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Abstract: Relative to individuals who do not have addictive disorders, drug abusers exhibit greater
devaluation of rewards as a function of their delay (“delay discounting”). The present study sought to
extend this finding to methamphetamine (MA) abusers and to help understand its neural basis. MA
abusers (n � 12) and control subjects who did not use illicit drugs (n � 17) participated in tests of delay
discounting with hypothetical money rewards. We then used a derived estimate of each individual’s delay
discounting to generate a functional magnetic resonance imaging probe task consisting of three condi-
tions: “hard choices,” requiring selections between “smaller, sooner” and “larger, later” alternatives that
were similarly valued given the individual’s delay discounting; “easy choices,” in which alternatives
differed dramatically in value; and a “no choice” control condition. MA abusers exhibited more delay
discounting than control subjects (P � 0.05). Across groups, the “hard choice � no choice” contrast
revealed significant effects in the ventrolateral prefrontal cortex, dorsolateral prefrontal cortex (DLPFC),
dorsal anterior cingulate cortex, and areas surrounding the intraparietal sulcus (IPS). With group com-
parisons limited to these clusters, the “hard choice � easy choice” contrast indicated significant group
differences in task-related activity within the left DLPFC and right IPS; qualitatively similar nonsignificant
effects were present in the other clusters tested. Whereas control subjects showed less recruitment
associated with easy than with hard choices, MA abusers generally did not. Correlational analysis did not
indicate a relationship between this anomaly in frontoparietal recruitment and greater degree of delay
discounting exhibited by MA abusers. Therefore, while apparent inefficiency of cortical processing related
to decision-making in MA abusers may contribute to the neural basis of enhanced delay discounting by
this population, other factors remain to be identified. Hum Brain Mapp 28:383–393, 2007.
© 2006 Wiley-Liss, Inc.
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INTRODUCTION

Rewards and punishments are more potent reinforcers when
they are immediate than when delayed. The relationship be-
tween the delay and the value of reinforcers is referred to as
“delay discounting” and has been hypothesized to be the pri-
mary basis of impulsivity [Ainslie, 1975]. Delay discounting
may be especially relevant to the phenomenon of addiction.
The rewards from drug use are relatively immediate and the
adverse consequences tend to be delayed; were the reverse
true, it is unlikely there would be problem drug use. Given the
nature of the contingencies involved in drug use behavior, it
has been hypothesized that individuals who develop drug
abuse problems may, on average, exhibit more delay discount-
ing than those who do not have drug problems [Bickel et al., 1998].

While there are important caveats to this reasoning, espe-
cially with respect to the inconsistency of delay discounting
across different domains of reward [Chapman, 1996; Petry,
2003], the predicted association between drug abuse and
delay discounting has been repeatedly observed. In the typ-
ical task employed, participants must make choices between
pairs of rewards (usually monetary) that differ in amount
and immediacy (e.g., Would you prefer $10 today or $15 in
1 month?). Compared to research subjects without drug
abuse disorders, greater delay discounting was observed
among individuals who chronically abuse cocaine [Coffey et
al., 2003; Kirby and Petry, 2004], opioids [Wallace, 1979;
Kirby et al., 1999; Kirby and Petry, 2004], alcohol [Vuchinich
and Simpson, 1998], tobacco [Mitchell, 1999; Cairns and van
der Pol, 2000; Reynolds et al., 2004], and a variety of sub-
stances [Petry, 2003]. Some of these studies used actual
rewards (typically one trial randomly chosen for payment)
while others used hypothetical rewards.

Neural Substrates of Performance on Delay
Discounting Task

Perhaps because delay discounting assessment has grown
out of economic and behaviorist traditions, little work has
explored the neuropsychological substrates that underlie per-
formance on the task. The clinical literature indirectly suggests
the possibility that the ventromedial prefrontal cortex
(VMPFC), including the orbitofrontal cortex (OFC), plays a role
in the valuation of delayed rewards. Patients with lesions in the
VMPFC exhibit impairments in decision-making, having been
described as suffering from “a profound exaggeration of what
may be a normal basic tendency, to go for the now rather than
bank on the future” [Bechara et al., 1996, 1999; Rogers et al.,
1999a]. Consistent with this idea, lesions of the OFC in rats
produce increased preference for smaller, more immediate re-
wards over larger later rewards [Mobini et al., 2002]. However,
delay discounting tasks typically employed in human studies
differ substantially from those used in studies of rats. Perhaps
most critically, in human discounting experiments, alternatives
are presented as verbal/numeric information and outcomes
are not experienced during the completion of the procedure. In
animal studies, by contrast, contingencies are presented to the
organism solely as the accumulation of experiences during the

training and testing procedure, thus requiring the organism to
learn reward contingencies. Given extensive literature impli-
cating the OFC in tracking and updating reward value [Rolls et
al., 1994; Rolls, 2000; Kringelbach et al., 2003; Wallis and Miller,
2003], it is plausible that the effects observed in rat delay
discounting experiments do not generalize to human delay
discounting tasks, which do not require reward tracking. In-
deed, a recent human study revealed no significant difference
in delay discounting among VMPFC (inclusive of OFC) lesion
patients, though VMPFC lesion patients did demonstrate
shorter time horizons, as measured in a task requiring them to
generate lists of events that would occur in their own futures
[Fellows and Farah, 2005].

