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We examined the neural basis of the capacity to resist an immediately rewarding stimulus in order to obtain
a larger delayed reward. This was investigated with a Go/No-go task employing No-go targets that provided
two types of reward outcomes. These were contingent on inhibitory control performance: failure to inhibit
Reward No-go targets provided a small monetary reward with immediate feedback; while successful inhib-
itory control resulted in larger rewards with delayed feedback based on the highest number of consecutive
inhibitions. We observed faster Go trial responses with maintained levels of inhibition accuracy during the
Reward No-go condition compared to a neutral No-go condition. Comparisons between conditions of BOLD
activity showed successful inhibitory control over rewarding No-Go targets was associated with hypoactivity
in regions previously associated with regulating emotion and inhibitory control, including insula and right in-
ferior frontal gyrus. In addition, regions previously associated with visual processing centers that are modu-
lated as a function of visual attention, namely the left fusiform and right superior temporal gyri, were
hypoactive. These findings suggest a role for attentional disengagement as an aid to withholding response
over a rewarding stimulus and are consistent with the notion that gratification can be delayed by directing
attention away from immediate rewards.

Crown Copyright © 2012 Published by Elsevier Inc. All rights reserved.
Introduction

The ability to forego immediate short-term rewards in exchange
for larger long-term goals is an integral component of mental and
physical wellbeing. The capacity to delay gratification in childhood,
as measured by the length of time that a child is able to resist the
lure of an immediate reward (e.g., one marshmallow) in favor of a
larger gain (e.g. more than one marshmallow), predicts a number of
outcomes in later life such as academic success (Shoda et al., 1990),
stress management (Mischel et al., 1988), cognitive control (Casey
et al., 2011; Eigsti et al., 2006) and reduced levels of drug use
(Ayduk et al., 2000). Given the lasting societal and individual costs as-
sociated with substance use disorders (Collins and Lapsley, 2008;
Kamerow et al., 1986), the consequences for those individuals
whose capacity to resist short-term rewards has not matured by
adulthood may be particularly detrimental.

Recent studies have investigated the neural activity of individuals
while attempting to regulate craving over reward-related cues. Smokers
who were instructed to strategically inhibit craving feelings while
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presentedwith images of cigarettes and food produced increased activa-
tion in regions of the right prefrontal cortex (PFC) implicated in cogni-
tive control processes including the right inferior frontal gyrus (rIFG;
Aron, 2007; Aron et al., 2004; Koechlin et al., 2003; Kober et al., 2010).
Concurrent reductions in activitywere reported in regions of the ventral
and tegmental striatum associated with reward including the nucleus
accumbens (NAcc; David et al., 2005; O'Doherty, 2004; Schultz et al.,
1992) and regions of the limbic system associated with emotion includ-
ing the amygdala (Adolphs et al., 1994; Due et al., 2002; Hariri et al.,
2000). Similarly, when cocaine users were asked to inhibit craving in re-
sponse to a cocaine-cue video, participants showed reductions in re-
gions involved in reward and emotion including the NAcc and insula
(Damasio et al., 2000; Franklin et al., 2007) compared to a neutral condi-
tion (without video) (Volkow et al., 2010). Comparisons with passive
cocaine-cue viewing were associated with decreased metabolism in
the orbitofrontal cortex (Schultz et al., 2000) and right NAcc, the latter
of which was correlated with increasing metabolism in the rIFG. Find-
ings of this kind support a prefrontal–subcortical balance model of
self-regulation whereby resistance over an alluring stimulus can be de-
scribed as a reflection of reciprocal activity between brain regions impli-
cated in impulse and self-control (see Heatherton andWagner, 2011 for
a recent review).

The importance of attention to the regulation of resistance over
immediate reward has been acknowledged since early observations
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made by Mischel and colleagues that those children most effective in
sustaining delay for reward, were more likely to engage in spontane-
ous behaviors to avoid looking at rewards, such as covering their eyes
(Mischel et al., 1989). By directing attention away from alluring im-
mediate rewards through, for example, obscuring reward objects
and distraction, children were able to delay gratification for a sub-
stantially longer time (Mischel and Ebbeson, 1970; Mischel et al.,
1972). Inhibitory control performance of the same cohort as adults
was examined using a Go/No-go task (Eigsti et al., 2006). Adults
who, as preschoolers, were able to delay gratification for an extended
time by directing attention away from the rewarding aspects of a
stimulus were found to perform more efficiently. Specifically, this
group was able to make faster Go trial responses while maintaining
the same level of No-go accuracy as those who directed attention to-
wards the rewarding aspects of a stimulus.

