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Abstract: In previous work, smokers showed steeper devaluation of delayed rewards than non-
smokers. While the neural correlates of this link between nicotine dependence and delay of discount-
ing are not established, altered activity in executive networks may relate to impaired delayed gratifica-
tion. The goal of this study was to examine neural correlates of discounting and their relation to
nicotine dependence. Thirty-nine smokers and 33 non-smokers completed a functional magnetic reso-
nance imaging (fMRI) intertemporal choice task in which they made individualized Hard (similarly
valued), easy (dissimilarly valued), and control monetary choices. FMRI data were analyzed using a
group independent component analysis and dual regression. Smokers discounted more steeply than
non-smokers, although this difference was only significant among severely dependent smokers. Inter-
temporal choices recruited distinct left- and right-lateralized fronto-parietal networks. A group-by-
difficulty interaction indicated that smokers, relative to non-smokers, exhibited less difficulty-
sensitivity in the right fronto-parietal network. In contrast, smokers showed greater functional connec-
tivity between the left fronto-parietal network and the left fronto-insular cortex. Moreover, the degree
of functional connectivity between the left fronto-parietal network and left fronto-insular cortex was
significantly correlated with individual differences in discounting. Thus, greater functional coupling
between the anterior insula and left fronto-parietal network is a candidate neural substrate linking
smoking and impulsivity. Given the anterior insula’s role in interfacing cognitive and interoceptive
processing, this altered functional connectivity may relate to an addiction-related bias towards immedi-
ate rewards. Hum Brain Mapp 35:3774-3787, 2014.  © 2014 Wiley Periodicals, Inc.
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INTRODUCTION

Delay discounting involves the devaluation of expected
outcomes as a function of their anticipated delay. The
desire to take an immediate reward rather than waiting
for a larger one reflects fundamental issues of self-control.
Thus, a logical hypothesis is that people who discount
more steeply should be at greater risk for developing
problems related to self-control, including addiction (Ain-
slie and Haendel, 1983; Bickel and Johnson, 2003). Consist-
ent with this hypothesis, greater delay discounting has
repeatedly been associated with addictive behaviors,
including gambling (Alessi and Petry, 2003), illicit drug
use (Bickel et al., 2001; Kirby et al., 1999; Kirby and Petry,
2004), and cigarette smoking (Bickel et al., 1999; Mitchell,
1999; Odum et al., 2002; Reynolds et al., 2004; Reynolds,
2006). Moreover, among smokers, there is evidence of an
association between steeper discounting and more severe
dependence (Heyman and Gibb, 2006; Ohmura et al., 2005;
Sweitzer et al, 2008) and more difficulty quitting
(Krishnan-Sarin et al., 2007; Yoon et al., 2007). These find-
ings, along with evidence that steep discounting predicts
subsequent initiation of smoking among adolescents
(Krishnan-Sarin et al., 2007), are consistent with the possi-
bility that low valuation of delayed expected outcomes rel-
ative to immediate expected outcomes may contribute
causally to nicotine dependence.

The well-documented connections between delay dis-
counting and smoking, as well as other addictive behaviors,
presents an opportunity for systems-level neuroscience
research on addiction. It is not currently practical to study
brain function during the moments when individuals initi-
ate, escalate, and relapse to drug use. However, the neural
correlates of intertemporal decision-making can be studied.
If intertemporal choice tasks capture aspects of decision-
making relevant to drug use, then they can serve as models
for some aspects of drug-related decision making. Because
of this perceived potential as a model task, many recent
studies have paired delay discounting with functional mag-
netic resonance imaging (fMRI). Several brain regions have
been implicated in these paradigms, including sectors of lat-
eral prefrontal cortex, dorsal parietal cortex, insular cortex,
ventral striatum (VS), posterior cingulate cortex (PCC), and
medial prefrontal cortex (mPFC; Carter et al., 2010; Monter-
osso and Luo, 2010; Peters and Buchel, 2011; Scheres et al.,
2013). The activity in the VS, PCC, and mPFC are hypothe-
sized to track value during intertemporal choice, although
there is no consensus on the specific roles these regions
play in delay discounting (Kable and Glimcher, 2007;
McClure et al., 2004; McClure et al., 2007). Numerous stud-

ies have shown that the lateral sector of prefrontal cortex
and other regions implicated in executive control, such as
the anterior cingulate cortex (ACC) and parietal cortex, are
recruited during difficult intertemporal decisions (Hoffman
2008; McClure, 2004; Meade et al., 2011; Monterosso, 2007).
Furthermore, there is some evidence that these brain
regions tend to be more active when more patient choices
are made (Luo et al., 2012; McClure et al., 2004; Rubia et al.,
2009; Weber and Huettel, 2008; Wittmann et al., 2007),
which could signify top-down modulation of value signal-
ing in reward-processing structures, such as the mPFC
(Hare et al., 2009).

Neuroimaging work addressing neural correlates of steep
delay discounting in both clinical and healthy populations
have suggested at least two markers of problematic inter-
temporal decision-making processes: (1) hyper-activation in
response to expected imminent reward within reward and
value-tracking regions (Hariri et al., 2006, MacKillop et al.,
2012), and (2) hypo-activation during intertemporal
decision-making within brain regions implicated in deliber-
ative decision-making and cognitive control (Boettiger et al.,
2007, Monterosso et al., 2007, MacKillop et al., 2012;
Stoeckel et al., 2013; Wittmann et al., 2007). Consistent with
the idea that these patterns characterize pathological deci-
sion processes, clinical populations with disorders linked to
impulsivity (e.g., pathological gamblers, attention deficit
hyperactive disorder patients, methamphetamine abusers,
HIV-positive cocaine users) have evidenced either high acti-
vation in the VS and mPFC during intertemporal choices
(Miedl et al,, 2012), or low recruitment of the lateral pre-
frontal cortex, parietal cortex or ACC during far-sighted
choices (Rubia et al., 2009) or difficult intertemporal choices
(Hoffman et al., 2008; Meade et al., 2011; Monterosso et al.,
2007).

