventional p≤0.05.

3. Results

3.1. Delay discounting decision-making performance

Analysis of behavioral performance suggested sufficient effort and
overall valid task performance. The percentage of responses consid-
ered valid responses was high (M=99%, range=96–100%); valid re-
sponses were defined as a control trial in which the larger immediate
reward was selected over the smaller immediate reward. In addition,
responses were provided in time for 99% of items and participants'
responses were generally highly consistent, with 98% (standard devi-
ation (S.D.)=4.57; range 90–100%) of overall choices being non-
contradictory responses. Comparisons between equivalent items across
runs 1/3 and 2/4 revealed no differences (ps≥0.50), supporting the ag-
gregation of equivalent items within the same commodity. There was
no evidence of a commodity effect in comparing money and cigarette
discounting (k Money=0.075, k Cigarettes=0.075; F [1, 12]=1.30,
p=0.28); the associated discounting curves are provided in the supple-
mentary materials. Participants provided an average of 74% impulsive
choices and 26% restrained choices. Using a factorial 3 (choice type: im-
pulsive, restrained, control)×2 (commodity:money, cigarettes) ANOVA,
there was a significant main effect of choice type (F [2, 1333]=51.18,
pb0.0001, ηp

2=0.08), but not of commodity type (F [1, 1333]=0.15,
p=0.70) or an interaction effect (F [2, 1333]=0.48, p=0.62) (Fig. 2).
Participants were fastest in responding to control stimuli, intermediate
for impulsive choices, and slowest for the restrained choices.

3.2. Neurocognitive associates of delay discounting

Comparisons of impulsive and restrained decision making in the a
priori ROIs revealed significant differences in two regions, medial PFC
tine dependence: A preliminary study of delay discounting of mon-
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Fig. 2. Response time by decision-making choice type. Significance levels reflect left
comparisons; *** pb0.001.

Fig. 3. Significant choice type and commodity type differences in the a priori ROIs.
Panel A presents significant differences based on choice type, Panel B presents signifi-
cant differences based on commodity type; * pb0.05, ** pb0.01, *** pb0.001. Abbrevi-
ations: MePFC=medial prefrontal cortex; AIC-R=anterior insular cortex (right);
VS=ventral striatum; TPL-L=temporoparietal lobe (left); I-PFC-L=inferior prefron-
tal cortex (left); PPC-L/R=posterior parietal cortex (left)/(right); AI-PFC-R=anterior
inferior prefrontal cortex (right).
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and AIC (Table 2). In both cases, impulsive choices were associated
with lower activity in these brain regions, whereas restrained choices
were associated with higher activity (Fig. 3A), suggesting that recruit-
ment of these areas plays an important role in the inhibition of a pref-
erence for an immediate reward. Seven functionally defined ROIs
were identified (Fig. 4), reflecting regions associated with significant-
ly different activity compared to rest at least in one of the three choice
types (Table 3). Of these seven, significant differences between choice
types were evident for five ROIs and reflected several different pat-
terns. These patterns included regions that were specific to intertem-
poral choice decision making in general (e.g., medial frontal gyrus),
regions that were only specific to impulsive choices (e.g., middle
Table 2
Comparisons of choice type and commodity type in the a priori regions of interest.
Significant effects are in boldface R=right; L=left.

Talairach
coordinates

Impulsive vs.
restrained
choices

Money vs.
cigarettes

Region of interest x y z t (12) p t (12) p

Medial prefrontal cortex (L) −2 40 18 −2.37 0.04 −0.05 0.96
Ventral striatum (R) 14 10 0 −1.53 0.15 3.43 b0.01
Posterior cingulate cortex (L) −8 −36 36 0.15 0.88 0.77 0.45
Anterior insular cortex (R) 36 18 −2 −2.25 0.04 −0.07 0.95
Anterior insular cortex (L) −30 18 −6 −1.69 0.12 0.58 0.57
Temporoparietal cortex (L) −48 −66 14 −0.69 0.50 2.66 0.02
Posterior parietal cortex (L) −28 −60 44 0.20 0.84 −3.53 b0.01
Posterior parietal cortex (R) 26 −60 46 0.78 0.45 −3.04 0.01
Inferior prefrontal cortex (R) 48 34 10 −0.12 0.90 3.27 b0.01
Inferior prefrontal cortex (L) −42 4 30 −1.27 0.23 −3.89 b0.01