Recently, McClure et al. [2004] conducted the first study to
pair functional magnetic resonance imaging (fMRI) with a
delay discounting task similar to those described above.
Across trials, activation during decision-making occurred in
the lateral prefrontal and posterior parietal cortices and
secondary motor areas (especially during selection of
choices in which the delay discounted values of the alterna-
tives were similar, thus making the choices more difficult).
In contrast, limbic and paralimbic areas were active selec-
tively during trials in which receipt of an immediate reward
was possible. Furthermore, on trials with an immediate
alternative, when participants chose the later alternative,
signal change was significantly greater in those areas asso-
ciated with decision-making in general than in limbic and
paralimbic regions, while conversely, when participants
chose the immediate alternative, signal change was (nonsig-
nificantly) greater in the limbic and paralimbic regions than
in areas associated with decision-making in general. These
data were interpreted as demonstrating dissociation be-
tween two decision-making systems: a corticolimbic system
that is activated by immediate opportunities for reward and
a second system that includes lateral prefrontal and parietal
areas associated with more abstract decision-making [for dis-
cussion of these results, see Ainslie and Monterosso, 2004].

Neural Activity of Substance Abusers Performing
Decision-Making Tasks

Although fMRI studies have not previously compared
brain activity among drug abusers and nondrug abusers
performing a delay discounting task, drug abuse vs. control
group comparisons have been conducted using other deci-
sion-making tasks. These studies have suggested anomalies
among drug abusers in frontoparietal circuitry. In a study
that used a task that evaluated, among other things, prefer-
ence for risk [Rogers et al., 1999b], a heterogeneous group of
drug abusers exhibited both greater risk-taking than con-
trols and less task-related activation (indexed by regional
increases in relative perfusion, measured by positron emis-
sion tomography, PET) in the left pregenual anterior cingu-
late cortex (ACC) [Fishbein et al., 2005]. Using the same task,
Ersche et al. [2005] compared chronic amphetamine users,
chronic opiate users, former drug users, and matched con-
trol subjects. Relative to the group with no history of drug
abuse, the other three groups (combined) exhibited less ac-

� Monterosso et al. �

� 384 �



tivation of the right dorsolateral prefrontal cortex (DLPFC)
and significantly greater activation in the left (OFC [Ersche
et al., 2005]).

In PET studies that paired measurements of relative cere-
bral blood flow during performance of the Iowa Gambling
Task, which measures learned avoidance of uncertain pun-
ishments [Bechara et al., 1994, 1997], participants who
abused marijuana [Bolla et al., 2005] or cocaine [Bolla et al.,
2003] exhibited less activation in the right DLPFC relative to
controls. Cocaine abusers also showed less recruitment (rel-
ative to control subjects) in the right superior parietal lobule,
the left medial frontal gyrus, left middle temporal gyrus,
and the right cerebellum, but greater activation in the right
OFC, the putamen, and the left postcentral gyrus. Marijuana
users exhibited less activation than control subjects in the
right lateral OFC and left parietal lobe [Bolla et al., 2003,
2005]. Although these data suggest possible substrates of
deficits in decision-making, their interpretation is compli-
cated by performance differences on the tasks; participants
who made more bad (i.e., high-risk) decisions also encoun-
tered, among other things, more high penalties. As such,
differences in task-related activity may reflect responses to
different stimuli rather than substrates of behavioral differ-
ences.

Paulus et al. [2002, 2003] compared behavior and brain
activity of methamphetamine (MA)-dependent individuals
and control subjects performing a simple two-choice guess-
ing task in which random contingencies assured equality of
outcomes irrespective of strategy. Relative to control sub-
jects, MA-dependent participants made selections that were
more frequently consistent with a win-stay/lose-switch
strategy based entirely on the outcome of the trial immedi-
ately preceding the choice [Paulus et al., 2002, 2003]. Both
groups showed task-related activity bilaterally in the pre-
frontal, parietal, and insular cortices, while the MA abusers
exhibited significantly less activation in the inferior prefron-
tal cortex and DLPFC [Paulus et al., 2002, 2003]. Taken as a
whole, the literature comparing neural recruitment during
decision-making in subjects who have drug abuse disorders
and control subjects suggests that there are differences
within the prefrontal cortex, most consistently in the DLPFC,
with less decision-related recruitment in drug abusers [Pau-
lus et al., 2002, 2003; Bolla et al., 2003, 2005; Ersche et al.,
2005].

In the first part of the present study, we assessed delay
discounting in a group of MA-dependent participants and a
group of comparison subjects who did not use illicit drug of
abuse (except for light marijuana abuse). In the second part
of the study, we paired a variant of the task used in the first
part of the study with fMRI. Based on previous comparisons
of drug-abusing populations, we anticipated greater delay
discounting in MA abusers than in comparison participants.
Given the significant association between greater activity in
the lateral prefrontal and posterior parietal areas and pref-
erence for larger but more delayed alternatives [McClure et
al., 2004], taken with several reports of abnormally low
activation in the prefrontal cortex during decision-making in

samples of drug abusers (especially in the DLPFC [Paulus et
al., 2002, 2003; Bolla et al., 2003, 2005; Ersche et al., 2005]), we
also hypothesized that MA abusers would demonstrate less
task-related signal change in the prefrontal cortex paired
with anomalously high willingness to trade reward value for
reward immediacy.