To date, the majority of delay-discounting fMRI studies
have described a constellation of regions and it is not clear
whether the identified regions represent one, or perhaps
more than one, coherent functional network. An increasing
number of studies have shifted from nodes to networks as
the primary unit of analysis in mapping neural correlates
of decision-making (Laird et al., 2011) and inhibitory con-
trol (Congdon et al., 2010). These functional brain net-
works are defined as sets of regions with activity that
covaries over time, and have been reliably identified in
both resting-state and task-related studies using seed-
based correlations (Dosenbach et al., 2007) or independent
component analyses (ICA; Allen et al., 2011; Biswal et al.,
2010; Laird et al.,, 2011; Leech et al.,, 2011; Smith et al.,
2009). An ICA, in particular, holds an important advantage
over mean subtraction analyses in that it disentangles
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distinct functional activation timecourses that are inter-
mingled within a given voxel. As a result, an ICA can dis-
sociate patterns of activity within partially overlapping
networks, which would be indistinguishable in a conven-
tional mean subtraction (Xu et al., 2013a, b).

Recent findings suggest that several functional networks
may play an important role in delay discounting (Laird
et al., 2011; Li et al., 2013). For example, Li et al. (2013)
determined that activity in a left fronto-parietal network,
fronto-striatal network, and a cingulo-opercular/right
fronto-parietal network were associated with the timing,
value, and choice aspects of delay discounting, respec-
tively. Moreover, the strength of resting-state functional
connectivity within these networks predicted individual
differences in discounting rate. Consistent with these find-
ings, a recent meta-analysis linked delay discounting to
activity in the fronto-striatal network (FSN), default mode
network (DMN), right/left fronto-parietal networks, and a
thalamic network by matching metadata clusters from the
BrainMap database (http://www.brainmap.org) to brain
network templates acquired at rest (Laird et al., 2011).
Notably, the fronto-parietal networks identified in these
studies also coincide with delay-discounting regions
uncovered in earlier studies using mean subtraction meth-
ods (McClure et al., 2004). For example, one fMRI study
showed that fronto-parietal regions were preferentially
engaged when participants discounted future gains and
losses, whereas the DMN and FSN were preferentially
engaged during the processing of immediate rewards
(Xu et al., 2009). Relatedly, the strength of functional
coupling between the ACC and dIPFC—primary nodes
within fronto-parietal networks—has been associated
with steepness of discounting and tends to be higher in
cocaine users (Camchong et al., 2011). Together these find-
ings suggest that the fronto-parietal networks are an
important substrate of the common discounting process
and support higher cognitive aspects of decision making,
such as farsightedness and a more deliberative deferral of
gratification (Miller and Cohen, 2001; Smith and Jonides,
1999).

Numerous neuroimaging studies have also shown that
smoking influences large-scale network dynamics. For
example, smoking has been shown to alter resting-state
functional connectivity in the DMN and two executive net-
works, including the cingulo-opercular network and fronto-
parietal network (Ding et al., 2013; Cole et al., 2010). More
recently, functional connectivity analyses have not only
been used to identify smoking-related network changes, but
also to examine how these network differences are modu-
lated by the severity of nicotine dependence (for a review,
see Sutherland et al., 2012). For example, increased func-
tional connectivity between the dorsal ACC and lateral pari-
etal cortex—two nodes typically attributed to fronto-parietal
networks—has been reported following acute nicotine
administration (Hong et al.,, 2009). Given evidence that
fronto-parietal networks are also involved in delay dis-
counting, it is possible that altered executive network

activity may contribute to behavioral differences between
smokers and non-smokers.

Despite the promise of network approaches in identify-
ing the neural correlates of nicotine addiction, functional
connectivity methods have not, to our knowledge, been
used to examine the neural bases of the steep discounting
observed in cigarette smokers. Thus, the aim of the present
study was to determine the neural correlates of abnormal
delay discounting observed among cigarette smokers. To
provide a novel network-level account of brain function
associated with intertemporal choice, we first used a group
ICA to identify task-relevant functional networks. Next,
the timecourses of these task-related networks were ana-
lyzed in a general linear model (GLM) to determine how
the degree of network-engagement differed according to
intertemporal choice difficulty and between smokers and
non-smokers. Finally, we used a dual regression approach
to determine how functional connectivity within intertem-
poral choice-related networks related to smoking behavior
and delay discounting.

METHODS
Participants

Recruitment was done through postings on Craigslist.-
com. Three hundred and thirty-eight individuals signed
informed consent to be interviewed for inclusion in the
study. Two hundred and twenty-nine self-identified as cig-
arette smokers and one hundred and nine self-identified
as non-smokers. From this original pool, 52 smokers and
50 non-smokers met all inclusion/exclusion criteria and
completed the delay-discounting neuroimaging task. How-
ever, 30 of the 102 (29.4%) were not included in this
report, due to either artifact in neuroimaging data related
to head motion (n=8) or because performance indicated
that the individualization of the intertemporal choice task
was not successful (n=22). Individuation of the choice
task was considered unsuccessful if either the participant
did not choose an alternative generated to be of substan-
tially greater present value on >15% of trials, or the partic-
ipant chose the same alternative on >85% of the trials
intended to be present-value equivalent (e.g., always or
nearly always chose the delayed option or the immediate
option on trials in which the alternatives were individual-
ized to be equally attractive). This report is based on the
remaining 72 participants (33 non-smokers and 39 smok-
ers). All smokers were nicotine-dependent according to
DSM-IV criteria, as assessed using the M.LN.I. (Sheehan
et al., 1998). Both groups had no history of Axis I or II
pathology or neurological disorders. Additionally, smoker
inclusion required (1) self-reported smoking of at least 15
cigarettes per day for at least 2 years, and (2) biochemical
confirmation of smoking by either carbon monoxide in
expired breath during a baseline visit of at least 15 ppm,
or a positive cotinine urinalysis (cutoff level =200 ng/ml).