Moreover, in addition to the involvement of prefrontal–subcortical
circuitry, recent craving resistance studies also suggest a potential role
for attentional mechanisms. Specifically, neuroimaging findings have
demonstrated hypoactivity in visual processing centers during craving
resistance that are modulated as a function of visual attention. Volkow
et al. (2010) reported a decrease in activity in the left fusiform gyrus
(Heinze et al., 1994; Vuilleumier et al., 2001) while participants made
efforts to inhibit their craving. While another recent study (Brody et
al., 2007), in which smokers were instructed to resist craving during ex-
posure to cigarette cues, reported lower activation bilaterally in the
cuneus and occipital gyrus (Corbetta et al., 1991; Hillyard and Anllo-
Vento, 1998; Le et al., 1998; Martinez et al., 1999).

Thus, in the context of previous observations that resistance to al-
luring stimuli can be prolonged by re-direction of attention (Mischel
and Ebbeson, 1970; Mischel et al., 1972), findings may be suggestive
of a strategic, endogenous disengagement of attentional mechanisms
in the presence of reward-related cues as a means of reducing the
craving associated with them. Based on the following constraining
factors however, results derived from recent craving resistance stud-
ies (e.g., Brody et al., 2007; Kober et al., 2010; Volkow et al., 2010)
may require some further clarification. First, the authenticity of par-
ticipants' efforts to suppress craving or allow craving in response to
a cue is difficult to corroborate without behavioral verification. With-
out this, results are vulnerable to the “white bear” effect, in which
paradoxically, participants may be liable to reflect more strongly on
a topic when requested to suppress thoughts about it (Wegner et
al., 1987; Wylie et al., 2004). Although self-report measures have been
utilized post-cue presentation, these are subject to their own artifacts
such as social desirability bias (Nederhof, 1985) and experimenter expec-
tancy effects (Rosenthal, 1976). Second, the finding in previous studies of
activation of PFC regions implicated in cognitive control during strategic
resistance over reward-related cues has no comparison with activation
during standard cognitive control. It is therefore unclear whether recruit-
ment of these regions can be differentiated from that needed during cog-
nitive control over cues which are unrelated to reward. Third, given that
participants were instructed to engage in cognitive appraisal strategies,
the patterns of activation reported in previous studies may not be
completely reflective of a typical everyday act of abstinence over an allur-
ing target in which an explicit strategy is less likely to be employed.

In the present event-related fMRI study, we employed a modified
Go/No-go task that required participants to resist responding to an al-
luring stimulus with immediate response–reward associations in ex-
change for a larger gain rewarded for consistent inhibitory control
performance. By adopting a Go/No-go paradigm and thus eliminating
the influence of a “white bear” effect, we aimed to investigate neural
mechanisms specific to successful inhibitory control during resistance
of smaller gain with immediate feedback in exchange for a larger
long-term reward with delayed feedback. Further, inclusion of No-go
trials without reward contingencies enabled an assessment of potential
differentiation with activation during inhibitory control over a non-
alluring stimulus. Moreover, by providing actual monetary gains
contingent on participants' response or non-response, the need for cog-
nitive appraisal strategieswas not required, thus allowing for spontane-
ous processes of self control over an alluring stimulus to be assessed.

