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Abstract

Effective response inhibition is a key component of recovery from addiction. Some research
suggests that response inhibition can be enhanced through reward contingencies. We examined the
effect of monetary incentive on response inhibition among adolescents with and without substance
use disorder (SUD) using a fast event-related fMRI antisaccade reward task. The fMRI task
permits investigation of how reward (monetary incentive) might modulate inhibitory control
during three task phases: cue presentation (reward or neutral trial), response preparation, and
response execution. Adolescents with lifetime SUD (n=12; 100% marijuana use disorder) were
gender and age-matched to healthy controls (n=12). Monetary incentive facilitated inhibitory
control for SUD adolescents; for healthy controls, the difference in error rate for neutral and
reward trials was not significant. There were no significant differences in behavioral performance
between groups across reward and neutral trials, however, group differences in regional brain
activation were identified. During the response preparation phase of reward trials, SUD
adolescents, compared to controls, showed increased activation of prefrontal and oculomotor
control (e.g., frontal eye field) areas, brain regions that have been associated with effective
response inhibition. Results indicate differences in brain activation between SUD and control
youth when preparing to inhibit a prepotent response in the context of reward, and support a
possible role for incentives in enhancing response inhibition among youth with SUD.
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1. Introduction

During adolescence, developmental changes in reward-related processing and limitations in
the cognitive control of behavior are thought to contribute to a propensity for risk-taking
behavior, such as substance use (Spear, 2000; Ernst et al., 2009). A reward-sensitive
temperament, in combination with behavioral disinhibition, has been associated with risk for
progression to substance use disorder (SUD) in adolescence (review: Dawe et al., 2004).
These findings suggest that adolescent substance users, compared to healthy controls, might
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demonstrate greater sensitivity to reward and reduced response inhibition. Increased
understanding of the impact of incentives on response inhibition has potential implications
for improving substance use outcomes among youth in recovery. This study examined the
effect of reward, in the form of monetary incentive, on inhibitory control, comparing
adolescents with and without SUD, on a reward-mediated antisaccade (AS) fMRI task
(Geier et al., 2010).

Performance of a typical AS requires halting a prepotent eye movement toward a salient
stimulus in favor of a voluntary movement to the opposite spatial location (Hallett, 1978).
Saccadic eye movements in general, and particularly antisaccades, have proven to be a
sensitive marker of psychopathology related to the cognitive control of behavior and frontal
lobe integrity (review: Munoz & Everling, 2004). Other advantages of using AS to measure
cognitive control over behavior include the ability to isolate activity related to response
preparation, which is critical to effective response inhibition, and the extensive
characterization of the neural circuitry underlying AS (Everling et al., 1998; 2000; Luna et
al., 2008). Brain systems subserving AS performance include the frontal eye field (FEF),
supplementary eye field (SEF), dorsolateral prefrontal cortex (DLPFC), posterior parietal
cortex, anterior cingulate cortex, basal ganglia, thalamus, superior colliculus, brainstem
reticular formation and cerebellum (reviews: Munoz & Everling, 2004; Luna et al., 2004).
Developmentally, adult-like levels of response inhibition, based on AS performance, begin
to stabilize around mid- to late adolescence (Luna et al., 2004).

Studies of youth at high risk for substance involvement suggest poorer AS behavioral
performance and less activation of brain regions supporting AS, compared to youth at low
risk. A behavioral AS study found that children of fathers with an alcohol use disorder had a
higher rate of response inhibition errors compared to children of fathers with no alcohol use
disorder (Habeych et al., 2006). Likewise, an fMRI study of high risk youth (ages 12-19)
reported that neurobehavioral disinhibition score (e.g., greater impulsivity, conduct
problems) was negatively correlated with total percentage of frontal lobe activation,
suggesting that youth with greater neurobehavioral disinhibition may have deficits in the
neural circuitry supporting AS, particularly in frontal brain regions (McNamee et al., 2008).
Although these findings suggest deficits in AS performance that may be associated with
lower activation of brain regions supporting AS among high risk youth, studies to date have
not examined AS behavioral and neuroimaging data together, and have not contrasted
adolescent substance users with healthy controls.

The use of incentives can improve performance on tasks that require strong cognitive control
over behavior, such as AS (e.g., Jazbec et al., 2005, 2006; Hardin et al., 2007; Geier et al.,
2010). In youth with depression or anxiety, use of monetary incentive improved AS
performance by reducing inhibitory errors (Hardin et al., 2007). However, monetary
incentive did not affect AS performance among youth with bipolar disorder, possibly due to
impaired reward-related processing and limited room for performance improvement due to
disorder-related impairment (Mueller et al., 2010). Taken together, extant research suggests
that sensitivity to reward can modulate cognitive control processes, and that reward
sensitivity may differ depending on type of psychopathology. Little is known regarding
sensitivity to reward in adolescents with SUD (Hardin & Ernst, 2009). Given that adolescent
substance users may have a reward-seeking temperament (Dawe et al., 2004), we predicted
that monetary incentive would improve AS performance among adolescents with SUD,
which would provide support for the modulation of effortful cognitive control by reward in
this subgroup.