* 3776 &


http://www.brainmap.org

¢ Neural Correlates of Discounting in Smokers ¢

The two groups did not differ significantly in gender or
race, however, as can be seen in Table I, the smokers in
this sample were significantly older and less educated
than the non-smokers (ps<0.01). Among smokers,
Fagerstrom scores (Heatherton et al., 1991) ranged from 1
to 9, with a mean of 4.97 £1.90, and the group smoked on
average 19.4 = 4.3 cigarettes per day (Table I).

Behavioral Assessment of Delay Discounting

Prior to neuroimaging, a computerized version of the
Monetary-Choice Questionnaire developed by Kirby et al.
(1999) was used to assess individual level of delay dis-
counting. Participants were instructed to select alternatives
they preferred between smaller immediate rewards (rang-
ing from $11 to $80) and larger delayed rewards (ranging
in amount from $20 to $85 and in delay from 7 to 186
days). Participants’ delay discounting level was estimated
by fitting data to the discount function equation: [Eq. (1)]
V=A/(1+kD), in which V is the value of the amount A
at delay D (in days), and the best-fit value for parameter k
is the index of delay discounting (Ainslie and Haendel,
1983; Kirby et al., 1999; Mazur, 1987). Participants were
instructed that one choice made during their session
would be randomly selected for payout using gift cards,
and if the item selected had an associated delay, that the
gift card would be activated on the corresponding day.
The participant was assured that a replacement would be
provided if a gift card were lost. The detailed description
of the method for computing the best-fit parameter is
included in Monterosso et al. (2007). The overall level of
delay discounting as captured by the fit parameter k" was
transformed by natural log prior to parametric analyses.
Group differences in discounting behavior were analyzed
by an independent samples ¢ test, and by one-way analysis
of covariance (ANCOVA) adjusting for age and education.

With regard to smoking severity, prior work examining
the association between discounting and severity of smok-
ing has operationalized the latter as either reported ciga-
rettes per day, or as score on the Fagerstrom Test for
Nicotine Dependence (Heyman and Gibb, 2006; Ohmura
et al., 2005; Sweitzer et al., 2008). Thus, we included both
measures in our initial investigation of the severity-

discounting association. However, it should be noted that
at least one study that looked at cigarettes per day did not
find an association to discounting (Johnson et al., 2007)
and the only study of which we are aware that separated
these constructs (i.e., cigarettes per day vs. Fagerstrom
Test for Nicotine Dependence) found Fagerstrom scores to
be more robustly associated with steepness of discounting
(Sweitzer et al., 2008).

Delay Discounting Task Paired With fMRI

The fMRI delay discounting choice task utilized a block
design. The task consisted of two runs, each of which con-
tained four “Hard choice” blocks, four “Easy choice”
blocks, and four “Control choice” blocks. Hard choices
presented participants with a smaller but immediate alter-
native and a larger but delayed alternative ranging from
$21 to $60, and delayed by 90 to 150 days. The amount of
the immediate alternative was computer-generated based
on the model fit [Eq. (1)] of participants” responses during
the initial behavioral assessment of individual delay dis-
counting. For alternatives in the Hard choice blocks, the
immediate alternative was the amount that, given the indi-
vidual’s k-parameter fit, was expected to be equally valued
to the delayed alternative (rounded to the nearest dollar).
For Easy choice blocks, the same procedure was imple-
mented except the k value used to generate the immediate
alternative was either one logj, step larger (50%) or one
logyp step smaller (50%) than the participant’s k parameter
fit. This was intended to produce blocks of intertemporal
choices with a clear preferred alternative, i.e., the immedi-
ate when a log step smaller k value was used, and the
delayed when a log step larger k value was used. Control
trials did not include an intertemporal component. Alter-
natives in Control trials did not differ in immediacy but
did differ in amount by as much as a factor of 2. For
example, for a participant whose behavior is characterized
by a hyperbolic discount function [Eq. (1)] with a parame-
ter fit of k=0.01, $25 Today vs. $50 in 100 days would be
present-value equivalent (a Hard Choice), $5 Today vs.
$50 in 100 days (corresponding to k= 0.1) or $45 Today vs.
$50 (corresponding to k= 0.001) could be Easy trials, and
$50 in 100 days vs. $25 in 100 days could be a Control

TABLE I. Demographics data

Smokers

Non-smokers Significance

Gender 33.3% female

Race 59.0% European ancestry, 28.2%
African ancestry, 2.6% Hispanic,
11.2% other

Age 359 x87

Education (years) 143 +1.8

Fagerstrom 4.97 =1.90

Cigarettes per day 194+43

Smoking duration (years) 16.7+9.1

46.9% female

59.3% European ancestry, 11.1%
African ancestry, 14.8% Hispanic,
14.8% other

2 (1)=2.18, P=0.14
2 (3)=5.63, P=0.13

301+72 t(70) = 3.0, P < 0.01
156+ 1.5 t(70) = 3.3, P < 0.01
NA NA
NA NA
NA NA
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Trial. Each trial lasted 8 s, during which time, the two
alternatives were presented on either side of the screen
separated by a line (the side was randomized) and partici-
pants were free to indicate their preferences at any time
by pressing the button that corresponds to the preferred
option. After 5 s, if a response has not been made, the
instruction “Please Respond” appeared at the bottom of
the screen. The text of selected alternative was changed
from white to yellow, and the screen turned blank until
next trial. Trials were distributed in blocks, each composed
of three trials of the same type (Hard Choice, Easy Choice,
or Control Choice). Each participant performed two con-
secutive task runs (each run lasted 4 min and 48 s), sepa-
rated by a 4-min structural image acquisition.