Studies of the effect of proximal and long-term gains on decision-
making have also demonstrated prominent roles for regions implicat-
ed in reward (e.g., NAcc) and cognitive control (e.g., PFC) (Diekhof
and Gruber, 2010; Hare et al., 2009). However, such tasks necessitate
concurrent presentation of both stimuli regardless of short- or long-
term reward contingencies and thus conflate any influence of atten-
tional mechanisms, [unless attention has been exogenously modulat-
ed (e.g., Lim et al., 2011)]. With regards to the current task, we
hypothesized that successful inhibitory control over a single immedi-
ately rewarding stimulus would permit a role for attention. Specifical-
ly, successful inhibitory control over a rewarding stimulus would be
associated with hypoactivity of visual processing centers involved in
attention such as the fusiform gyrus, occipital gyrus and cuneus. Con-
sistent with this interpretation, we hypothesized behavioral modula-
tion analogous to the increased efficiency in Go/No-go performance
yielded by individuals who were able delay gratification by directing
attention away from rewarding aspects of a stimulus (Eigsti et al.,
2006). In addition, consistent with a prefrontal–subcortical balance
model of self-regulation, we hypothesized concurrent hypoactivation
of ventral and limbic regions associated with reward and emotion
processes and increased recruitment of PFC regions implicated in in-
hibitory control such as the right inferior frontal gyrus.

Materials and methods

Participants

Eighteen healthy volunteers (9 males, mean age, 23) took part in
the current study. All of the participants were right-handed, as deter-
mined by the Edinburgh Handedness Inventory (Oldfield, 1971), and
reported no current or past history of neurological or psychiatric dis-
orders or psychotropic medication use. Participants provided in-
formed consent and procedures were executed in compliance with
ethical research institutional guidelines.

Behavioral task

Participants completed a Go/No-go task designed to investigate
inhibitory control during resistance of rewarding stimulus with im-
mediate feedback in exchange for a larger reward with delayed feed-
back (Fig. 1). The alluring reward–response associations of Reward
No-go trials were cultivated in two ways. First, failure to perform in-
hibitory control over them resulted in small monetary rewards for
which immediate feedback was provided. Second, Reward No-go
stimuli were assigned that had been employed in the previous block
as a trial that was monetarily rewarded for rapid responses with im-
mediate feedback. Successful inhibitory control over alluringNo-go trials
resulted in a larger reward comprising the sum of the longest run of con-
sistent inhibitions. However, performance regarding money gained from
successful Reward No-go inhibitory control was not immediately appar-
ent to participants as feedback was delayed until the end of each block.

The task consisted of three types of trials: Go, No-go and Money
trials. Go trials consisted of the presentation of white double-digit
numbers (different, e.g. 21, 23 but not 22), centrally on a black back-
ground for 750 ms, followed immediately by a 1250 ms interstimulus
interval (ISI) presenting only the black background. Participants were
asked to respond to Go trials by making a single button press re-
sponse as quickly as possible upon Go trial presentation.

Money trials presented same-digit double-digit numbers (e.g., 11,
22 or 33) and required participants to make a single button press re-
sponse as quickly as possible. The stimulus was presented for 750 ms,
followed by a feedback screen for 750 ms and blank-screen ISI (500 ms).
Money trials paid monetary rewards in proportion to how quickly
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Fig. 1. No-Reward/Reward Go/No-Go task design. The task required participants to (i) re-
spond rapidly to different-digit double-digit numbers (Go trials); (ii) respond rapidly to
same-digit double-digit numbers (Money trials) and (iii) withhold response to a designated
double-digit number previously employed as a Money trial in the preceding block of trials
(No-Go trials). For Money trials, monetary gains were rewarded commensurate with RT
speed (maximum gains were 20c) and immediate feedback on performance was provided
on the screen. Reward outcomes for successful inhibitory control of No-go trials were con-
tingent on condition: (i) No-Reward No-go inhibition success did not provide a reward;
(ii) Reward No-go inhibition success provided a 40c reward. However, rewards were the
sumof the longest run of consecutive inhibitionswithin each block and feedback for amount
gained was delayed until the end of a block. Consequently, immediate feedback for No-Go
trial performance did not differ between conditions. Feedback for failure to perform inhibi-
tory control was also contingent on condition: (i) No-Reward did not result inmonetary re-
ward; (ii) Reward inhibitory control failure resulted in a monetary reward, which like
Money trials, was commensurate with RT speed.
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participants responded to the Money trial presentation. Two different
same-digit double-digit numbers (e.g., 22 and 44) were presented as
Money trial stimuli for each block.