To examine the effect of reward on AS behavioral performance and its supporting neural
circuitry, we used a fast event-related AS task that included three epochs (incentive cue
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presentation, response preparation, response execution), and reward and non-reward trials
(Figure 1; Geier et al., 2010). The use of three epochs in each trial facilitated evaluation of
temporally distinct phases of cue exposure (i.e., reward versus non-reward “cue”),
anticipation of reward and response preparation, and AS response execution, as well as the
distinct patterns of regional brain activation that may be associated with each epoch of the
trial (review: Geier & Luna, 2009). We hypothesized that incentives would improve AS
performance through activation of the ventral striatum (VS), which may enhance activity in
premotor and parietal oculomotor control regions, as well as prefrontal cortex, brain regions
that support correct AS performance (Geier et al., 2010). In support of this model, greater
activity in the frontal cortex was observed during response preparation for reward, compared
to non-reward trials, in healthy adolescents (Geier et al., 2010). These findings suggest
modulation of prefrontal and oculomotor control regions supporting correct inhibitory
response by monetary incentive. Thus, the fMRI AS reward task provides a method to
compare adolescent substance users and healthy controls on processes relevant to
understanding adolescent substance use: reward sensitivity, response inhibition, and the
effect of incentive on cognitive control of behavior.

Given that reward enhances performance that leads to reward receipt, we predicted that
adolescents with substance use disorder (SUD adolescents) and healthy controls would
generate fewer behavioral AS errors during the reward, compared to neutral condition, and
that during the reward condition, there would be increased activity in brain regions
associated with reward processing (e.g., VS, orbito-frontal cortex (OFC)). We also
predicted, based on the literature on risk for adolescent substance use, that SUD adolescents
would show greater sensitivity to reward compared to controls, that is, greater effect of
reward on behavioral AS performance (i.e., decreased errors during reward compared to
neutral trials), and greater effect of reward on brain regions subserving correct AS
performance (e.g., greater DLPFC activation in SUD adolescents compared to controls
during response preparation).

2. Methods
2.1 Participants

Adolescent participants (ages 15-18) in this study were drawn from a longitudinal,
naturalistic study of adolescent SUDs, which involved recruitment of youth from substance
abuse treatment (SUD adolescents) and a representative sample of similar aged youth from
the community (Chung & Maisto, 2009). Community control participants were identified
using random digit dialing by trained interviewers at the University Center for Social and
Urban Research. Table 1 summarizes the sample characteristics by study group. SUD
adolescents (n=12, 50% female, mean age = 17.0 [SD=0.9], 83% Caucasian) had a lifetime
DSM-IV SUD (75% alcohol use disorder, 100% cannabis use disorder; 75% other drug use
disorder), and were sex and age matched to a community control participant (n=12, 50%
female, mean age = 16.9 [SD=0.9], 83% Caucasian). Community controls had no lifetime
DSM-IV SUD. Participants represented a broad range (1-5 scale, 5=high) of socio-economic
status (Hollingshead, 1975; SUD sample mean = 2.7 [SD=1.3], control sample mean = 2.2
[SD=0.9]; p>.05). All were right-handed. Youth with a history of significant brain injury or
other MRI contraindication (e.g., metal in the body) were excluded from the neuroimaging
study. Full scale 1Q, determined by the Wechsler Abbreviated Scale of Intelligence
(Psychological Corporation, 1999), did not significantly differ for SUD youth (mean=103.7,
SD=10.6) and controls (mean=110.1, SD=11.4).

In the 6 months prior to the scan, among SUD adolescents, average frequency of alcohol use
was once per month, and average frequency of marijuana use was once per week. In the 30
days prior to the scan, 25% (n=3) of SUD adolescents reported alcohol use (range of 4-10
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days prior to scan), and 42% (n=5) reported marijuana use (range of 1 day [>24 hrs] - 7 days
prior to scan). In the control sample, average frequency of alcohol and marijuana use was
less than once per month in the 6 months prior to the scan. In the 30 days prior to the scan,
33% (n=4) of controls reported alcohol use (range of 1 day [>24 hrs] - 19 days prior to
scan), and none reported marijuana use. With regard to current (i.e., 6-months prior to scan)
psychopathology, in the SUD sample, 17% (n=2) had major depression, 33% (n=4) had
conduct disorder, 17% (n=2) met criteria for attention deficit hyperactivity disorder, and 8%
(n=1) had oppositional defiant disorder. The control sample had no lifetime history of these
disorders.