MRI Acquisition

MRI scanning was performed in the Dana and David
Dornsife Cognitive Neuroscience Imaging Center at USC
using 3T Siemens MAGNETOM Tim/Trio system with a
standard 12-channel birdcage head-coil. Participants laid
supine on a scanner bed, viewing stimuli through a mirror
mounted on the head coil. Blood oxygen level-dependent
signal was acquired by echo planar imaging (EPI)
sequence with prospective acquisition correction (sequence
parameters included TR =2's, TE = 30 ms, flip angle = 90°,
FOV =192, in-plane resolution =64 X 64). A total of 32
axial slices were used to cover the whole brain with no
gap. A high-resolution 3D magnetization prepared rapid
gradient echo sequence (TR=2530 ms; TE=2.62 ms;
bandwidth =240 Hz/pixel; flip angle=90° slice
thickness =1 mm; field of view =256 X256 mm?) was
used to acquire anatomical images.

fMRI Preprocessing and GLM Set-up

The fMRI data were first analyzed using a whole-brain
GLM. All fMRI data were processed using fMRI Expert
Analysis Tool version 5.98, part of the Oxford University
Centre for Functional MRI of the Brain Software Library
(http:/ /www.fmrib.ox.ac.uk/fsl). A total of eight func-
tional volumes (4 TRs) were discarded in order to account
for magnetic saturation effects. The fMRI data were pre-
processed with a high-pass filter =100 s and spatially
smoothed with a Gaussian kernel of full-width at half-
maximum =5 mm. The functional volumes were realigned
to each participant’s respective T1-weighted anatomical
image, and then normalized into standard space [Montreal
Neurological Institute (MNI)] using affine transformation
(Jenkinson and Smith, 2001).

A GLM was used to analyze task-related modulation of
the mean functional network timeseries across the task. In
the GLM, we included three task regressors representing
Hard choice blocks, Easy choice blocks, and Control choice
blocks. A set of contrasts were used to examine temporal
fluctuations in network activity that were associated with

intertemporal choices in general ([Hard + Easy] — Control)
and varied according to intertemporal choice difficulty
(Hard-Control and Easy-Control) using one-sample ¢ tests.

Group ICA

To identify functional networks with significant variance
contributions to the dataset, we conducted a group ICA
using the MELODIC tool in FSL. An ICA is a data-driven
approach that decomposes multivariate signal into spa-
tially and temporally distinct components. The prepro-
cessed fMRI data from the 144 runs (2 per participant)
were temporally concatenated into a single 4D file. Spa-
tially independent components were variance normalized
and thresholded using an alternative hypothesis test fitting
a Gaussian/Gamma mixture model to a histogram of
intensity values, with a significance level of P <0.05. The
group ICA produced a 153 X 145 matrix for each compo-
nent, with each row representing the component’s tempo-
ral responses per TR. The first column of the matrix
represented the first eigenvector of the temporal responses
from all of the different fMRI runs, whereas the remaining
columns corresponded to each fMRI run’s temporal
responses. For the subsequent temporal regression, this
group-level matrix was divided into single-column text
files containing run-specific temporal responses (two per
participant) for each group independent component.

Following the ICA, the mean functional image from the
concatenated dataset was affine registered to the MNI152 2
mm standard brain using 12 degrees of freedom. This
functional-to-standard space transformation was then used to
up-sample the component maps into 2 mm standard space to
aid in template matching. The normalized component maps
were spatially cross-correlated with 10 intrinsic brain network
templates acquired by Smith et al. (2009) to distinguish brain
networks from artifactual components and to identify canoni-
cal networks corresponding to identified components.

Intertemporal Choice-Related Changes
in Functional Network Activity

To determine how functional network engagement dif-
fered by Group and intertemporal choice Difficulty, the
run-specific temporal responses, that is activity timecourses,
of each component were fit to each run’s respective GLM
design matrices. This temporal regression approach enabled
us to identify components as task-relevant by comparing
how effectively each regressor could account for within-
subject variability in component activity across the task.
Specifically, using one-sample t tests, we identified group
components that were significantly more active during
intertemporal choice blocks ([(Hard + Easy) — Control]).
These components were considered task-relevant and sub-
jected to further analyses. The components that did not
meet this criterion were not included in subsequent analy-
ses, thereby limiting the number of statistical tests that
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were carried out. For each task-relevant component and
participant, a fixed-effects analysis was conducted by con-
catenating the component’s temporal responses and the
design matrices from each participant’s two fMRI runs.
These temporal regressions resulted in a set of beta weights
for each participant and contrast (i.e., Hard-Control and
Easy-Control) that indicated the degree to which functional
component activity was modulated by intertemporal choice
Difficulty. These contrast estimates were entered into a
2 X 2 repeated-measures ANCOVA with Difficulty (Easy or
Hard) and Group (Smoker or Non-Smoker) modeled as
within- and between-subjects factors, respectively, and age
and education modeled as nuisance covariates.

Spatial Integration Within Intertemporal
Choice-Related Functional Networks

In order to explore possible spatial group differences in
networks related to intertemporal choice, we used dual
regression to derive participant-specific timecourses and
spatial maps corresponding to each component (Beckmann
et al., 2009). This method has been shown to be superior to
component template matching and has high reproducibility
and test-retest reliability (Zuo et al., 2010). The dual regres-
sion procedure involved four steps: (1) The unthresholded
group component spatial maps were linearly regressed
against the individual preprocessed datasets to produce
run-specific mean timecourses for each component; (2) The
run-specific timecourses were variance-normalized and used
as predictors in a temporal regression to create correspond-
ing run-specific spatial maps for each group component;
notably, this method holds an advantage over seed-based
functional connectivity approaches in that it regresses out
the influence of other nuisance signals (every other compo-
nent); (3) each participant’s two run-specific spatial maps
were averaged to produce participant-specific components;
and (4) All of the participant-specific spatial maps for each
task-relevant group-level component were merged into sep-
arate 4D files, with each 3D volume representing a single
participant’s spatial map for that component. These 4D com-
ponent files served as inputs for cross-participant statistics.