MATERIALS AND METHODS

Participants

We recruited a group of control subjects (n � 17) and a
group of MA-dependent participants who were not seeking
treatment for their dependence (n � 12). Because of the very
high rate of cigarette smoking typically observed in MA
abusers [London et al., 2004], we predominantly recruited
smokers in our control group. All participants gave written
informed consent after receiving a detailed explanation of
the study and its procedures (approved by the University of
California at Los Angeles Office for Protection of Research
Subjects). Inclusion in the MA group required testing posi-
tive for recent use of MA (and not other illicit drugs), re-
porting 1 or more years of using � 1 g of MA per week, and
meeting DSM-IV criteria for MA dependence (according to
the Structured Clinical Interview for DSM-IV [First et al.,
1996]). Other current axis I diagnoses were exclusionary,
except for nicotine dependence. Participants across groups
were excluded if they reported current use of psychotropic
medications, use of any other medications known to affect
cognitive functioning (e.g., clonidine), were in counseling,
were taking medication for psychological problems, or had
a history of hospitalization for psychiatric illness. Partici-
pants across groups were also excluded if they reported a
history of head trauma involving loss of consciousness
and/or requiring hospitalization, or if they scored � 46 on
the Wender Utah Rating Scale [Ward et al., 1993], suggesting
childhood attention deficit-hyperactivity disorder. Urine
samples were collected from all participants at enrollment
and were tested using a five-panel rapid test from Alfa
Scientific (testing for cocaine, MA, opioids, tetrahydrocan-
nabinol, and benzodiazepines). A positive drug test (other
than for MA in the MA abuse group or marijuana for either
group) resulted in exclusion from participation. A self-re-
port of light marijuana use (� 1 joint per week) was not
exclusionary for either group.

All of the MA users had used other illicit drugs at least
once in their lifetimes, but none met diagnostic criteria for
current abuse or dependence (other than related to MA). The
most frequent drugs other than MA ever used in the MA
group were alcohol (11 subjects; 91.7%), marijuana (10 sub-
jects; 83.3%), and cocaine (9 subjects; 75.0%). One of the MA
abusers met criteria for past alcohol abuse, and another met
criteria for past alcohol dependence.

The groups did not differ significantly in gender (MA,
33.3% female; controls, 29.4% female), age (MA, 33.8 � 8.1
years; controls, 29.7 � 7.2 years), race (MA, 66.67% white
non-Hispanic; controls, 50.0% white non-Hispanic), the pro-
portion who were cigarette smokers (MA, 75% smokers;
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controls, 94.1% smokers), or IQ as estimated by the vocab-
ulary subscale of the Shipley Institute of Living Scale (MA,
104.7 � 9.1; controls, 109.7 � 8.1). MA abusers reported
recent use (during the month before testing) averaging 4.8
� 7.9 g of MA per week and had used the drug for an
average of 7.7 � 8.9 years. Six of the 12 MA participants
(50.0%) reported smoking as their primary route of MA
administration (3 injecting, 2 snorting, 1 oral).

Procedure

MA participants resided at the University of California at
Los Angeles General Clinical Research Center for 5–7 days
of abstinence (verified by urine test) prior to participation,
and control subjects participated on a nonresidential basis.
Urine samples were collected every day from MA abusers
and were tested randomly, at least twice a week, to ensure
abstinence during participation. One participant (not in-
cluded in the sample described) was excluded after remain-
ing positive for MA after 1 week of inpatient stay, suggest-
ing unusually slow elimination or continued use of MA.

Behavioral Assessment of Delay Discounting

The delay discounting task, which was administered by
computer, was a version of the Monetary-Choice Question-
naire developed by Kirby et al. [1999]. Participants were
presented with a fixed set of 27 choices between smaller
immediate rewards (ranging from $11 to $80) and larger
delayed rewards (ranging in amount from $20 to $85 and in
delay from 7 to 186 days). The method for computing indi-
vidual discount functions from the delay discount proce-
dure is described below. Participants were instructed to
indicate their choice by clicking a mouse on the preferred
option.

Intertemporal Choice Task Paired With fMRI

In the fMRI choice probe task, each test block was com-
posed of three “hard choice” trials, three “easy choice” trials,
or three “no choice” trials. Hard choices presented partici-
pants with an immediate alternative (between $5 and $50)
and a larger alternative delayed by between 1 week and 3
months. The amount of the delayed alternative was com-
puter-generated on the basis of the participant’s responses
during the prescanning assessment of individual delay dis-
counting, such that the discounted value of both alternatives
(see equation below) was approximately equivalent. For
easy choices, the procedure was identical, except that the
amounts of the larger delayed alternative were generated on
the basis of a k-parameter that was one order of magnitude
larger or smaller (50% of each) than the participant’s best-fit
k-value, resulting in very disparately valued alternatives.
No choice trials were generated using the same procedure as
hard-choice trials, except that only one of the two alterna-
tives (randomly selected) was presented.