2.2 Procedures

Adolescents in the parent longitudinal project were invited to participate in a neuroimaging
study of brain structure and functioning (Thatcher et al., 2010), and completed
comprehensive substance use and psychiatric assessments at baseline and 1-year follow-up
as part of the parent project. SUD adolescents were scanned at baseline, within one month of
entry into intensive outpatient treatment for substance use (n=11), or at the 1-year follow-up
assessment (n=1; this adolescent reported marijuana use in the 30 days prior to the scan, met
criteria for a lifetime DSM-1V diagnosis of marijuana abuse, but did not have a current SUD
at the time of the scan). Control adolescents were scanned within one month of completing
the baseline assessment (n=3), or at 1-year follow-up (n=9). Youth were instructed to
abstain from alcohol and illicit substance use for at least 24 hours prior to the scan; no
adolescent included in the analyses reported substance use <24 hours prior to the scan. The
study protocol was approved by the University's Institutional Review Board. Written
informed consent (or assent from minor adolescents, and consent from the youth's parent)
was obtained prior to conducting any study procedures. Youth were compensated for
participation in the imaging study.

2.2.1 Measures of substance use and psychopathology—Measures of substance
use and psychopathology were obtained at baseline and at 1-year follow-up by highly
trained interviewers. For those who completed the scan at baseline, “lifetime” and “current”
(past 6-months) status was based on data from the baseline assessment; for those who
completed the scan at 1-year follow-up, data obtained at the 1-year follow-up assessment
was used. Participants reported on frequency of alcohol, marijuana, tobacco, and other
substance use in the past 6-months on a 9-point scale (O=never tried to 8=daily use). The
Structured Clinical Interview for DSM-IV SUDs (SCID; First et al., 1997), adapted for
adolescents (Martin et al., 1995), was used to assess the presence and age at onset of lifetime
SUD diagnoses. The adapted SCID has good inter-rater reliability for ratings of symptoms,
diagnosis, and age of onset, and has support for concurrent validity (e.g., Martin et al.,
2000). Lifetime and current other DSM-IV Axis | psychopathology (e.g., conduct disorder,
major depression) were assessed using the adolescent version of the Schedule for Affective
Disorders and Schizophrenia (K-SADS: Kaufman et al., 1997). The K-SADS has good inter-
rater reliability (Clark et al., 1997).

2.2.2 fMRI antisaccade (AS) task—A fast-event related design was used to assess
reward contingency effects on activity unique to each epoch (i.e., cue, preparation, response
execution) of the AS task (Geier et al., 2010). At the beginning of each AS trial, participants
first viewed (1.5s) either (1) a ring of green dollar bill signs ($) around a central white
fixation cross as a cue for reward trials, or (2) an equivalently sized, isoluminant ring of blue
pound signs (#) around the fixation cross for neutral trials (Figure 1). The ring then
disappeared, and a red fixation cross was displayed for 1.5s signifying that an AS is to be
performed. Finally, a peripheral target (yellow dot) appeared (75 msec) at an unpredictable
horizontal location (£ 3, 6, and 98 degrees visual angle). Adolescents were instructed to look
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at the mirror location (i.e., perform an antisaccade) during this time (1475 msec). Because
the AS task is a compound trial with an invariant sequence of components (i.e. motor
response always follows response preparatory period), we included approximately 30%
partial or “catch” trials, randomly inserted, in addition to jittered inter-trial intervals
(Ollinger et al., 20014, b) in order to deconvolve trial components. Two catch trial variants
were presented and consisted of the trial terminating after either (1) the incentive cue
(circles of “$” or “#”) (i.e. no response preparation or cue to perform an antisaccade) or (2)
when the response preparation period ended (red fixation cross) (i.e. no peripheral target was
presented). A jittered fixation period of 1.5, 3, or 4.5 seconds (randomly inserted), during
which time subjects simply fixated on a central white cross presented on a black
background, was included between all trials, compound and partial. Inclusion of partial trials
and jittered inter-trial fixations allowed activity unique to each component of the task to be
estimated independently (i.e., activity associated with response preparation can be estimated
uniquely from reward image processing and motor processing).

The protocol included 14 complete reward trials, 6 partial reward trials (3 of each variant),
14 complete neutral trials, and 6 partial neutral trials (3 of each variant) in each run,
presented in random order. Each run lasted 5 min 9 sec and was presented 4 times for a total
of 56 complete reward trials and 56 complete neutral trials. Participants were told that they
could win up to $10 for correct AS performance, with no monetary loss (i.e., no
“punishment” for incorrect response), and were told to try to obtain the maximum amount.
For the reward condition, the value of a correct response was intentionally ambiguous (to
prevent participants from keeping a running total of earnings during the task), and no
feedback was provided regarding whether a particular trial was successfully performed. At
the end of the imaging session, all participants who made an effort to comply with the task
received the full $10 “reward”. All participants in the sample complied with the task and
received full compensation.

2.2.3 Eye tracking—nParticipants were first oriented to the AS task outside of the scanner
to ensure that they were able to perform the task. In the scanner, eye movements were
monitored using a long-range optics eye-tracking system (Model 504LRO, Applied Science
Laboratories, Bedford, MA), which recorded eye position by pupil-corneal reflection
obtained by a relay mirror mounted on the head coil with a resolution of 0.5° of visual angle.
Simultaneous video monitoring provided data on task compliance. At the beginning of the
session, a 9-point calibration procedure was performed. Stimuli were presented using E-
prime (Psychology Software Tools, Inc., Pittsburgh, PA), projected onto a flat screen
positioned behind the magnet. Subjects viewed the screen using a mirror mounted on a
standard radiofrequency head coil. Eye movements were scored off-line using ILAB
software (Gitelman, 2002) and in-house scoring programs written in MATLAB (Mathworks,
Inc.) that calculated the direction, latency, and accuracy of responses.