To determine whether the spatial characteristics (i.e.,
voxel-wise functional connectivity) of the task-relevant net-
works differed between smokers and non-smokers, we
performed a masked voxel-wise regression using the
group-level spatial component maps produced by the
ICA. Multiple linear regressions were constrained to vox-
els within a binarized mask of the task-relevant compo-
nents (z>2.3) in order to compare smoker vs. non-smoker
differences in intra-network functional connectivity.
Non-parametric tests were conducted voxel-wise via the
randomize tool in FSL and group differences in network
functional connectivity were analyzed using a two-sample
unpaired t test. A total of 5,000 permutations were carried
out and significant clusters were corrected for multiple
comparisons using threshold-free cluster enhancement

(Smith and Nichols, 2009). Results for the network-masked
regressions are reported at P < 0.05, corrected.

Functional Network Integration
Scores and Discounting

An ROI analysis was performed in order to determine
whether smoker vs. non-smoker differences in intra-
network functional connectivity were associated with sever-
ity of nicotine dependence and discounting behavior
[parameter-fit k in Eq. (1)]. Beta weights, or integration
scores, for regions showing spatial differences between
smokers and non-smokers were extracted from each partici-
pant’s task-related network functional connectivity maps
output by the dual regression. These integration scores
indexed the degree of functional integration between the
ROIs and their respective networks across the entire inter-
temporal choice task. Pearson’s partial correlations were
performed between the functional integration and discount-
ing scores to determine whether differences in integration
scores mediated the group differences observed in discount-
ing behavior. In addition, among smokers, we examined
the association between the integration scores and individ-
ual differences in smoking severity.

RESULTS
Behavioral Findings

The median k-value parameter was 0.025 for smokers,
and 0.010 for non-smokers. As points of reference, relative
to $100 in 100 days, these median best-fit parameters cor-
respond to an indifference immediate amount of $28 and
$50, respectively. For statistical comparisons, these param-
eter estimates were first normalized using a natural log
transformation and then subjected to an ANCOVA with
age and years of education included as covariates, which
did not indicate a significant group difference in discount-
ing, F(68,1) =2.39, P =0.13. It is noteworthy that reported
years of education, which was lower among smokers, was
associated with delay discounting across the entire sample,
r(72) = —0.25, P =0.04. Indeed, without adjusting for edu-
cation, the group statistic in the model was significant,
F(1,69) =4.82, P=10.03.

Since Fagerstrom scores were ordinal, their relationship
to discounting was assessed using the rank-based Spear-
man’s Rho test. Severity of dependence was significantly
positively correlated with steepness of discounting,
r(39) =0.33, P=0.04. No relation was observed between
delay discounting and cigarettes smoked per day,
r(39) =0.03, P =0.86. Therefore, Fagerstrom scores were
used as the primary index of smoking severity in neuroi-
maging analyses. In a post hoc analysis, we reconsidered
the comparison of discounting between smokers and non-
smokers, including only smokers with Fagerstrom scores
in the top half of our distribution (>5), which corresponds
to the scale’s recommended cut-off score for “High
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Dependence” (http://www.health.wa.gov.au/smokefree/
docs/Fgerstrom_Test.pdf). Among this group of severely
dependent smokers, discounting was steeper than among
non-smokers, even after adjusting for education and age,
F(1,53) = 4.4, P=0.04.

Due to a programming error, reaction time data were
not recorded on fourteen participants. For the remaining
58 participants, a repeated-measures analysis was per-
formed examining reaction time as a function of Difficulty
(a within-subjects factor) and Group (a between-subjects
factor). Responses differed by Difficulty, F(2,55)=33.20,
P <0.001. The source of this interaction was significant
slowing during the Hard choice condition (mean
RT=216=*058 for Hard, 1.70+0.28 for Easy, and
1.72 £ 0.28 for Control trials). Choice RT did not differ as a
main effect of Group, F(1,56)=0.01, P=0.93, nor as a
function of Group X Difficulty, F(2,55) = 0.84, P = 0.43.

ICA Results

The group ICA produced a total of 22 independent com-
ponents in the dataset. To identify the functional signifi-
cance of these networks, each component was spatially
cross-correlated with 10 intrinsic brain network templates
acquired by Smith et al. (2009). Each of these 10 canonical
networks were identified in the dataset: (1-3) Primary (V1;
r=0.53), secondary (occipital pole: »=0.40), and tertiary
(ventral lateral occipital; r=0.27) visual networks; (4)
the DMN (r=0.62); (5) a cerebellar network (r =0.3); (6)
a sensorimotor network (r=048); (7) an auditory
network (r = 0.54); (8) an executive control or salience net-
work (r=0.49); (9) a right-lateralized fronto-parietal net-
work (r=0.48); and (10) a left-lateralized fronto-parietal
network (r=0.4). Though these components were identi-
fied as the best spatially-matched components to the 10
canonical network templates in Smith et al. (2009), seven
other components also demonstrated high correspondence.
Specifically, these components were good matches for the
secondary visual network (r=0.24), auditory network
(r=0.42 and r = 0.28), right-lateralized fronto-parietal net-
work (r=0.34), and salience network (r=0.4, r=0.28, and
r=0.26). The five remaining group components were
deemed artifactual (e.g., physiological) due to predomi-
nant activation in white matter, ventricles, or vasculature,
head movement, or signal dropout.

Group Independent Components
Related to Intertemporal Choices

Of the 17 components identified as brain networks, only
two satisfied a priori criterion for task relevance (greater
recruitment during intertemporal choices than during Con-
trol blocks): the left fronto-parietal network and right
fronto-parietal network, £(71) =2.72, P=0.008 and t(71) =
2.88, P=0.005, respectively. Thus, only these two net-
works were carried forward for subsequent analysis.