Please cite this article as: MacKillop, J., et al., The neuroeconomics of nico
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temporal gyrus), and regions that were only specific to restrained
choices (e.g., cingulate gyrus, middle frontal gyrus, superior frontal
gyrus). More simply, the different behavioral choice outcomes were
associated with different profiles of brain activity.
3.3. Neurocognitive associates of choices for cigarettes vs. money

With regard to commodity effects, the a priori ROIs revealed signifi-
cant differences in six regions (Table 2), including VS, bilateral PPC and
inferior PFC, and temporal parietal cortex (Fig. 5). Differences in activa-
tion are presented in Fig. 3B and revealed three regions of significantly
greater activity for money choices (VS, left temporoparietal lobe, right
anterior inferior PFC) and cigarette choices (left inferior PFC, left and
right PPC), respectively. Nineteen functionally defined ROIs were identi-
fied (Table 4) and, of these, cigarette choiceswere associatedwith great-
er activity for 11 and choices formonetary rewardswere associatedwith
greater activity for eight. Both commodities elicited activity in the inferi-
or frontal gyrus and cuneus, albeit in different locations. Cigarette deci-
sions were associated with greater activity in the medial frontal gyrus,
middle frontal gyrus, precentral gyrus, and superior parietal lobule,
tine dependence: A preliminary study of delay discounting of mon-
), doi:10.1016/j.pscychresns.2011.10.003
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Fig. 4. Choice type disjunction mask indicating regions of significant differences in activity compared to rest (pb0.005, minimum cluster size=5 voxels). Radiological conventions
are used and side of the brain is indicated by R or L (right, left). Note: MeFG=medial frontal gyrus; MFG=middle frontal gyrus; SFG=superior frontal gyrus; SPL=superior
parietal lobule; CG=cingulate gyrus; PCN=precuneus; MTG=medial temporal gyrus.
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whereas money decisions were associated with significantly greater ac-
tivity in the angular gyrus, middle temporal gyrus, and occipital cortex.

3.4. Relationships between brain activity and behavioral performance

Of the a priori and functional ROIs that were implicated in choice-
type differences, four regions were associated with behavioral impul-
sivity at statistically significant, high magnitude levels (rs≥0.58,
psb0.05), including the VS, medial frontal gyrus, middle temporal
gyrus, and temporal parietal cortex, and several were significantly
intercorrelated (Table 5). To determine specificity, stepwise regres-
sion concurrently examined all four and identified two regions that
were responsible for maximum unique variance in behavioral perfor-
mance. The observed level of impulsivity was largely a function of
increases in medial frontal gyrus activity during restrained choices
and decreases in middle temporal gyrus activity during impulsive
choices (R2=0.62; Table 5).

4. Discussion

4.1. Neuroanatomical regions associated with delay discounting of money
and cigarettes

The current investigation was a preliminary study of the differen-
tial brain activity during delay discounting decision-making for
money and cigarette rewards in smokers. The results were generally
consistent with our hypotheses and previous studies of discounting
in healthy adults, but also revealed some unexpected and novel find-
ings. In terms of delay discounting choices, a number of brain regions
were implicated irrespective of commodity. Among the a priori ROIs,
greater activity in the medial PFC and right AIC was associated with
Table 3
Significant differences by choice type in functionally defined regions of interest identified usi
size ≥5 adjacent voxels (voxelwise pb0.000016). Imp=impulsive choices, Restr=restraine
Coordinates are in Talairach space.