Behavioral variables of interest included correct and incorrect AS latencies and errors in
inhibitory response on rewarded and neutral trials. A correct response in the AS task was
one in which the first eye movement during the response execution epoch with velocity
greater than or equal to 30°/s (Gitelman, 2002) was made toward the mirror location of the
peripheral cue and extended beyond a 2.5° visual angle central fixation zone. AS errors
occurred when the first saccade during the response execution epoch was directed toward
the peripheral target and exceeded the 2.5° visual angle central fixation zone. Prosaccade
errors were consistently followed by movement to the appropriate location, indicating that
instructions were understood, but the reflexive saccade was not effectively inhibited (cf.
Velanova et al., 2008). Sensitivity to reward on this task was indicated primarily by reduced
inhibitory errors, and secondarily by shorter latency to correct AS, during reward compared
to non-reward (neutral) trials (Hardin et al., 2007; Geier et al., 2010).
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2.2.4 Image Acquisition and Preprocessing—Imaging data were acquired using a
Siemens 3T Allegra Scanner. A gradient-echo echo-planar imaging sequence sensitive to
blood oxygenation level dependent (BOLD) contrast (T2*) was used. Acquisition
parameters were TR=1.5s TE=25ms, flip angle=70°, 64 x 64 acquisition matrix with field of
view 20 x 20 cm. Twenty-nine 4mm-thick axial slices with no gap were collected, aligned to
the anterior and posterior commissure (AC-PC line), generating 3.125 x 3.125 x 4mm
voxels, which covered the entire cortex and most of the cerebellum. A series of
magnetization-prepared rapid gradient echo (MPRAGE) images were acquired. Tools from
the Functional MRI of the Brain (FMRIB) software library (FSL) were used for data
preprocessing (Smith et al., 2004). MPRAGE images were brain extracted (BET), then
registered and transformed to standard space using FLIRT and FNIRT. Functional images
were slice-time and head-motion corrected (cf. Geier et al., 2010). Allowable head motion
was 1.5mm, given that this is the amplitude at which most artifacts occur. Functional images
were transformed to standard space, then spatially smoothed with a 5-mm full-width at half
maximum kernel and subjected to high-pass temporal filtering (sigma = 37.5 s) to remove
low-frequency scanner drift. Signal intensity for each run was scaled to a mean of 100 and
multiple runs were concatenated.

Analysis of Functional Neuroimages (AFNI; Cox, 1996) was used for individual case
deconvolution and group-based analyses. The deconvolution (regression) model consisted of
six orthogonal regressors (i.e., reward cue, neutral cue, reward preparation, neutral
preparation, reward saccade response, and neutral saccade response), regressors for reward
and neutral error trials (consisting of the entire trial), regressors modeling baseline, linear,
and non-linear trends, as well as motion parameters that were included as ,nuisance’
regressors. Analyses included only correct AS trials. Cubic spline basis functions were used
to estimate a unique estimated impulse response function (i.e., hemodynamic response
function [HRF]) for each regressor of interest (reward and neutral cue, preparation, and
saccade response). We estimated the HRF duration for each epoch of the trial (18sec from
stimulus onset; 13 TR), but did not make assumptions about its specific shape, as is the case
when a canonical HRF shape is used. The overall baseline was calculated as the mean
activation for each voxel across all fixation time points. Goodness of fit statistics were
calculated from the deconvolution, including partial F-statistics for each task regressor (e.g.,
reward cue, response preparation, response execution) and t-scores comparing each of the 5
estimated beta weights with zero.

2.2.5 fMRI Group-level analyses—Whole-brain analyses were conducted using data
only from correct AS trials. Voxel-wise linear mixed-effects modeling (3dLME program
within AFNI) was run using subjects’ mean estimated impulse response (beta weights from
deconvolution scaled to reflect percent signal change) maps with condition (reward and
neutral), group (SUD versus control), and time as fixed factors and subjects as a random
factor for each trial epoch: (1) cue/reward assessment, (2) response preparation, and (3)
response execution. These whole brain analyses generated a series of statistical maps that
were used to compare regional brain activation across incentive cue conditions and SUD/
control groups, separately for each of the three trial epochs. The Incentive condition (reward
versus neutral) by Group (SUD versus control) by Time (I x G x T) interaction provided
information on how brain regions differed in terms of percent signal change across the 2
incentive conditions, 2 groups, and over time (13 TRs).