Comparison of Intertemporal
Choice-Related Functional Networks
Between Smokers and Non-smokers

To determine whether activity in the left and right
fronto-parietal networks differed as a function of choice
difficulty or group, we performed a 2X2 X2 repeated-
measures ANCOVA with Group as a between-subjects fac-
tor and Network and Difficulty as within-subjects factors.
After controlling for age and education, we found a signif-
icant Group X Difficulty X Network interaction effect,
F(1,68) =4.43, P =0.039. To better interpret the directional-
ity of this interaction, we plotted the mean beta weights
by Group and Difficulty for the two networks, separately
(Fig. 1). A follow-up 2X2 ANCOVA for just the right
fronto-parietal network revealed a significant Group X Dif-
ficulty interaction effect, F(1,68) = 8.05, P =0.006. An inde-
pendent sample ¢ test confirmed that the interaction effect
in right fronto-parietal network activity was driven by
greater differences between smokers and non-smokers
during the Hard than Easy condition, #(70) = 2.1, P <0.04.

Since smokers exhibited less difficulty-sensitivity in right
fronto-parietal network activity, we next examined
whether the difference score for Hard-Easy blocks was
related to discounting behavior and smoking severity.
Across the sample, we did not observe a relationship
between the magnitude of difficulty-differentiation in the
right fronto-parietal network and discounting, r(72) =0.13,
P=0.29. We also did not observe a relationship between
the same difficulty differentiation score and smoking
severity among the smokers, r(39) = —0.16, P = 0.34.

Spatial Differences in Task-Related
Network Functional Connectivity

To investigate smoker vs. non-smoker differences in intra-
network functional connectivity for the left and right
fronto-parietal networks, we conducted voxelwise linear
regressions using non-parametric permutation testing. The
regression analyses revealed a small cluster in the left
fronto-insular cortex that was significantly more functionally
coupled with the left fronto-parietal network in smokers
than non-smokers (P < 0.05). No significant group differen-
ces were observed in the right fronto-parietal network.

Since altered left fronto-parietal network functional con-
nectivity was associated with greater FIC integration in
smokers than non-smokers, we explored the possibility that
these group differences would be greater when comparing
non-smokers with a subset of smokers who were severely
nicotine-dependent. As in the behavioral analysis above,
this sub-group (1 = 24) was defined as smokers who scored
a 5 or above on the Faegerstrom Scale. Confirming our
hypothesis, the highly nicotine-dependent sub-group
showed greater functional integration between the left
fronto-parietal network and left fronto-insular cortex than
the non-smokers (P =0.002). Furthermore, the size and
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Figure I.

Comparison of mean parameter estimates from the two task-
related functional networks identified by the ICA, the right-
lateralized fronto-parietal network (red) and left-lateralized fronto-
parietal network (blue). The means are separated by Group
(Smoker vs. Non-Smoker) and Difficulty (Hard-Control vs. Easy-

extent of the fronto-insular cluster was larger and encom-
passed the posterior lateral orbitofrontal cortex (Fig. 2).

To determine whether functional integration (ie., syn-
chronous activity) between the left fronto-parietal network
and left fronto-insular cortex was associated with discount-
ing behavior, we performed Pearson’s partial correlations
while controlling for the influence of age and education.
The degree of left fronto-parietal network-fronto-insular cor-
tex integration was significantly positively correlated with
the steepness of discounting, r(68)=0.29, P=0.016. This
brain-behavior relationship was not significant within non-
smokers, 7(29) =0.016, P =0.93, but was significant in the
smoker sub-group, #(35) = 0.39, P = 0.018 (Fig. 2).

Based on our finding that steepness of discounting var-
ied as a function of smoking severity, we conducted sepa-
rate post hoc partial correlations within the non-smokers 33
non-smokers and 24 severe smokers. Since the whole-brain
severe smoker >non-smoker cluster was larger than the
cluster from the comparison with all smokers, this new

Control). The difference in right fronto-parietal network activity
between Hard-Control vs. Easy-Control choices was significantly
greater in non-smokers than smokers. Bars represent standard
errors of the means. *P < 0.005. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]

cluster (Fig. 2) was used to extract mean left fronto-parietal
network-fronto-insular cortex integration scores. As illus-
trated in Figure 2, the partial correlation analysis revealed
that discounting was not significantly associated with
degree of functional coupling between the left fronto-
parietal network and left fronto-insular cortex in the non-
smokers, 7(29) =0.012, P =0.95. In contrast, smokers dem-
onstrated a marginally significant relationship between
steeper discounting and left fronto-parietal network func-
tional integration of the left fronto-insular cortex, r(20)=
0.37, P =0.087.

Functional Coupling Between the Left
Fronto-Parietal Network and Left Fronto-Insular
Cortex as a Mediator of the Influence of
Smoking Severity on Discounting

Within severe smokers, our partial correlation analyses
revealed an association between the left fronto-parietal
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Figure 2.

Significant mean functional connectivity differences in the left fronto-
parietal network (FPN) between smokers and non-smokers. A clus-
ter within the left fronto-insular cortex (FIC) was significantly more
functionally coupled with the left FPN in all smokers than non-
smokers (green). The size and strength of this relationship increased
when examining only the most severe smokers, that is, individuals
with Faegerstrom scores >5, vs. non-smokers (red). The degree of

network-fronto-insular cortex integration predictor and
our primary behavioral measure, discounting (parameter-
ized as k). To examine the possibility that anterior insula
integration with the left fronto-parietal network might
mediate the observed effect of group membership on
discounting behavior, we performed a Sobel test. While the
Sobel test indicated that this mediation effect was not
significant, t=1.46, P=0.14, the trend did suggest that
there may have been partial mediation (Fig. 3). It is note-
worthy that one severe smoker’s log-transformed discount-
ing scores (k= —7.32) was three standard deviations below
the sample mean for severe smokers (M = —3.40; SD = 1.31;
refer to right panel of Fig. 2). In a post hoc exploratory
analysis with this participant excluded, the mediation
effect was significant, t=2.04, P=0.042; one-tailed:
P =0.021.