No-go trials were pseudo-randomly interspersed throughout the
Go trials. The No-go stimulus was presented for 750 ms, followed by
a 1250 ms ISI, a 1000 ms feedback screen and 1000 ms ISI. Partici-
pants were informed prior to the beginning of each block which
double-digit number was designated as the forthcoming No-go stim-
ulus. Participants were asked to withhold their button response upon
presentation of this No-go stimulus.

Immediate feedback on performance accuracy and amount gained
was provided during the feedback screen that followed Money and
No-go trials. Successful button presses for a Money trial stimulus
provided an immediate monetary reward with a maximum value of
20c (AUD). The monetary reward for Money trials was calculated by
subtracting the reaction time from the 1000 ms responsewindowdura-
tion. For example, if a participant's reaction timewas 300 ms in aMoney
trial, themonetary gainwould be 14 c [(1000−300)/50)=14]. Perfor-
mance accuracy feedback was also provided during the ISI period fol-
lowing successful No-go trial inhibitory control.

Two experimental conditions, Reward and No-Reward, were admin-
istered to participants. These were differentiated by their contingencies
relating to inhibitory control success and failure during No-go trials.
Rather than receiving an immediate reward for successful inhibitory
control during the No-go trial, participants were provided with mone-
tary reward feedback at the end of each block based upon the highest
number of consecutive successfully inhibited No-go trials during the
block, multiplied by 40c. For example, if within one block the highest
number of successful consecutive response inhibitions were seven,
then the participant was awarded $2.80 (7×40c). Consequently, im-
mediate feedback for successful inhibitory control of individual
No-go trials informed participants that no money had yet been ac-
crued. Such a paradigm was devised to model real-world behavior
in which abstinence is required over an immediate and tangible re-
ward (i.e. reward amount is based on reaction time with immediate
feedback) in order to obtain a larger yet less tangible reward (i.e. re-
ward amount is based on an accumulation of consecutive inhibitions
with no immediate feedback).

During the Reward condition (Fig. 1a), failure to inhibit during a
No-go trial led to an immediate reward. Feedback during the ISI period
signaled performance failure and a monetary reward commensurate
with RT, thereby remaining consistent with the response–reward rela-
tionship experienced during Money trials. During the No-Reward con-
dition, no monetary reinforcement was applied to inhibition success
or failure, only Money trials were rewarded. In order to maximize the
recency and prepotency of the association between the No-go stimuli
and monetary reward for Reward, the No-go stimulus for each block
was selected from one of the two same-digit double-digit Money trial
stimuli from the block preceding it.

Three consecutive blocks of Reward conditions were presented to
participants, with a No-Reward condition block preceding and fol-
lowing these. Each block comprised of 120 Go, 20 No-go and 20
Money trials, all of which were pseudo-randomly presented such
that No-go and Money trials were always separated by at least two
Go trials. To avoid retroactive interference effects, same-digit num-
bers were not used as a Money trial stimulus in the block immediately
following its use as a No-go stimulus.

All aspects of stimulus delivery and response recording were con-
trolled by E-Prime software (version 2.0, Psychology Software Tools,
Pittsburgh, PA), running on a laptop PC (Intel 2Ghz, 256mb Nvidia
Video Card) that was interfaced with the MR scanner during acquisition
of fMRI data. Participants indicated their responses bypressing the appro-
priate button on the appropriate buttons of a MR-compatible response
box (Fibre-Optic response pads, Current Designs, Philadelphia, PA, USA).

Image acquisition

Functional MR images were acquired at the Royal Children's Hos-
pital, Melbourne, using a 3 T scanner (Siemens Magnetrom TrioTim,
Erlangan, Germany). 183 echo-planar imaging (EPI) sequences pro-
viding T2*-weighted blood oxygenation level-dependent (BOLD)
were acquired for each functional run with the following parame-
ters: repetition time (TR), 2000 ms; echo time, 35 ms; flip angle,
90°; 32 contiguous slices of 4 mm thickness; in-plane resolution,
3.6 mm×3.6 mm×4 mm. To allow for steady-state tissue magneti-
zation, each functional run began with two volume acquisitions
that were later discarded. Five functional runs were collected for
each participant. Activation data were registered to high-resolution
T1-weighted isotropic (0.8 mm3) structural magnetization-prepared



Table 1
Regions of event-related activation during successful No-go trials.