L/R Region Extent (mm3) x y z

L Medial frontal gyrus (MeFG) 405 −2 −24 6
L Precuneus (PCN) 270 −5 −58 3
R Middle temporal gyrus (MTG) 243 56 −48 −
R Superior parietal lobule (SPL) 189 37 −65 4
R Cingulate gyrus (CG) 162 1 30 3
R Superior frontal gyrus (SFG) 135 13 24 5
R Middle frontal gyrus (MFG) 135 29 12 5

a Significantly different from CTL, pb0.05.
b Statistical trend compared to Imp, pb0.10.
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successful delay of gratification. These regions were complemented
by the functionally defined ROIs, which were related to diverse as-
pects of the task. Specifically, there was evidence that the precuneus
and superior parietal lobule were implicated in all of the types of
decision making, that the medial frontal gyrus was associated with
both types of intertemporal choice, that the middle temporal gyrus
was specifically associated with choices for smaller immediate re-
wards and that the middle frontal gyrus, cingulate gyrus, and superior
frontal gyrus were specifically associated with preferences for larger
delayed rewards. These findings generally converge with previous
neuroeconomic studies and the regions implicated largely overlap
with those reported in the recent discounting activation likelihood
estimation (ALE) meta-analysis (Carter et al., 2010). These include
brain areas associated with processing and evaluating incentive sa-
lience, action execution, emotional arousal, interoception, intention-
ality, and planning (Rushworth et al., 2004; Moratti et al., 2008;
Desmurget et al., 2009; Naqvi and Bechara, 2009).

In comparing decision-making for monetary rewards with ciga-
rette rewards, several findings diverged from our predictions. Behav-
iorally, participants were not more impulsive for cigarette rewards
compared to monetary rewards and the differences in brain activity
were more substantial than expected. Significant differences were ev-
ident between commodities in both a priori and functionally defined
brain areas. This was not a categorical effect, with one reward type
recruiting substantially more active regions than the other. Across
the a priori and functionally defined ROIs, close to equal numbers of
regions for money and cigarette rewards exhibited significantly
greater activity. In terms of specific regions, decision making for ciga-
rette rewards most notably recruited significantly greater activity in
PPC, medial and middle frontal gyrus, and precentral gyrus, whereas
choices for money recruited significantly greater activity in the VS,
ng a disjunction mask. Extraction Type I error rates were family-wise pb0.005+cluster
d choices; CTL=control choices; SEM=standard error of the mean; L=left, R=right.

F (1,12) Imp
t (SEM)

Restr
t (SEM)

CTL
t (SEM)

p

8 8.32 0.76 (0.15)a 0.85 (0.15)a 0.32 (0.15) b0.01
6 2.53 0.84 (0.15) 0.68 (0.22) 0.39 (0.19) 0.10
8 3.77 0.79 (0.11)a 0.40 (0.22)b 0.30 (0.14) 0.04
8 1.20 0.81 (0.18) 0.59 (0.15) 0.45 (0.18) 0.32
4 5.73 0.38 (0.26) 0.79 (0.10)a,b −0.02 (0.22) 0.01
6 3.73 0.59 (0.22) 0.89 (0.14)a 0.42 (0.19) 0.04
7 5.67 0.64 (0.21) 1.03 (0.17)a,b 0.35 (0.20) 0.01
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Table 4
Significant differences by commodity type in functionally defined regions of interest identified using a disjunction mask. Extraction Type I error rates were family-wise pb0.005
+cluster size ≥5 voxels (voxelwise pb0.000016). Money=money choices; Cig=cigarette choices; SEM=standard error of the mean; L=left, R=right. Coordinates are in
Talairach space. Significant effects are in boldface.