left FPN-FIC integration significantly predicted discounting within the
entire smoker group, but not within the non-smoker group for both
comparisons. Pearson’s partial correlation coefficients indicate the
strength of the association between group and discounting after con-
trolling for age and education. NS = non-smoker, S = smoker, SS =
severe smoker. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

DISCUSSION

The goal of the present study was to identify the neural
correlates underlying nicotine-dependent smoker’s tend-
ency to steeply discount expected rewards. Using ICA we
distinguished functional network-level contributions to
intertemporal choices, and provided evidence that, among
smokers, greater integration of the left fronto-insular cor-
tex with the left fronto-parietal network is associated with
steeper discounting. It has been shown that intertemporal
choices recruit activity within a network of frontal and
parietal brain regions (McClure et al.,, 2004). However,
mean subtraction analyses only assess how tasks affect
mean activity across the brain and so cannot discern how
tasks influence the coordination of activity across different
brain regions. To address this issue, we used ICA and
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Figure 3.

Functional connectivity between the left fronto-parietal network
(FPN) and left fronto-insular cortex (FIC) partially mediated the
influence of smoker group (coded as: | =non-smoker and
2 = highly nicotine-dependent smoker) on discounting. The red
cluster represents the mean group difference in left FPN-FIC inte-
gration from the severe smoker vs. non-smoker contrast. Each
path (arrow) represents the Pearson’s partial correlation coeffi-
cient and P value from pairwise variable comparisons after con-
trolling for age and education. The bold statistics located above
the bottom arrow indicate the mediation effect when left FPN-
FIC integration scores were modeled in the partial correlation
between group and discounting. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]

observed altered fronto-parietal network activity during
intertemporal choices in smokers.

Our behavioral findings were generally consistent with
prior reports, though with one important caveat. While
smokers in our sample discounted more steeply than non-
smokers, the difference was not significant when correcting
for age and education differences between groups. Given
that smoking in the US is strongly associated with lower
education (Hu et al., 2006) and that lower education is asso-
ciated with steeper discounting behavior (Reimers et al.,
2009), this is an important consideration with regard to inter-
preting prior smoker vs. non-smoker comparisons of dis-
counting behavior. This observation notwithstanding, we did
find evidence linking discounting and smoking, even when
adjusting for age and education. Among smokers, the sever-
ity of nicotine dependence, as assessed by the Fagerstrom
Test for Nicotine Dependence, was positively associated
with steepness of discounting. Furthermore, when compar-
ing discounting between smokers that scored five or above
(the top half in severity among our participants) and non-
smokers, the difference in discounting was significant even
when adjusting for education and age. These behavioral
data align with previous reports (Heyman and Gibb, 2006;
Ohmura et al., 2005; Sweitzer et al., 2008) and suggest that
severity of dependence and differences in education may be
sources of the high variability in effect-sizes observed across

studies comparing discounting in drug-using and non-using
populations (MacKillop et al., 2011).

Our fMRI results indicate that brain regions implicated
in intertemporal choice segregate into distinct left- and
right-lateralized fronto-parietal networks. Among smokers,
task-related right fronto-parietal network activity differed
less as a function of the difficulty of the intertemporal
choices than it did among non-smokers. This pattern of
low difficulty-sensitivity in smokers vs. non-smokers dur-
ing intertemporal choices is qualitatively similar to three
prior studies of addicted populations (Hoffman et al,
2008; Meade et al., 2011; Monterosso et al., 2007). Further-
more, we expand upon previous findings by showing that
the non-smokers’ difficulty sensitivity was lateralized to
the right fronto-parietal network. Previous research has
indicated that the fronto-parietal executive networks are
involved in higher-order cognitive control aspects of inter-
temporal decision-making, and that these networks are
also relevant to nicotine dependence (Ding et al., 2013;
Hong et al., 2009; Sutherland et al., 2012). For instance,
this network has been associated with discounting of gains
and losses (Xu et al., 2009), choice difficulty (Hoffman,
2008; Meade et al., 2011; Monterosso et al., 2007), and pref-
erence for later-larger (LL) rewards (Luo et al., 2012;
McClure et al.,, 2004). Hard choices and LL choices both
involve deployment of cognitive resources, suggesting that
lower right fronto-parietal network-engagement among
smokers during difficult intertemporal choices represents a
deficit in executive control. Consistent with this sugges-
tion, the same data pattern has been observed in drug
abusers performing tasks requiring executive control, such
as the Stroop task and Go/No-Go task (Barros-Loscertales
et al.,, 2011; Garavan et al., 2008). Given that activity in the
right fronto-parietal network differed by choice difficulty,
it may be regarded as surprising that we did not observe
functional connectivity differences in this network across
the task. This may be due to Type 2 error, or alternatively,
it may be the case that the interaction with difficulty does
not entail altered connectivity between specific sub-nodes
of the network (e.g., dorsolateral prefrontal cortex) but
rather in coherent network connectivity as a whole.
Among smokers and non-smokers, we did not observe
evidence linking lower difficulty-related brain activity dur-
ing Hard vs. Easy intertemporal choices to discounting
behavior. Since our study taps aspects of higher-order cog-
nitive function, investigating the degree to which these
choice-related functional connectivity patterns are related
to IQ or perhaps some specific cognitive capacity should
also be considered in future studies.

A second observed group difference in brain activity
was, however, related to steep discounting. Across the
entire task, smokers, and especially severely dependent
smokers, exhibited greater functional connectivity between
the left fronto-insular cortex and left fronto-parietal net-
work. Moreover, individual differences in this effect pre-
dicted discounting behavior (both of the entire group, as
well as among smokers). That is, in the same anterior
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insula cluster, those smokers that had greatest functional
connectivity ~discounted most steeply. Additionally,
although not statistically significant, there was suggestive
evidence that integration of this anterior insula cluster
with the left fronto-parietal network partially mediated
behavioral differences in discounting. Therefore, we
believe that enhanced functional integration of the left
anterior insula with the left fronto-parietal network should
be considered as a candidate neural contributor to links
between addiction and delay discounting.