Structure HS Volume
(μl)

Center of mass p

x y z

Frontal lobe
Medial R 250 11 −5 66
Superior R 219 21 −8 56
Middle R 259 42 2 40

Temporal lobe
Fusiform L 259 −29 −66 −10 NR>R
Superior R 246 58 −50 18 NR>R
Middle L 150 −43 −52 −1

Parietal lobe
Middle/anterior cingulate R/L 3659 1 23 36
Postcentral L 2828 −40 −29 52
Supramarginal L 188 −54 −48 29

L 183 −53 −24 16 NR>R
Insular and subcortical
Insula/inferior frontal R 3734 36 18 9
Insula L 2014 −30 17 9

L 418 −29 16 19 NR>R
L 255 −41 −29 19

Caudate R 257 18 −11 20 NR>R
L 231 −12 9 3
R 151 14 9 2
L 150 −13 −1 20

Thalamus R 163 3 −4 10

HS, Hemisphere; L, Left; R, Right. Center of mass in MNI co-ordinates. p, significant dif-
ference between R, Reward and NR, No-Reward (pb0.05 corrected).

1844 D.A. O'Connor et al. / NeuroImage 62 (2012) 1841–1847
rapid-acquisition gradient echo images to localize the pattern of physi-
ological changes with the task time-series.

Data analysis

All analyses were conducted using AFNI software (http://afni.
nimh.nih.gov/afni/) (Cox, 1996). Following image reconstruction,
the time-series data were time-shifted using Fourier interpolation to
remove differences in slice acquisition times, and motion-corrected
using three-dimensional volume registration (least-squares align-
ment of three translational and three rotational parameters). Activa-
tion outside the brain was removed using edge detection techniques.

To examine the influence of reward on No-go performance, an
event-related analysis was performed that estimated activation dur-
ing No-go trial responses for both Reward and No-Reward conditions.
To do this, hemodynamic response functions were calculated using
deconvolution techniques for each successful No-go trial response.
As the presentation of all epochs of interest was timed to coincide
with the beginning of the 2 s temporal resolution cycle, response
functions for all regressor events were initiated at individual epoch
onsets. To avoid contamination of the baseline and event-related esti-
mates, additional regressors were included to model the activity re-
lated to errors and feedback screens related to both correct and
incorrect trials. The area under the curve was expressed as a percent-
age of the area under the baseline. The baseline estimate was the
mean activation recorded during the ongoing trial period (Go trials),
such that the activation observed during successful No-go trial re-
sponses represents activation over and above that required for the
ongoing trial period (or Go) responses.

Percentage area (event-related activation) map voxels were res-
ampled at 1 mm3 resolution then spatially normalized to standard
MNI space (MNI 152 template) and spatially blurred with a 3 mm iso-
tropic root-mean-squared Gaussian kernel. Group activation maps for
the No-go event type were determined with one-sample t tests
against the null hypothesis of zero event-related activation changes
(i.e., no change related to baseline). Significant voxels passed a
voxelwise statistical threshold (t=3.97, p≤0.001) and were required
to be part of a larger 142 μl cluster of contiguous significant voxels.
The combination of probability thresholding and cluster thresholding
was used to maximize the power of the statistical test while holding
the likelihood of false positives to a minimum. Simulation using the
3D ClustSim function in AFNI (http://afni.nimh.nih.gov/pub/dist/
doc/program_help/3dClustSim.html) and an uncorrected voxelwise
threshold P=0.001 indicated that cluster size of 142 μl, given our pa-
rameters that occurs b1% of the time by chance can be selected, given
a threshold of p=0.01 (corrected).

Activation clusters from the whole-brain analysis of No-go trials
were used to create an activationmap including the voxels of activation
indicated as significant constituent maps (Reward or No-Reward).
The mean activation for clusters in this map was calculated for the
purposes of a functionally-derived region of interest (ROI) analysis.
Activation estimates between conditions were compared using
repeated-measures t tests, corrected using a modified Bonferroni
procedure for multiple comparisons (Keppel, 1991). Finally, due to
a priori interest in the activity of the ventral striatum in response
to performance outcomes, anatomically defined ROI analyses were
conducted on right (130 μl; x=11, y=9, z=−8) and left (157 μl;
x=−13, y=9, z=−8) nucleus accumbens (NAcc), defined by the
Montreal Neurological Institute atlas of the AFNI toolbox.