L/R Region of interest mm3 x y z Money
t (SEM)

Cig
t (SEM)

t(12) p

L Medial frontal gyrus 2916 −2 −1 55 −1.15 (0.31) 1.11 (0.14) −6.10 b0.001
R Middle frontal gyrus 594 30 −6 57 −0.83 (0.27) 1.05 (0.14) −5.61 b0.001
R Inferior frontal gyrus 486 51 15 2 0.72 (0.23) −0.81 (0.12) 5.34 b0.001
R Inferior frontal gyrus 459 43 4 27 −0.94 (0.26) 1.19 (0.16) −6.64 b0.001
L Middle occipital gyrus 405 −33 −90 −3 1.45 (0.22) 0.05 (0.29) 3.98 b0.002
R Superior parietal lobule 405 32 −59 47 −0.59 (0.29) 1.05 (0.16) −4.73 b0.001
R Inferior occipital gyrus 378 32 −88 −7 1.39 (0.18) −0.25 (0.20) 6.66 b0.001
L Middle frontal gyrus 378 −30 −7 53 −0.98 (0.34) 1.11 (0.15) −4.68 b0.01
R Medial frontal gyrus 297 3 19 46 −0.38 (0.32) 1.05 (0.20) −3.52 b0.01
L Cuneus 243 −24 −78 22 −1.52 (0.28) 0.43 (0.22) −4.32 b0.01
R Middle temporal gyrus 216 63 −28 −2 0.97 (0.15) −0.01 (0.30) 2.49 0.03
L Angular gyrus 189 −44 −59 35 0.84 (0.11) −0.20 (0.18) 4.69 b0.01
R Cuneus 162 4 −90 25 1.27 (0.45) −1.25 (0.22) 4.45 b0.01
L Middle frontal gyrus 162 −36 15 30 −0.37 (0.37) 1.05 (0.18) −2.95 0.01
L Superior parietal lobule 162 −27 −55 41 −0.62 (0.26) 0.98 (0.13) −5.33 b0.001
L Precentral gyrus 162 −34 −278 59 −0.82 (0.37) 0.98 (0.19) −3.66 b0.01
L Inferior occipital gyrus 135 −25 −90 −9 1.52 (0.30) 0.24 (0.35) 2.48 0.03
R Inferior parietal lobule 135 62 −41 30 0.11 (0.29) −1.05 (0.22) 4.39 b0.001
L Precentral gyrus 135 −38 −16 51 −1.21 (0.44) 1.11 (0.22) −4.24 b0.001
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temporoparietal cortex, and angular gyrus. More broadly, a potential-
ly meaningful pattern in terms of differential activation comprised
differences in lateralization, with the majority of regions with signif-
icantly greater activation for cigarette choices being in the left hemi-
sphere and the majority of monetary reward regions being in the
right hemisphere. This dissociation is most strikingly clear in the a
priori inferior frontal gyrus ROIs, where reciprocal differences in acti-
vation and deactivation based on commodity are present.

Taken together, these findings suggest that commodity activation
patterns were not differences in degree, but in kind. That is, these
findings provide evidence that although domain-general activation
Fig. 5. Commodity type disjunction mask indicating regions of significant differences in activ
of interest (ROIs) are illustrated with numbers in descending order of magnitude; the nu
coordinates are provided. All coordinates are presented in Talairach space and presented u
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was present, as evidenced by the regions implicated in the choice
type analyses, distinct neurocognitive networks also subserved deci-
sion making for the different rewards. These results both converge
and contrast with an earlier study by McClure et al. (2007), which in-
cluded a between-subjects comparison of delay discounting of fruit
juice and water (primary reinforcers) and money (a secondary rein-
forcer). Specifically, McClure et al. (2007) found areas of overlap be-
tween the commodities (e.g., supplementary motor area), but also
some distinct regions of activity that appeared to be commodity-
specific (e.g., posterior cingulate) (McClure et al., 2007). In the cur-
rent study, the patterns of activity for overall activity attest to the
ity compared to rest (pb0.005, minimum cluster size=5 voxels). The 10 largest regions
mbers correspond to the ROIs in Table 4, where neuroanatomical labels and specific
sing radiological convention.
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Table 5
Exploratory continuous analyses of brain activity in relation to the behavioral economic
index of impulsivity (i.e., hyperbolic temporal discounting function, k). Panel A pre-
sents significant correlations (Pearson r) between regions of interest and level of
impulsivity based on decision making performance. Panel B presents stepwise regres-
sion of a model incorporating the regions implicated in zero-order correlations, result-
ing in the exclusion of three. Asterisks reflect statistical significance pb0.05. Final
model overall R2=0.62, adjusted R2=0.54. Region coordinates are provided in Tables 2
and 3.