While our data are correlational, there is a priori plausi-
bility to this. Although no previous studies have examined
the relationship between greater left fronto-parietal net-
work integration of the anterior insula and discounting
behavior, intertemporal choice related activity has been
repeatedly observed in the insula (Bickel et al., 2009; Car-
ter et al., 2010; Hoffman et al., 2008; Luo et al., 2009; Xu
et al., 2009). A well-established role of anterior insula is to
map internal bodily states that influence feelings (Dama-
sio, 1994), which in turn causally contributes to action. It is
possible that in the context of our decision-making task
(where explicit or implicit rules related to monetary
choices may compete with emotion signaling related to the
possible outcomes, see Luo et al 2009) polymodal sensory
and affective integration may have biased preference
towards immediate alternatives.

Increasing attention has been directed towards the ante-
rior insula as a critical neural substrate of nicotine addic-
tion (Naqvi and Bechara, 2009, 2010). Numerous studies
have demonstrated that addicts show activation of the
insula during exposure to drug cues, and it has been
shown that smokers with insular damage have a higher
likelihood of quitting smoking than smokers without
(Naqvi et al., 2007). A recent structural MRI study further
supports the insula’s involvement in addiction, showing
that smokers had greater gray matter density in the ante-
rior insula than non-smokers (Zhang et al., 2010). One
explanation for the key role of the anterior insula in addic-
tion is that it forms a critical junction between executive
and internally directed networks (Menon and Uddin,
2010), and that addiction is a manifestation of imbalanced
recruitment of the insula that shifts decision-making
towards more impulsive choices (Naqvi and Bechara,
2010). As a critical node within a brain “Salience Network”
(Seeley et al.,, 2007), the manner in which the anterior
insula coactivates with other large-scale networks during
decision-making tasks could signify the salience of differ-
ent choice alternatives. Among smokers, these dynamic
task-related interactions between the Salience and execu-
tive networks might therefore be a biomarker of deficits in
farsighted choices. However, previous investigations of the
Salience Network favor activity in the right hemisphere,
whereas our finding was localized to the left hemisphere.
Indeed, when we explored brain activity patterns at uncor-
rected statistical thresholds, the right-lateralized fronto-
parietal network did not integrate the right fronto-insular
cortex, thereby limiting our interpretation of the Salience

Network’s involvement in steeper discounting in severe
smokers. Taken together, the enhanced left fronto-parietal
network-fronto-insular cortex functional integration we
observed among smokers may be a contributor to actions
that achieve more immediate rewards, whether in the
form of drug cues or money.

Several limitations should be noted. Whereas previous
fMRI delay discounting studies focus on competition
between impulse-based value networks (e.g., DMN) and
more executive brain networks associated with delibera-
tive decision-making, our blocked design did not allow us
to examine the neural correlates of value. This was due to
the fact that the value of the choice alternatives did not
significantly differ between intertemporal and control
choice trials. Relatedly, we did not observe task-related
activation in some brain regions generally associated with
value-tracking, such as the mPFC and VS (Carter et al,,
2010) that are central to some speculation regarding inter-
temporal choice behavior (McClure et al., 2004) and its
link to substance use (Hariri et al., 2006; for reviews, see
Bickel and Marsch 2001; Sutherland et al., 2012). This dis-
crepancy is not surprising given the absence of value dif-
ference between our task conditions.

In addition, the discount model we used ignores dimin-
ishing marginal utility. We have assumed that the individ-
ual variation in intertemporal choice trade-offs reflects
differences in discounting, but they could also reflect dif-
ferences in the form of the utility function. Individuals
unwilling to wait 4 months for an amount twice that of an
available immediate reward may do so because they dis-
count steeply. Alternatively, they may discount modestly,
but exhibit steep diminishing marginal utility (Ho et al.,
1999; Pine et al., 2009, 2010). Both of these interpretations
warrant consideration (Andersen et al., 2008).

Finally, while participants in our study were allowed to
smoke 15 min before scanning (approximately 30 min
before task data acquisition), they were not required to do
so. It is therefore possible that our neuroimaging findings
were related to early withdrawal symptoms manifesting
during the task. Supporting this idea, one effective connec-
tivity study showed that the anterior insula modulated
activity in nodes of executive networks, such as the fronto-
parietal network, during nicotine abstinence, suggesting
that its functional integration varies as a function of nico-
tine levels (Ding et al., 2013). Similarly, nicotine adminis-
tration has been shown to alter dynamic interactions
between fronto-parietal networks and other task-related
attention networks (Cole et al., 2010). These findings are
particularly interesting in light of evidence of state-
dependent increases in delay discounting during nicotine
withdrawal (Field et al., 2006), opiate withdrawal (Gior-
dano et al., 2002), and other strong appetitive states (Wil-
son and Daly, 2004). Thus, future studies could use fMRI
to examine the effects of nicotine administration on delay
discounting to further elucidate the link between physio-
logical states, brain network function, and decision-
making.
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CONCLUSION

Consistent with previous delay discounting studies, we
showed that nicotine dependence is associated with
greater discounting of future rewards. Using a group ICA,
we found that difficult intertemporal choices corresponded
to greater engagement of a right-lateralized fronto-parietal
network, and that this pattern of brain activity was dimin-
ished in smokers. In addition, a dual regression analysis
revealed that smokers showed greater functional connec-
tivity between left fronto-insular cortex and the left-
lateralized fronto-parietal network, which was in turn
related to steeper discounting. We speculate that higher
functional coupling between the left fronto-parietal net-
work fronto-insular cortex in smokers may result in a deci-
sion bias towards immediate rewards.
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