Results

Behavioral results

Reward Go trials yielded significantly faster reaction times (RTs)
than No-Reward Go trials (369 ms vs. 380 ms), t(17)=2.19, Pb0.05,
while accuracy for Reward No-go's trials was not lower than No-
Reward No-go trials but slightly higher (78% vs. 74%), although this
difference was not statistically significant, t(17)=1.68, P=0.11.
That faster Reward Go trial responses were not committed at the ex-
pense of inferior inhibitory control (i.e., speed-accuracy trade-off) im-
plies more efficient Go/No-go performance for this condition. The lack
of a significant correlation between Reward Go RTs and Reward No-
go accuracy (r=.19, p=.46) provides further evidence for an ab-
sence of such a trade-off for the Reward condition. The speed of re-
sponses did not differ significantly between Reward and No-Reward
Money trials (368 ms vs. 378 ms). There was no significant influence
of gender on behavioral performance.

fMRI BOLD activity

Consistent with previous event-related fMRI research employing
Go/No-go tasks, successful inhibitory control was associated with
BOLD activity in regions of the right lateralized PFC, namely inferior
and middle frontal gyri, and ACC (Aron, 2011; Botvinick et al., 2001;
Ridderinkhof et al., 2004; Rubia et al., 2001) (Table 1). In posterior
areas, activity was observed in the left fusiform gyrus and superior
temporal gyrus (STG), both visual processing centers shown to be
susceptible to attentional modulation (Heinze et al., 1994; Pessoa et
al., 2002; Vuilleumier et al., 2001). Bilateral activity in multiple sites
of the insula and caudate, both implicated in reward and emotion
processes (Knutson et al., 2001; Naqvi and Bechara, 2009; Phillips et
al., 2008), was also observed.

In comparing activity for each condition in functionally defined
ROIs derived from activity during all No-go trials, several regions
showed sensitivity to Reward (Table 1). Lower BOLD signal was
found during successful Reward No-go trials in visual processing cen-
ters in left (fusiform gyrus) and right (STG) hemispheres (Fig. 2). In
striatal regions, lower Reward No-go activity was observed in the
right caudate (Fig. 2), the same pattern was yielded in the left limbic
area by the insula (Fig. 2). Activity encompassing both the right insula
and rIFG was anatomically differentiated and successful No-go activ-
ity between No-Reward and Reward was compared for both ROIs. Al-
though right insula (x=33, y=19, z=7) activity was not modulated

http://afni.nimh.nih.gov/afni/
http://afni.nimh.nih.gov/afni/
http://afni.nimh.nih.gov/pub/dist/doc/program_help/3dClustSim.html
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by Reward, activity in the rIFG (x=45, y=18, z=13) was reduced
for Reward No-go trials (Fig. 2). In addition, greater deactivation of
the left supramarginal during Neutral No-go trials was observed. For
the comparison of anatomically defined NAcc regions, no significant
differences were found.

Discussion

In the present study participants were required to refrain from
responding to a rewarding stimulus with immediate feedback. More-
over, successful consistent inhibitory control over immediately re-
warding targets contributed to larger monetary gains with delayed
feedback. We found that the Reward No-go condition was associated
with improved inhibitory control efficiency, that is, greater speed on
Go trials without compromised performance during No-go trials.
This enhancement is comparable to Go/No-go performance demon-
strated by individuals with an ability to effectively direct attention
away from tempting aspects of rewards in a delay-of-gratification
task (Eigsti et al., 2006). By adopting the current approach we were
able to build on previous literature examining self-regulatory mecha-
nisms in at least three ways.