Each trial lasted 7 s. During the hard-choice and easy-
choice trials, the two reward alternatives were presented on
either side of view separated by a line (e.g., “$10 today” on

one side of the screen, and “$15 in 10 days” on the other
side). The side of the immediate and delayed alternatives
was randomized. On no-choice trials, the single alternative
was presented on one side of the display, with side random-
ized. After 5 s, if a response had not been made, the instruc-
tion “Please Respond” appeared at the bottom of the screen.
The participant indicated his or her response by pressing the
buttons on a two-button pad that corresponded to the pre-
ferred option. An arrow appeared over the option selected,
and the text changed from white to yellow. For the no-choice
trials, only one option was presented, and participants were
instructed to select that option in the same manner as on
other trials. After the 7-s trial, the screen was cleared for 1 s,
resulting in a fixed trial length of 8 s. Trials were distributed
in blocks, each composed of three trials of the same type
(hard choice, easy choice, or no choice). During each run of
the task, each type of block was presented four times, re-
sulting in a total run time of 4 min 48 s. One of four block
orders was used for each participant, and each participant
performed two consecutive task runs, separated by a 1-min
rest period.

Image Acquisition

Data were acquired on an Allegra 3T MRI device (Allegra,
Siemens). Localizing scans were acquired first to verify head
position and to identify the AC-PC line for purposes of
establishing the acquisition plane. Next, we acquired a high-
resolution T2-weighted echo-planar anatomical image cov-
ering the entire brain volume (26 slices, aligned to the AC-
PC line, 4 mm thick/1 mm skip, pixels 1.56 mm2, TR/TE
4,000/28, four averaged acquisitions), which was used for
spatial alignment [Woods et al., 1999] and as a background
image to display statistical results. Functional images were
acquired using a gradient-echo EPI sequence (45 slices, 2
mm thick/0.5 mm skip, pixels � 3.125 mm2, TR/TE
� 2500/28 ms, flip angle � 90°).

Data Analysis

Analysis of delay discounting

Delay discounting during behavioral testing was esti-
mated by fitting data to the discount function equation: 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
provides the index of delay discounting [Ainslie and Haen-
del, 1983; Mazur, 1987; Kirby, 1997]. Estimates of the best-fit
k-parameters for individual subjects were computed on the
basis of “indifference points,” implied by each choice pre-
sented to the subjects. The “indifference point” is the k-value
at which both options of the choice would be equally pre-
ferred. For example, the indifference point k-value for the
choice between an immediate $27 and $50 delayed by 21
days is 0.041, meaning that someone who discounted the
future accordingly would be indifferent to the choice be-
tween these two options.

Because the task required subjects to express preferences,
k-values were estimated as the geometric mean between the
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lowest implied indifference k-value in which subjects chose
the delayed option, and the highest implied indifference
k-value in which subjects chose the immediate option. If
subjects’ choices were inconsistent, k-values were estimated
as the point that was consistent with the highest number of
expressed preferences. In the case of ties, the geometric
mean of the equally good k-values was used. Group k-
values were compared by t-test. For hard choices in the fMRI
probe task, each participant’s computed k-values was used
to generate maximally difficult choice pairs, while a k-value
one order of magnitude larger or smaller was used to gen-
erate easy choices. Thus, for a participant with a k-value
estimate of 0.041, easy choices were generated as pairs that
would be equally valued given a k-value of 0.41 or 0.0041.
For such a participant, the choice between an immediate $27
and $50 delayed by 21 days would qualify as a hard choice,
while the choice between an immediate $27 and $259 de-
layed by 21 days, and the choice between an immediate $27
and $29 delayed by 21 days, would qualify as easy choices.

Image processing and analysis

Brain activation was assessed using tools from the FMRIB
Software Library, FSL 3.2 (FMRIB, Oxford, U.K.; www.
fmrib.ox.ac.uk/fsl) [Smith et al., 2004]. All functional scans
were motion-corrected using MCFLIRT [Jenkinson and
Smith, 2001]. Any scan that showed a maximum displace-
ment of � 2 mm was removed from further analysis. The
data sets were smoothed with a nonlinear algorithm de-
signed to preserve image structure by only smoothing over
voxels classified as the same tissue type (5 mm kernel)
[Smith and Brady, 1997]. Data were subjected to a multiple-
regression analysis using a prewhitening technique [Wool-
rich et al., 2001] to account for the intrinsic temporal auto-
correlation of BOLD imaging [Zarahn et al., 1997].
Regressors or explanatory variables (EVs) were binary ex-
cept for the temporal discount parameter k. For this EV, data
were normalized by log transformation and then demeaned.
Registration of functional EPI images to high-resolution im-
ages, and of high-resolution images into standard MNI
space, was carried out using FLIRT (FMRIB’s Lineat Image
Registration Tool [Jenkinson and Smith, 2001]).

Group analysis and group comparisons were performed
using random-effects analyses. Cluster detection was ap-
plied to the group Z (Gaussianized T) statistic images deter-
mined by Z � 2.3 and a corrected cluster extent significance
threshold of P � 0.05 [Worsley et al., 1992; Forman et al.,
1995]. All task runs were analyzed individually in the first
level of analyses. For each participant, a second-level anal-
ysis was then performed in order to combine the Z-statistical
maps from the two task run. The resulting statistical maps
from these second-level analyses (also Z-statistic maps) were
the inputs for all group analyses (third level).