Correction for multiple comparisons was applied at the cluster level. Image-level cluster
significance of p<.05 was obtained using a combination of individual voxel thresholding (p
<.001) and a minimum cluster size (17 contiguous voxels). Estimation of whole brain
overall significance levels was done using Monte Carlo simulations (AFNI AlphaSim).
Regions of interest (ROIs) were defined as significant voxels that were included in non-
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overlapping spheres with a 9-mm radius centered on the maximum voxel in the corrected | x
G x T image. We then used these functionally defined ROIs as masks to extract the
estimated time courses for each subject, for both incentive conditions, and for each of the
three trial epochs separately.

2.2.6 Time course analyses—The average (across subjects) time courses extracted from
the I x G x T interaction maps for each epoch (i.e., cue, preparation, response execution)
were analyzed using repeated measures analysis of variance (RM ANOVA). RM ANOVA
tested for | x G x T interactions in the time course data, using group (SUD versus control) as
the between subjects factor, and incentive condition (reward, neutral) and time (0-12 TR) as
within subjects factors. Analyses of all time points within an epoch resulted in no significant
| x G interactions for any of the ROIs. Given that a biphasic or temporally later peak (i.e.,
peak >6 seconds after onset of the epoch) was observed for some ROIs, we used a more
conservative approach to test for | x G interactions, focusing on estimated responses at TRs
3-6. We restricted the | x G analyses to these early time points (i.e., 3-7.5 seconds after
epoch onset) because this period includes the initial peak in a stereotyped hemodynamic
response, which generally occurs between 4-6 seconds after stimulus presentation (cf. Geier
et al., 2010). Greenhouse-Geisser sphericity corrected levels of significance are reported.
Analyses of average time courses did not correct for multiple comparisons, given that this
was a pilot study.

3.1 Behavioral Results

Descriptive statistics for behavioral AS performance across neutral and reward conditions
are provided in Table 2. As predicted, RM ANOVA of errors in inhibitory response across
incentive conditions indicated a significant main effect of incentive type ([F(1,22) = 15.81,
p<.01), with decreased errors in the reward, compared to neutral condition. In the SUD
group, reward trials resulted in fewer errors compared to neutral trials (F(1,11) = 12.25, p<.
01). Controls, however, did not show a difference in error rate by incentive condition p=.07;
see Figure 2). There were no between-group differences in error rates during reward or
neutral trials (ps>.11). Contrary to prediction, the | x G interaction was not significant
(F(1,22) = 2.44, p=.13).

Consistent with the literature (e.g., Ford et al., 2005), latency to correct AS was longer
compared to AS errors (F(1,21)=19.63, p<.001), with no significant group x latency to AS
(i.e., correct vs. error trials) interaction (p=.87). In addition, there was no significant main
effect of incentive type on latency to initiate a correct AS (F(1,22)=.94, p=.34), and the | x
G interaction for latency to correct AS was not significant (F(1,22)=.02, p=.89). There were
no between-group differences in latency to correct AS during reward or neutral trials (ps>.
39). RM ANOVA of latencies for erroneous saccades (i.e., prosaccade errors) also indicated
no significant main effect of incentive condition (F(1,21)=.49, p=.49), and no significant
difference for the | x G interaction (F(1,21)=.14, p=.71). There were no between-group
differences in latency for erroneous saccades during reward or neutral trials (ps>.30).

3.2 fMRI Results

When considering the whole trial, a network of brain regions, particularly in frontal and
parietal areas, was activated to support correct AS performance. In addition, reward trials
were associated with greater activation of regions associated with reward-related processing
(e.g., anterior cingulate, OFC; cf. Goldstein et al., 2007), compared to neutral trials, in the
total sample. However, no significant differences in activation of reward-related brain
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regions (e.g., ventral striatum, anterior cingulate, OFC) between SUD and control
adolescents across reward and neutral trials were identified.

3.2.1 Incentive cue/reward assessment—A significant | x G x T interaction was
identified only in the right cuneus (Table 3). Across early time points (i.e., TRs 3-6), the | x
G interaction in the right cuneus was significant (Table 3). SUD youth showed greater
activation in the right cuneus than controls during reward, and lower activation than controls
during neutral trials. SUD youth also showed greater activation in this area during reward,
compared to neutral trials. Controls showed the reverse, that is, greater activity in this region
during neutral versus reward trials.

3.2.2 Response preparation—Significant | x G x T interactions were found in the right
FEF, left FEF, left SEF, and DLPFC when analyzing all time points (Table 3). In the parietal
cortex, across all time points, | x G x T interactions were found for regions in the left
superior, right superior, and left inferior parietal lobe. Other areas that showed significant | x
G x T interactions over all time points included: right cuneus, right posterior cingulate, areas
of the frontal gyrus (i.e., left inferior, left middle, right superior), left middle occipital gyrus,
and left precuneus.

Restricted time point analyses resulted in significant | x G interactions in the right FEF, left
SEF, and right DLPFC (Table 3). Other areas with significant | x G interactions in restricted
time point analyses included left superior, right superior, and left inferior parietal lobe; right
cuneus; right posterior cingulate; and left middle and right superior frontal gyrus. | x G
interactions were marginally significant for the left FEF (p=.056), left inferior frontal gyrus
(p=.07), and left precuneus (p=.07).