First, we investigated the association between attentional mecha-
nisms and the ability to perform inhibitory control over a rewarding
stimulus. We observed hypoactivity in both the right superior tempo-
ral gyrus (STG) and the left fusiform gyrus during successful inhibi-
tion over an alluring No-go target. The right superior temporal
region is a visual processing area whose modulation has been thought
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(Williams et al., 2005). Although, the STG has not previously been
reported in studies of craving resistance, it has been found to respond
differentially to emotional valence as a function of attention (Pessoa
et al., 2002), and has recently been implicated in visual attention-
guided decision value computations (Lim et al., 2011). The left fusi-
form gyrus is a region that has demonstrated reduced activity during
attempts to strategically inhibit craving over reward-related images
(Volkow et al., 2010). This pattern of hypoactivity in visual areas asso-
ciated with attention is echoed by reports of lower activity in the
cuneus and occipital areas during resistance over cigarette cues
(Brody et al., 2007). Current results add to previous studies by show-
ing that such a pattern of hypoactivity is also possible during non-
simulated resistance over a target with tangible immediate reward
potential. We argue that hypoactivation of such areas during resis-
tance over an alluring stimulus is suggestive of a type of attentional
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et al., 2000). That is, a reduction in attentional engagement during ex-
posure to an immediately rewarding stimulus can serve to ease inhib-
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images of faces versus scrambled faces in conjunction with rewarding
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or neutral No-go targets, our group is presently further examining the
potential for endogenous strategic allocation of attention away from
immediately rewarding targets. It is hypothesized that the attention-
capturing characteristics of facesmay offer an inhibition-enhancing dis-
traction when targets are alluring.

Tradeoffs between speed and accuracy are generally expected
during standard inhibitory control task performance, however their
effects have previously been found to be attenuated by the influence
of motivation through monetary reward (Leotti and Wager, 2010).
Present behavioral results showing increased efficiency in cognitive
control performance for the Reward condition can be interpreted
within a framework of attentional disengagement of Reward No-go
targets. In addition to the reduction in prepotency offered by limiting
the amount of attentional resources allocated to the processing of al-
luring No-go targets, this effect may also influence the relative poten-
tiation of Go and No-go pathways such that the detection of Go
targets is more efficient (Frank et al., 2004). This improvement in ef-
ficiency is consistent with longitudinal research showing that, as
adults, preschoolers who tended to direct their attention away from
rewarding aspects of a stimulus during a delay-of-gratification task
were faster at performing a Go/No-go task without making more er-
rors than those directed attention towards the rewarding aspects of
a stimulus (Eigsti et al., 2006).

Second, hypoactivity was found in regions of the left insula and
right caudate during successful inhibitory control of Reward No-go
trials. The insula, which has been implicated in reward-related
urges and decision-making processes that involve risk and reward
(Naqvi and Bechara, 2009), has previously shown reduced activity
during strategic attempts to inhibit craving over cocaine-cues
(Volkow et al., 2010). It has also been cited in studies of emotion pro-
cessing that propose a potential for disengagement of attention from
emotional stimuli (Phillips et al., 2008) and diversion-based ap-
proaches to emotion regulation (Ochsner and Gross, 2005). The cau-
date is a region of the striatum that has previously been associated
with impulsivity during response inhibition performance (Brown et
al., 2006), reward sensitivity in motivation-influenced cognitive con-
trol (Locke and Braver, 2008) and coding for expected reward magni-
tude (Knutson et al., 2001). In order to successfully refrain from
responding to an immediately rewarding stimulus in exchange
for a larger delayed reward, inhibition of such a mechanism, as
demonstrated in the current study, would appear necessary. Both
findings are consistent with a model of self-regulation that posits
reduced activity in limbic and striatal regions associated with re-
ward and emotion (see Heatherton and Wagner, 2011 for a recent
review).