A

Region k 2 3 4 5

1. Ventral striatuma,d 0.58* –

2. Temporoparietal cortexa,c −0.58* −0.28 –

3. Medial frontal gyrusb,d 0.63* 0.80* 0.18 –

4. Middle temporal gyrusb,d 0.59* 0.56* −0.10 0.58* –

B

Region B (SEM) β

Medial frontal gyrusb,d 0.06* (0.02) 0.54*
Temporoparietal cortexa,c −0.05* (0.02) −0.48*

a A priori region of interest.
b Functionally defined region of interest.
c Activity during impulsive choices.
d Activity during restrained choices.
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presence of commonalities in activity – a core discounting choice net-
work – but the large magnitude commodity differences suggest more
meaningful differences by commodity than suggested in the earlier
study, at least with regard to an addictive drug reward and a monetary
reward. In addition to commodity differences, other methodological
differences further reduce the comparability of the two studies and
are themost probable explanation for differences in brain activation ob-
served. Differences in hardware, software, and paradigms commonly
pose a challenge to comparability across fMRI studies, but clarifying dif-
ferences between domain-general and commodity-specific brain activ-
ity should nonetheless be a priority in future studies.

An exploratory objective was to simultaneously consider the var-
ious regions implicated and determine unique associations between
brain activity and impulsive behavior. In terms of neural activity,
although a number of regions were individually correlated with be-
havioral performance, two regions in particular were substantially
and uniquely associated with level of impulsivity, the medial frontal
gyrus and temporoparietal cortex, and the relative balance between
the two predicted over half the variation in behavioral performance.
Specifically, medial frontal gyrus activity was positively associated
with discounting, whereas temporoparietal cortex activity was nega-
tively associated with discounting. This opposing directionality is
broadly consistent with the competing systems hypothesis, in which
motivational drive and regulatory inhibition jointly determine the
behavioral outcome (McClure et al., 2004; Bickel et al., 2007).

4.2. Considerations and limitations

As a preliminary study in this area, it is important to note that
there are also a number of interpretive considerations and limita-
tions. For example, decision making for monetary rewards was asso-
ciated with significantly higher activity in the VS compared to
cigarette rewards, which was surprising, as the VS is believed to
play an important role in processing incentive salience (Voorn et al.,
2004) and would be expected to be more sensitive to a consumable
drug reward. However, it is also possible that monetary rewards
may in fact have been more salient to the participants because they
were of relatively low income and, having just smoked a cigarette,
were satiated in terms of nicotine. This hypothesis is testable in future
studies manipulating commodity deprivation. Another consideration
is that money and cigarettes may have some identification overlap
(e.g., money is directly exchanged for cigarettes) and clarifying
Please cite this article as: MacKillop, J., et al., The neuroeconomics of nico
etaryand cigarette rewards..., Psychiatry Research: Neuroimaging (2012
brain activity differences in commodity-based decision making may
benefit from using multiple commodities (e.g., money, food, water,
cigarettes) or cross-commodity decision-making (drug today versus
money in the future; e.g., Bickel et al., 2011). Studies using designs
such as these would have the potential for substantially clarifying
commodity-specific and non-specific brain activity. Likewise, differ-
ences in lateralization were also not predicted, but, the fact that
choices for cigarette rewards were largely subserved by the left hemi-
sphere, which is associated with more hedonic and affectively in-
formed decision making (Schluter et al., 2001; Demaree et al., 2005;
Hecht, 2010), may reflect less deliberate consideration of exact num-
bers of cigarettes and more consideration of the subjective appeal of
smoking. This is necessarily conjecture, but represents an empirical
question for future research. Finally, the absence of a behavioral com-
modity effect was unexpected, however, previous studies have trans-
lated dollars into packs of cigarettes (e.g., Baker et al., 2003), not
individual cigarettes, which may explain the difference. Delay dis-
counting is typically subject to robust magnitude effects— greater im-
pulsivity for smaller rewards and vice versa (e.g., MacKillop et al.,
2010). As such, the two different conversions result in much larger nu-
meric values or much lower numeric values in the task. In the case of a
conversion to individual cigarettes, the magnitude effect of a large nu-
meric value may have canceled out the commodity effect behaviorally,
although the fMRI nonetheless revealed a distinct profile of activation.
This commodity and magnitude effect interaction is speculative, but it
is a plausible explanation for this divergence from previous studies.