During response preparation, when | x G interactions were significant, they were largely
driven by activation during early time points. The pattern of activation was consistent for all
significant | x G interactions, such that SUD, compared to control, youth showed greater
activation during reward, and less activation during neutral trials (Figure 3; e.g., right FEF,
left SEF, right DLPFC). Among SUD youth, there was greater activation in regions for
which the | x G interaction was significant (e.g., right FEF, left SEF, right DLPFC) during
reward, compared to neutral trials. In contrast, Figure 3 indicates that among controls, in
regions for which the | x G interaction was significant (e.g., right FEF, left SEF, right
DLPFC), there either appeared to be no difference in activation between reward and neutral
conditions (i.e., in right FEF and left FEF), or greater activation in the neutral versus reward
trials (i.e., in left SEF and right DLPFC).

3.2.3 Response Execution—A region in the left precentral gyrus resulted in a
significant | x G x T interaction, but no significance for the | x G interaction for restricted
time points in this region.

4. Discussion

This study examined the effect of incentive on response inhibition by comparing behavioral
performance and regional brain activation on a rewarded AS reward task in adolescents with
lifetime SUD and healthy controls. Among SUD youth, there was a decrease in errors during
reward compared to neutral trials, an effect that was not significant in the control group.
Imaging results indicated that SUD and control youth differed in BOLD response
throughout the task in several brain regions, particularly when preparing to inhibit a
prepotent response. During response preparation for neutral trials, SUD youth showed less
activation, compared to controls, in brain regions known to support correct AS performance
(e.g., FEF, SEF, DLPFC). However, during response preparation for reward trials, SUD
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youth had greater activation, compared to controls, in these brain regions (e.g., FEF, SEF,
DLPFC). Further, within the SUD group, there was greater activation of these areas (e.qg.,
FEF, SEF, DLPFC) during reward, compared to neutral trials. Increased activity in
prefrontal and oculomotor control regions might have contributed to improvements among
SUD youth in correct AS performance during reward trials. Study findings suggest that
incentive can enhance response inhibition among SUD youth in a laboratory setting.

Consistent with other behavioral AS studies (e.g., Geier et al., 2010; Jazbec et al., 2005,
2006; Hardin et al., 2007), we found that use of a monetary incentive to support correct AS
resulted in decreased error rates, although this effect was limited to SUD adolescents. The
absence of a significant reduction in error rate among control youth may have occurred
because control youth were already performing at effortful levels during neutral trials, and
the magnitude of the incentive was not large enough to significantly enhance performance in
controls. In contrast, among SUD youth, incentive appeared to motivate enhanced inhibitory
control, compared to neutral trials. In addition, although shorter latency to correct AS has
been used to indicate increased reward sensitivity (Hardin et al., 2007; Geier et al., 2010),
monetary incentive did not significantly modulate latency to AS in this study. The amount of
monetary incentive used in this study, compared to others, was relatively small (maximum
“winnings” of $10 across all trials). The relatively modest incentive magnitude across all
trials of the task may have reduced the ability to detect differences in modulation of AS
performance by incentive.

The fMRI AS reward task used in this study reliably elicits greater activation in brain
regions associated with reward-related processing (e.g., VS, OFC) (Geier et al. 2010).
However, in this study, no group differences in activation of reward-related brain areas were
identified, possibly due to small sample size and differences across studies in the total
amount of “reward” offered. Nevertheless, fMRI results revealed differences between
adolescent substance users and healthy controls in the modulation of activity by reward
incentive in certain brain regions supporting correct AS during all trial epochs (i.e.,
incentive cue presentation, response preparation, response execution), but particularly
during response preparation. Thus, group differences were observed not in the activation of
reward-related brain regions, but in how reward affected activation of specific brain regions
that support cognitive control of behavior.

During presentation of the incentive cue, SUD youth showed greater activation in the right
cuneus compared to control youth during reward trials, and lower activation of this area
during neutral trials. Activation of the cuneus has been associated with AS and saccade
generation more generally (Grosbas et al., 2005), although the functional meaning of
activation in this area with regard to saccade generation remains unclear (Reuter et al.,
2010). SUD adolescents’ greater activation of this area, compared to controls, during reward
trials suggests their greater sensitivity to basic aspects of bottom-up reward cue assessment.

Most of the between-group interactions in regional activation over time for reward versus
neutral trials occurred during the preparation epoch. Greater activity during response
preparation in oculomotor control regions predicts successful inhibitory response (Everling
& Munoz, 2000; Ford et al., 2005). Reward also has been found to increase activity in brain
regions that support correct AS (Geier et al., 2010). Incentive condition by group analyses
for early time points of response preparation indicated differences in activation involving
oculomotor control regions (FEF, SEF), DLPFC, regions in the parietal lobe, and areas in
the frontal gyrus. In each of these identified regions, SUD adolescents, compared to
controls, showed lower activation during early time points of neutral trials, and greater
activation during reward trials. SUD adolescents’ lower activation, compared to controls, of
frontal regions on neutral trials is in accord with findings of less frontal activation during AS
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among high risk youth (McNamee et al., 2008), and raises the possibility that reduced
frontal activation associated with response inhibition in adolescent substance users may pre-
date and/or be exacerbated by substance use. Further, among SUD adolescents, incentive
(compared to neutral trials) increased activation in brain regions known to support
successful inhibitory response during response preparation.