Four analyses were conducted. First, we combined data
from MA and control participants in a single group analysis
to identify clusters in which MRI signal was significantly
greater during hard-choice relative to no-choice blocks. We
considered these to be inclusive of regions that we could

identify as recruited by the task in general. A mask of all
such regions was constructed and other analyses were con-
ducted only within this mask. We next conducted between-
group comparisons to assess group differences in task-re-
lated activity (including only the clusters identified in
combined group analysis described above). Next, we as-
sessed correlations (across groups) between individual in-
dexes of temporal discounting and task-related signal
change (again including only the clusters identified in the
initial contrast). Finally, we conducted an exploratory event-
related analysis in which hard-choice trials were divided
into those trials in which the more immediate alternative
was selected and those in which the delayed alternative was
selected. Signal during these two events (from the time of
stimulus presentation until response selection) was con-
trasted for each task run. As with other analyses, contrast
maps for each subject’s two task runs were combines in
second-level analyses, and the resulting subject-level con-
trast maps were combined to obtain a random-effects group-
level contrast image. We considered this analysis explor-
atory since the study was not designed to optimize power
for this comparison, either in terms of event timing or, more
importantly, in terms of the number of relevant events; since
only 12 hard-choice trials were presented in each task run,
individual contrast maps were, on average, based on just six
trials.

RESULTS

Behavioral Assessment of Delay Discounting
(Tests Outside Scanner)

The geometric mean k-parameter estimate for MA-depen-
dent subjects was 0.045; for the comparison participants, it
was 0.013. Placing this difference in context, a subject with a
k-value of 0.013 was approximately indifferent in choosing
between $20 immediately and $28 delayed by 1 month,
while a subject with a k-value of 0.045 was approximately
indifferent between the choice of $20 immediately and $47
delayed by 1 month. After these data were normalized by
natural log transformation, the group difference indicated
more delay discounting in MA abusers relative to controls
(t(27) � 2.06; P � 0.05). The mean reaction times for MA
abusers and control subjects (3.16 � 1.45 and 2.86 � 0.83 s,
respectively) did not differ significantly (t(27) � 0.62; P
� 0.57). Of the 27 trials, 3 or fewer responses were inconsis-
tent with the best-fit k-value for 9 of 12 MA-dependent
participants (75.0%) and 13 of 17 control participants
(76.5%).

Delay Discounting Choice Task Paired With fMRI

Responses in the easy-choice condition were predomi-
nantly in accord with the k-parameter estimates made out-
side the scanner and did not differ significantly across
groups (MA abusers, 91.5% � 4.41% consistent; controls,
93.8% � 3.89% consistent; t(21) � 1.28; P � 0.21). Consistent
with the study manipulation, selection of the larger-later
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alternative was near 50% during the hard-choice condition;
MA abusers selected the larger-later alternative on 49.6% �
5.71% of the trials, and controls on 52.3% � 6.29% of the
trials (t(21) � 1.07; P � 0.30). Latency of MA abusers to
respond on easy-choice trials was 2.50 � 0.71 s; on hard-
choice trials, it was 3.26 � 1.10 s. Among control subjects,
latency to respond on easy-choice trials was 2.13 � 0.33 s; on
hard-choice trials, it was 2.96 � 0.40 s. These data were
analyzed by a repeated-measures analysis of variance
(ANOVA), which included group as a between-subject vari-
able, and condition (hard choice vs. easy choice) as a within-
subject variable. Condition was a highly significant predic-
tor of response time, with participants taking longer to
respond during hard choices (F(1,21) � 36; P � 0.001).
Neither group (F(1,21) � 1.46; P � 0.24) nor the interaction
between group and condition (F1,21) � 0.8; P � 0.78) was
significant predictors of response time.

fMRI Analysis

Imaging data from three control subjects and two MA
abusers were excluded due to either excessive motion or the
presence of remarkable artifacts (radiofrequency [RF] leak).
Imaging data from a fourth control participant was not
collected due to a scheduling error. The remaining data
(from 10 MA abusers and 13 control subjects) were included
in all imaging analyses.

Analysis With Groups Combined

Analysis comparing hard-choice blocks with no-choice
blocks (hard choice � no choice) identified six active clusters
(Fig. 1 and Table I). Bilateral activation was observed in both
ventrolateral prefrontal cortex (VLPFC; BA 10, 11, 47) and
DLPFC (BA 9, 46), as well as in the region surrounding the
intraparietal sulcus (IPS; BA 40 and 7). On the left but not
right, the cluster of activation within the VLPFC extended
beyond the junction of the frontal operculum and into the
anterior insula. A large cluster of activation was also ob-
served in the anterior cingulate and supplementary motor
cortices (BA 8).

Third-level analysis comparing easy-choice blocks to no-
choice blocks (conducted only within clusters identified in
hard choice � no choice) identified three active clusters
(Table II). Activation was observed bilaterally in the IPS and
in the left DLPFC.

Analysis comparing hard-choice blocks to easy-choice
blocks (hard choice � easy choice) identified two active
clusters (Table II). One of these clusters extended across
either side of the border between the anterior cingulate and
the supplementary motor area, and the other fell primarily
within the right VLPFC.