Third, to our knowledge, no prior studies have examined whether
PFC activity related to inhibitory control over an immediately reward-
ing stimulus differs from that produced during standard inhibitory
control performance. In the context of a prefrontal–subcortical bal-
ance model of self-regulation (Heatherton and Wagner, 2011) one
might predict a corresponding increase in PFC regions implicated in
cognitive control. For instance, strategic resistance over cocaine cues
showed that reduced activity in the ventral striatum correlated with
an increase in lateral PFC activity (Volkow et al., 2010; note however
that this increase was the result of a comparison with PFC activity
during passive viewing of cocaine cues). In the present study and run-
ning counter to a prefrontal–subcortical balance model interpreta-
tion, we observed reduced activity in the rIFG during successful
inhibitory control over Reward No-go trials compared to No-Reward
No-go trials. This suggests, somewhat counter-intuitively, that less
top-down regulation was required to inhibit an immediately reward-
ing stimulus. Thus, in the context of an interpretation of attentional
disengagement as an aid to withholding response over an alluring
stimulus, the finding of associated hypoactivity in the rIFG is conver-
gent with the notion that “it is easier to avoid temptation than to
overcome it” (Baumeister and Heatherton, 1996, p. 4).
A primary aim of the current study was to address a limitation
identified in previous self-regulation literature. That is, without an
appropriate comparison condition, activity that had been interpreted
as characteristic of resistance over an alluring stimulus could also be
interpreted as mere resistance. Our proposed solution was to modify
the typical format of a Go/No-go task that has been used to examine
the neural correlates of general inhibitory control (e.g., Aron, 2011;
Botvinick et al., 2001; Garavan et al., 2002; Ridderinkhof et al.,
2004; Rubia et al., 2001) in order to model a scenario of inhibitory
control that could be likened to that seen in simulated resistance
studies. By comparing activity produced by such a model with an
unmodified equivalent we attempted to isolate the neural and behav-
ioural correlates of resistance over an alluring stimulus. However, in
adopting such a design, Reward No-go trials conflated several con-
founding characteristics that were not manifest in No-Reward No-go
trials. First, Reward No-go trials were the only trials to be recently asso-
ciated with monetary outcomes contingent on fast responses; second,
failure to inhibit Reward No-go trials resulted in immediate reward;
and third, withholding responses to Reward No-go trials resulted in re-
wardswith delayed feedback. In addition, Reward blocksweremore fre-
quently presented than No-Reward blocks (three vs. two).

So that such conflated factors can be differentiated, future work
should adopt a more experimentally nuanced approach. For example,
studies involving inhibitory control over rewarding stimuli may ben-
efit from the following design modifications. First, Aron (2011) posits
that faster Go trial RT is indicative of a reactive mode of inhibitory con-
trol, whereas proactive inhibitory control, which is generated according
to participants' goals rather than external signals, is characterized by
slower Go trial responses. The faster Go trial RT produced by the current
Reward condition may reflect a type of goal-driven reactive control
brought about by the conflation of two contrary goal contingencies.
That is, a “push” elicited by rewarding responses to No-go trials versus
an opposing “pull” elicited by rewarding the inhibition of responses to
the same trials. Theoretically, by isolating only one goal contingency,
through the introduction of a No-go trial that only rewards inhibition,
participants would more likely demonstrate a proactive mode of inhib-
itory control. Second, presently we can only speculate on its relevance
in the context of our study but the orbitofrontal cortex (OFC) may war-
rant further investigation as a means of exploring the viability of a pre-
frontal–subcortical balance model of self-regulation (Heatherton and
Wagner, 2011). This region has previously been implicated in the calcu-
lation of relative preference between stimuli, such that neurons can be
more or less activated by a reward depending on which alternative re-
ward is available (Tremblay and Schultz, 1999). Consequently, the OFC
may be particularly influential in cases where the act of refraining from
responding to an immediately rewarding stimulus produces larger
delayed reward benefits. In the context of currentfindings, an intra-stim-
ulus reward relativity calculationmay be plausible, whereby exposure to
an immediately rewarding stimulus yieldsmodulation of OFC activity be-
cause the outcome of not responding to that stimulus is likely to result in
a preferred larger delayed reward. In order to substantiate this line of ar-
gument, future studies could employ optimized scanning parameters for
functional sensitivity in this region and an additional condition in which
inhibitory control is required over an immediately rewarding stimulus
that has no delayed reward outcome for successful inhibition.

Finally, with respect to clinical contexts, and substance use disor-
ders (SUDs) in particular, present findings complement prominent
models that posit a reciprocal relationship between craving and at-
tentional bias, whereby craving can increase as a consequence of in-
creasing attention to substance-related cues (Field and Cox, 2008;
Franken, 2003; Kavanagh et al., 2005; Ryan, 2002). Given that healthy
participants appear able to disengage from alluring targets in order
to abstain from them, it may be worth exploring further whether ef-
forts by individuals with SUD to abstain from craved substances are
undermined by a reduction in the ability to disengage attention
from their appetitive features.
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