Similar to other studies of response inhibition in marijuana users (e.g., Gruber & Yurgelun-
Todd, 2005; Tapert et al., 2007), this AS study did not find significant SUD versus control
group differences in behavioral performance on a response inhibition task. However,
research has consistently identified differences in pattern and intensity of neural response,
particularly involving the DLPFC, between substance users and healthy control groups (e.g.,
Schweinsburg et al., 2005; 2008). This study is the first to report modulation by reward of
neural response supporting cognitive control among adolescent substance users, such that
monetary incentive enhanced the activation of brain regions supporting cognitive control,
among SUD youth, when preparing to inhibit a prepotent response and anticipating a
reward.

The effect of incentive on response inhibition among SUD adolescents stands in contrast to
some research on reward processing in SUD adults, which describes SUD adults’ blunted
response to non-drug reward cues (e.g., Beck et al., 2009; Wrase et al., 2007), in line with
predictions made by the Impaired Response Inhibition and Salience Attribution model of
addiction (Goldstein & Volkow, 2002). The difference in results for SUD adolescents in this
study and the IRISA model's prediction of blunted response to non-drug reward in SUD
adults suggests that adolescents and adults with SUD differ in important ways. Compared to
their adult counterparts, SUD adolescents tend to have shorter histories of use, lower
dependence severity, and tend to report social (rather than compulsion-based) reasons for
relapse (e.g., Deas et al., 2000; Brown et al., 1989). The generally early and milder form of
substance involvement in adolescent SUD, compared to adults, suggests that the narrowing
of reward to drug-related cues observed in SUD adults may still be developing in SUD
youth, such that natural reinforcers (e.g., monetary incentive) may still be relevant in youth
with SUD. Alternatively, a study of SUD adults (e.g., Bjork et al., 2008) did not find a
blunting of response during anticipation of non-drug reward on a monetary incentive delay
task, in accord with the incentive salience hypothesis (Robinson & Berridge, 2001). The
incentive salience hypothesis proposes that SUD individuals’ response to non-drug cues
essentially remains intact, in the context of increased salience of drug-related cues. Mixed
findings across studies of response to non-drug reward in SUD adults may be due to
differences in task parameters (e.g., differences in cognitive demand) and patient
characteristics (e.g., differences in mean age) (Bjork et al., 2008). Another point to consider,
which was not examined in the current study, involves potential differences in response
between SUD and control groups during reward notification, in addition to reward
anticipation or cue. Some research suggests greater limbic system sensitivity during reward
notification among SUD adults compared to controls, a result that appears to be explained
by individual differences in trait impulsivity and neuroticism in the SUD group (Bjork et al.,
2008). The extent to which trait impulsivity and negative affectivity help to explain the
effect of incentive cue on cerebral activation in SUD adolescents remains to be examined.

Study findings suggest that adolescent substance users do not necessarily lack the ability to
consistently inhibit a prepotent response, but when inihibitory control is associated with
anticipation of reward, processes supporting response inhibition can be enhanced. This
finding could have potential implications for treatment in terms of maintaining long-term
abstinence from substance use, for example in increasing understanding of brain
mechanisms that may underlie the effectiveness of contingency management interventions
used to support abstinence among adolescents in substance abuse treatment (e.g., Kamon et
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al., 2005; Godley et al., 2008; Stanger et al., 2009). However, despite the use of salient
incentives, comorbid conditions (e.g., bipolar disorder, Mueller et al., 2010), brain injury,
and other factors (e.g., competing rewards) may limit the extent to which an incentive
facilitates cognitive control of behavior.

Certain study limitations warrant comment. Self-report of recent substance use prior to the
scan was not biochemically verified. The small sample size limited statistical power to
detect significant differences for some comparisons, and precluded inclusion of covariates
(e.g., cooccurring psychopathology). Brain activation-behavior associations and
performance errors were not studied here, and represent important directions for future
research. In addition, the amount of reward provided for correct AS was relatively small,
which may explain why some reward effects (e.g., effect of reward on reducing latency to
correct AS) were not observed. Other aspects of the incentive condition, such as parametric
effects of monetary incentive and monetary losses (i.e., punishment), and trial-by-trial
incentives and performance feedback, were not examined, and warrant further study (cf.
Hardin et al., 2007). Furthermore, although one SUD adolescent had lifetime, but not current
(i.e., past 6 months), substance use disorder at the time of the scan, there is some evidence
for long-term effects of heavy marijuana use on neurocognitive functioning (review:
Schweinsburg et al., 2008), which supports the inclusion of this adolescent in the SUD
group. Although all adolescents had a lifetime DSM-IV cannabis use disorder, due to the use
of multiple substances by SUD youth in the sample, effects specific to a particular substance
cannot be determined in this study. Laboratory-based performance on tasks involving
inhibitory control may have limited generalizability to real-world contexts in which other
factors, such as social context, also influence response inhibition (Steinberg, 2010). The
effect of treatment on improving SUD youth's inhibitory control remains to be studied.