Comparisons of MA vs. Controls

The contrast MA � control subjects yielded no group
differences in the contrasts considered above. The contrast
of controls � MA did yield two clusters that were more
active in the “hard choice � easy choice” contrast. These
clusters were in the left DLPFC (�44, 22, 24) and right IPS
(40, �54, 50). To provide a qualitative summary of the data,
the percent signal change (relative to no choice) was com-
puted for each subject for both the easy-choice and the
hard-choice blocks in each of the six clusters identified in the
combined group analysis (Table I). These data, presented in
Figures 2, suggest a pattern of signal change that was largely
consistent across clusters; while fMRI signal was generally
greater in the hard-choice blocks than the easy-choice
blocks, the difference between the two conditions was con-
siderably greater for control subjects than for the MA abus-
ers. Among control subjects, recruitment during easy-choice
blocks was minimal, whereas among MA abusers, recruit-

TABLE I. Clusters showing significant task-related
activity: hard choice > no choice

x, y, z Max Z Voxels

R VLPFC/DLPFC 42, 37, 12 5.03 1,441
L DLPFC �47, 15, 33 4.65 1,364
R IPS 34, �57, 48 4.65 1,131
L VLPFC/insula �41, 39, �2 4.30 1,090
L IPS �34, �54, 49 4.76 1,010
AC and SMA �3, 26, 42 5.13 913

Groups combined, whole-brain analysis. Cluster extent threshold of
P � 0.05, corrected for multiple comparisons in whole brain. Coor-
dinates (x, y, z) indicate Montreal Neurological Institute coordinates
of the voxel with maximum Z-score.
R and L VLPFC, right and left ventrolateral prefrontal cortices; R
and L DLPFC, right and left dorsolateral prefrontal cortices; R and
L IPS, right and left intraparietal sulci; AC, anterior cingulate; SMA,
supplementary motor cortex.

Figure 1.
Radiological presentation of areas in which signifi-
cantly greater signal was observed in hard-choice
blocks relative to nonchoice blocks (P � 0.05 cluster
extent, whole brain analysis). The six clusters are
characterized in Table I.
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ment during easy-choice blocks was near the level observed
in hard-choice blocks.

Correlational analyses were conducted to identify statis-
tical relationships between signal change and delay dis-
counting (using the log-transformed k-parameter) across
groups, again considering just those regions that demon-
strated task-related differences in signal in the combined
group analysis (Fig. 1). No significant relationship was ob-
served between signal differences in either the “easy choice
� nonchoice” or “hard choice � easy choice” conditions.
However, in one cluster within the left VLPFC (BA 10), there
was an inverse correlation between signal change in the
“hard choice � no choice” contrast and delay discounting
(greater increase in signal intensity associated with less de-
lay discounting; Fig. 3).

The event-related comparison of signal during hard-
choice trials in which the later-larger alternative was chosen
and those in which the smaller-sooner alternative was cho-
sen did not identify any significant differences within the
mask used in accordance with the a priori data analysis plan.
An exploratory analysis repeated this contrast without lim-
iting the analysis to clusters identified in the hard choice
� no choice contrast. Again, no significant differences were
observed.

DISCUSSION

Behavioral Data

The level of delay discounting observed in our study
groups indicates that, like other substance-abusing popula-
tions considered in a laboratory setting, MA abusers exhibit
a greater than normal willingness to trade amount for im-
mediacy (MA, k � 0.045; control, k � 0.013; P � 0.05). This
difference was observed despite the fact that the control
group consisted predominantly of cigarette smokers: a pop-
ulation observed to have a higher level of delay discounting
than nonsmokers [e.g., Mitchell, 1999]. Indeed, the discount
rate exhibited by this small group of MA abusers was, in the

Figure 2.
A presents the signal change (mean � standard error) for each
group for both the easy-choice condition and the hard-choice
condition, both relative to the no-choice trials. Among control
subjects, very little signal change is present in the easy-choice
condition relative to what is observed in the hard-choice condi-
tion. For MA abusers, however, similar signal change was observed
in both conditions. B directly presents the differences between
the hard-choice and easy-choice conditions, highlighting the group
effect. Although the effect was only significant in two clusters, the
tendency for signal change in these two conditions to be more
different among control participants than among MA participants
appears to be uniform across the six clusters.

Figure 3.
Radiological presentation of cluster in right VLPFC in which
greater signal change (P � 0.05 cluster extent) in the “hard choice
� no choice” contrast was associated with less trading of amount
for immediacy (less delay discounting). Analysis was limited to
clusters identified as active in the same contrast (Table I).

TABLE II. Clusters showing significant task-related
activity

x, y, z Max Z Voxels

Easy choice � no choices
L IPS �31, �55, 48 3.72 495
L DLPFC �43, 12, 33 4.02 462
R IPS 31, �62, 44 4.00 435
Hard choice � easy choice
R VLPFC 43, 42, 19 3.64 307
AC, SMA �7, 27, 40 3.89 289

Groups combined; analysis tested only clusters identified in Table I.
Cluster extent threshold of P � 0.05, corrected for multiple compar-
isons in mask including clusters identified in Table I. Coordinates (x,
y, z) indicate MNI coordinates of the voxel with maximum Z-score.
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context of relevant literature, quite high. Kirby et al. [1999]
reported a geometric mean parameter of k � 0.025 for heroin
abusers (n � 56), while Monterosso et al. [2001] reported a
discount parameter of k � 0.019 for cocaine abusers (n � 32).