In terms of limitations, the sample size was self-evidently suffi-
cient to detect an array of significant differences, but a larger sample
would be expected to bring these effects into sharper relief for the re-
gions implicated and identify several additional ones. For example, in
the general discounting behavior analyses, the VS, left AIC, and precu-
neus exhibited differences in magnitude that would be expected to be
statistically significant in an only modestly larger sample. Moreover,
the presence of notable differences in the commodity-based differ-
ence requires caution be applied to the general decision-making find-
ings. Some of these differences may have effectively canceled each
other out, meaning that the observed common regions effectively
met a higher threshold of being present in spite of commodity differ-
ences. The relatively small number of items per category meant that
further fractionation of the stimuli was not viable and future studies
will be necessary to more comprehensively characterize regions
responsible for domain-general and commodity-specific aspects of
discounting. Given the high overall levels of discounting observed,
this also suggests that the items used in this study, which came
from the Monetary Choice Questionnaire (Kirby et al., 1999), may
not be optimally sensitive for characterizing variation in discounting
in neuroimaging research. Rather, stimuli from a more traditional
delay discounting task that include a broader array of amounts and
delays might be necessary to provide a high-resolution characteriza-
tion (e.g., Bickel et al., 2009). Another methodological point that is
relevant is that the order of stimuli was counterbalanced in general
(i.e., money–cigarettes–money-cigarettes), but not by participant, so
it is possible that order had an effect on the findings. Finally, it should
be noted that the protocol did not comprehensively assess concurrent
drug use and psychiatric symptoms among the participants, which
could have influences on brain activity or behavior and could not be
evaluated.

4.3. Applications

Recognizing the preceding considerations, the current study none-
theless provides proof-of-concept that a neuroeconomic approach
has promise for studying nicotine dependence. As such, there are sev-
eral clear directions for the future. Although this study provides initial
evidence of the neurocognitive substrates underlying discounting and
notable commodity differences, more comprehensive studies will be
tine dependence: A preliminary study of delay discounting of mon-
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essential for fully characterizing discounting in smokers, both for
monetary and cigarette rewards, and in comparison to non-smokers
or occasional smokers. However, an important factor is that smokers
and non-smokers differ significantly in terms of both vascular and
brain health (e.g., Paul et al., 2008), which could affect BOLD response
and should be controlled for to the extent possible. Given the sample
size, the current study could not examine differences between males
and females, but, as sex differences have been implicated in the rela-
tionship between discounting and smoking (Jones et al., 2009), that is
another direction for future work. Similarly, the role of withdrawal
(and by association, craving), which has previously been shown to
significantly increase discounting (e.g., Field et al., 2006), is another
promising target for future studies. Finally, impulsive discounting is
a risk factor for smoking cessation treatment failure (Krishnan-Sarin
et al., 2007; Yoon et al., 2007; MacKillop and Kahler, 2009; Sheffer
et al., 2012) and the current study suggests a neuroeconomic
approach may clarify the brain regions responsible for treatment
outcome.

4.4. Conclusions

The current study applied a neuroeconomic approach to under-
stand impulsive delay discounting in individuals with nicotine depen-
dence. The brain regions associated with discounting converged with
a number of previous studies and, in some cases, were closely associ-
ated with behavioral performance, but the study also revealed a qual-
itatively different pattern of brain activity for discounting of cigarette
rewards. Although a number of considerations and limitations apply,
these findings suggest the high promise of applying a neuroeconomic
approach to understand the etiology, maintenance, and treatment of
nicotine dependence.
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