Inferred Neural Recruitment During Delay
Discounting Task

As noted in the introduction, McClure et al. [2004] re-
ported on a nonclinical sample choosing between smaller-
sooner and later-larger rewards, with the selected alterna-
tive from one trial to be paid out. Dissociation was observed
between limbic/paralimbic regions that were recruited dur-
ing selection of choices involving immediate alternatives,
and a frontoparietal network (primarily in the lateral pre-
frontal cortex and IPS) that were inferred to be recruited
during choice selection in general. The pattern of task-re-
lated signal change observed in our study strongly resem-
bles this second network of activation. The robust bilateral
recruitment in the IPS may reflect both the calculations
required by the task and the response selection component
of the task. Participants must somehow combine the delay
and amount parameters and compare the alternatives. The
IPS has been widely implicated in numerical calculations in
both lesion [Dehaene and Cohen, 1997; Butterworth, 1999]
and imaging studies [Gruber et al., 2001; Zago et al., 2001;
Simon et al., 2002]. Indeed, simple number comparison re-
cruits activity in this region [Pesenti et al., 2000; Fias et al.,
2003], and there is also evidence that response selection,
even in the absence of numerical comparison, may recruit
activation in the IPS [Bunge et al., 2002].

The observed frontal activation, particularly in the
DLPFC, which is widely implicated in working memory
[Baddely, 1986], is also consistent with behavioral experi-
ments linking the delay discounting task to working mem-
ory. Hinson et al. [2003] observed both that working mem-
ory capacity was correlated with greater preference for later-
larger alternatives, and that placing participants under a
task-extrinsic working memory load (using a dual-task par-
adigm) resulted in a shift in preference toward smaller-
sooner alternatives [Hinson et al., 2003].

Unlike McClure et al. [2004], we did not observe activity
in limbic/paralimbic regions. Although failures to reject the
null hypothesis should be interpreted with caution, this
discrepancy is worth some consideration, particularly given
that limbic and paralimbic activity in the McClure et al.
[2004] study was observed on trials that included an imme-
diate alternative, and all trials in the current study included
an immediate alternative. One plausible basis for the dis-
crepancy (beyond myriad methodological differences) is the
reliance in the present study on purely hypothetical choices.
The reduced hedonic import of choices that are purely hy-
pothetical may have minimized the limbic recruitment in the
present study. In light of this, the fact that group differences
in delay discounting were nevertheless observed is particu-
larly interesting, as it suggests that the limbic recruitment
that has been posited to function in opposition to the cooler
judgment produced by the frontoparietal network [McClure

et al., 2004] may not be the source, or at least not the only
source, of high levels of delay discounting in drug-abusing
populations relative to controls. Indeed, most studies dem-
onstrating greater delay discounting in drug-abusing popu-
lations have used purely hypothetical rewards [Vuchinich
and Simpson, 1998; Bickel et al., 1999; Kirby et al., 1999;
Mitchell, 1999; Cairns and van der Pol, 2000; Moeller and
Dougherty, 2002; Coffey et al., 2003; Petry, 2003; Kirby and
Petry, 2004]. Although it is possible that limbic activation
that was below the level of detection in the present study
nevertheless mediated performance, it is also possible that
repeated hypothetical choices about money do not robustly
recruit limbic activity, and limbic activation during response
selection does not reflect the circuitry, or not all of the
circuitry, that mediates high delay discounting among sub-
stance abusers.

Neural Activation in Methamphetamine-
Dependent vs. Control Subjects

Based on observations that drug-abusing participants ex-
hibit less neural recruitment in frontoparietal clusters during
decision-making than comparison subjects who do not
abuse drugs (especially in the DLPFC [Paulus et al., 2002,
2003; Bolla et al., 2003, 2005; Ersche et al., 2005]), and on the
fact that lateral prefrontal cortical activity has been related to
preference for later-larger rewards [McClure et al., 2004], we
hypothesized that relative to control participants, MA abus-
ers would demonstrate lower task-related signal change in a
frontoparietal network, and that this difference would be
associated with greater delay discounting. As we did not
observe evidence of lower task-related activity in the pre-
frontal cortex among MA abusers, however, this hypothesis
was not supported.

The parametric manipulation of decision difficulty did
reveal a significant difference in neural recruitment (as evi-
denced by MRI signal change) among MA abusers relative
to control participants during the task. There were two
clusters (one in the left DLPFC and the other in the right
posterior parietal cortex) in which the difference between
the hard-choice and easy-choice conditions itself differed
between groups. Exploratory analysis of signal change in all
clusters identified as active in the task suggested that, al-
though only significant in these clusters, a similar pattern
was present in all regions recruited by the task. In general,
the tendency for neural recruitment to be greater in response
to hard choices than easy choices (as also reported in Mc-
Clure et al. [2004]) was more robust in control subjects than
MA abusers. Inspection of percent signal changes (Fig. 2A)
suggests that this pattern was principally driven by the
easy-choice condition, in which minimal signal change was
observed in control subjects, but in which MA abusers dem-
onstrated recruitment that was near to the level observed
with difficult choices. Interestingly, a similar pattern of
BOLD activity was observed among cocaine abusers relative
to control subjects in an fMRI study of inhibitory control in
which working memory load was parametrically varied
[Hester and Garavan, 2004]. While control subjects in that
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study demonstrated greater BOLD response with increased
working-memory demand, BOLD response did not vary
with working-memory load among cocaine abusers.

The observed pattern of signal change in hard choices
versus easy choices may reasonably be interpreted as inef-
ficiency in the MA-dependent group. The hard-choice con-
dition presented subjects with alternatives that, given the
participant’s own tendency to trade off amount and imme-
diacy, were maximally difficult. As such, the observed signal
change during this condition was likely the maximal change
that would be observed given the general parameters of the
task (e.g., pace, perceived import). In contrast, the easy-
choice condition presented subjects with disparately valued
alternatives. For control participants but not MA partici-
pants, the neural signal change corresponding to the easy-
choice condition was just a small fraction of the signal
change corresponding to the hard-choice condition, suggest-
ing resolution of easy choices with a relatively low expen-
diture in neural activity.

Correlation Between Activation and Delay
Discounting

Correlational analyses did not identify any cluster of ac-
tivation during either the “easy choice–no choice” or “hard
choice–easy choice” contrasts that was related to individual
level of delay discounting. The lack of relationship between
discounting and signal change in the “hard choice–easy
choice” contrast is noteworthy in that it casts doubt on the
possibility that the observed group differences in activation
associated with this contrast are related to the behavioral
group difference in delay discounting among MA abusers. It
appears possible, then, that the apparent inefficiency in neu-
ral response observed in MA abusers is not closely tied to
the tendency toward greater delay discounting, although a
larger sample might reveal such a relationship.

A significant relationship was observed between mean
signal change in a cluster within the left VLPFC in the
hard-choice vs. no-choice contrast and the delay discounting
parameter estimates. Across groups, participants with
greater signal difference in this cluster exhibited less delay
discounting (Fig. 3). The mid-ventrolateral prefrontal cortex,
in interaction with posterior cortical association areas, has
been widely hypothesized to subserve active selection, com-
parison, and judgment of stimuli held in short-term and
long-term memory [Petrides, 1996, 2000]. Future imaging
studies using similar methodologies may indicate whether
the observed relationship between activation in the left
VLPFC during maximally difficult tradeoffs and degree of
delay discounting is robust, and if so, whether the relation-
ship is specific to the region, or whether it is present
throughout the frontoparietal network recruited by the task.

Event-Related Analysis Comparing Recruitment
Based on Choice

Finally, we did not observe any significant difference be-
tween fMRI signal in the exploratory analysis comparing

hard-choice trials in which the more immediate alternative
was selected, and those in which the larger but more de-
layed alternative was selected. In light of previous work
associating individual choices with the relative amount of
frontoparietal and limbic/paralimbic recruitment, the lack
of observed difference may again be related to the fact that,
perhaps owing to the use of hypothetical choices, we did not
observe significant limbic recruitment in this study. Notably,
the study was not designed to optimize the power of this
contrast either in terms of the onset timing of events, or in
terms of the number of relevant events (on average only six
of each type per task run).

Study Limitations

One limitation of the present study is the presence of
significant signal loss due to susceptibility artifact in the
region of the ventral prefrontal cortex that includes the OFC.
This effect was determined by comparing functional scan
data with structural T1 images. Because of the OFC signal
loss, we were unable to assess findings in this potentially
task-relevant region. Another limitation is the lack of statis-
tical power in the present study given the modest sample
sizes may have led to type II errors. In terms of imaging
data, we observed signal change that indicated a consistent
trend toward a group difference in the “hard choice–easy
choice” contrast, yet possibly due to our sample size, the
null hypothesis could be rejected in only two small clusters.
Furthermore, although inspection of signal change data sug-
gested greater recruitment among MA abusers in the “easy
choice–no choice” contrast, differences did not reach statis-
tical significance.

MA abusers exhibited an attenuation of the relationship
between the difficulty of decisions and the amount of fron-
toparietal signal change observed. This was principally
driven by the tendency among control subjects to select
between disparately valued alternatives (easy choices) with
very little frontoparietal recruitment while MA abusers ex-
hibited nearly as much signal change when selecting be-
tween disparately valued alternatives as compared to choos-
ing between similarly valued alternatives. Although
correlational analysis did not suggest a relationship between
this apparent inefficiency and the greater delay discounting
observed among MA abusers, inefficiency in decision-mak-
ing may contribute to the difficulty of cessation from MA
abuse by effectively increasing the extent to which processes
other than decision-making guide behavior. Clinically, the
chronic substance abuser presents as one who “engages in
behavior, especially drug-taking behavior, without think-
ing” [O’Brien et al., 1975: p. 116]. While our experimental
task required participants to make well-defined hypothetical
choices, thus explicitly placing them in a decision-making
mode, ordinarily behavior is only sometimes guided by
explicit decision-making processes. Behavior is alternatively
guided by more stimulus-bound processes that result from
drive states, conditioned associations, or unconscious/re-
flexive responses [Jentsch and Taylor, 1999]. Given the com-
petition that exists ordinarily between deliberate decision-
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making processes and more automatic processes (e.g., the
rapid conditioned response to a cue indicating drug avail-
ability), it is plausible that inefficiency in resolving decisions
would result in behavior that is predominated by automatic
processes. Indeed, both animal and human research has
suggested an association between stimulus-bound behavior
and chronic drug abuse [Jentsch and Taylor, 1999; Paulus et
al., 2003]. With respect to this hypothesis, the critical mani-
festation of frontoparietal inefficiency may not be its effect
on what choices are made during explicit decision-making,
but rather a diminishment in the extent to which decision-
making is engaged in contexts that do not explicitly require
it (i.e., not what decision is made, but whether a decision is
made). On this hypothesis, the primary relevance of the
observed frontoparietal inefficiency with respect to chronic
MA abusers may be orthogonal to the repeatedly observed
tendency among substance abusers to select more immedi-
ate alternatives during explicit decision-making tasks.
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