In summary, this study of the effects of reward on oculomotor inhibitory control found that
monetary incentive facilitated cognitive control of behavior for adolescent substance users.
Although SUD and control adolescents showed similar behavioral AS performance
regardless of incentive condition, group differences in regional brain activation were
identified. Results suggest that, particularly for SUD youth, incentive may enhance
motivation and preparatory brain activity supporting effective response inhibition.
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PREPARATION

RESPONSE

Figure 1.
fMRI antisaccade in the context of reward task: “incentive cue”, “preparation” and

“response” epochs
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Antisaccade behavioral results
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Figure 3.

Comparison of Substance Use Disorder (SUD) and control adolescents during preparation
epoch: Selected regions of interest and associated time courses

Notes: Whole brain activation maps during the preparation epoch forthe | x G x T
interaction are presented. Talairach coordinates are provided in parentheses. R = right, L =
Left, DLPFC = dorsolateral prefrontal cortex, FEF = Frontal Eye Field, SEF =
Supplementary Eye Field, SPL = Superior parietal lobule. Min=Minimum, p<.001.
Max=Maximum. For the time course graphs, unshaded areas represent early time points of
interest that were included in testing for Group x Incentive interactions.
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Table 1

Sample descriptive statistics for substance use disorder (SUD) and control groups

SUD group (n=12)

Control group (n=12)

Gender (% female)

Age: Mean (SD)

Ethnicity (% Caucasian)

Socio-economic status: Mean (SD)

Frequency of substance use (past 6 months): Mean (SD)

Alcohol use

Cannabis use

Tobacco use

Lifetime DSM-1V alcohol use disorder (%)
Alcohol Abuse
Alcohol Dependence
Mean (SD) age of diagnosis onset

Lifetime DSM-1V cannabis use disorder (%)
Cannabis Abuse
Cannabis Dependence
Mean (SD) age of diagnosis onset

Lifetime DSM-1V nicotine dependence diagnosis (%)
Mean (SD) age of diagnosis onset

Lifetime DSM-1V “other drug” diagnosis (%)
Other drug abuse
Other drug dependence
Mean (SD) age of diagnosis onset

Total DSM-IV symptom count, past 6 months: Mean (SD)

Alcohol symptoms

Cannabis symptoms

Nicotine symptoms

DSM-IV psychopathology in past 6 months
Major depression (%)
Conduct disorder (%)
Attention deficit hyperactivity disorder (%)
Oppositional defiant disorder (%)

Full scale intelligence quotient score: Mean (SD)

50.0
17.0 (0.9)
83.0
2.7(13)

3.1(L.9)
55(2.7)
6.1(3.2)
75.0
66.7
8.3
15.4 (1.2)
100.0
66.7
333
14.6 (1.6)
417
15.4 (0.9)
75.0
50.0
25.0
16.2 (0.8)

1.5 (2.0)
39(24)
1.5(1.6)

17.0
33.0
17.0

8.0

103.7 (10.6)

50.0
16.9 (0.9)
83.0
2.2(0.9)

1.4 (1.4)

0.2 (0.6)

1.2 (2.5)
0.0
0.0
0.0
0.0
0.0
0.0

0.0
0.0
0.0
0.0

0.2(0.4)
0.0(0.0)
0.0(0.0)

0.0

0.0

0.0

0.0
110.1 (11.4)

Page 18

Notes: SD= standard deviation. Frequency of substance use: O=never tried, 1=no use in past 6 months, 2=less than once per month, 3=once per
month, 4=2-3 times per month, 5=once per week, 6=2-3 times per week, 7=4-6 times per week, 8=daily. “Other drug” refers to substances other
than alcohol, cannabis or nicotine. For other drug abuse (none had other drug dependence): n=3 opiate abuse, n=1 cocaine abuse, n=1 opiate and
cocaine abuse, n=1 cocaine, stimulant, and hallucinogen abuse. For other drug dependence: n=2 opiate dependence (1 also met criteria for cocaine
abuse), n=1 cocaine dependence (also had opiate, sedative, and stimulant abuse).
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Table 2

Behavioral results for reward and neutral antisaccade trials
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SUD Group (n=12) Mean (SD) | Control Group (n=12) Mean (SD)
Neutral: Error rate (%) 41.69 (24.21) 27.28 (18.32)
Reward: Error rate (%) 27.40 (22.93) 21.06 (19.94)
Neutral: Latency of AS errors (ms) 379.18 (55.70) 351.09 (70.71)1
Reward: Latency of AS errors (ms) 359.06 (67.71) 344.94 (71.60)1
Neutral: Latency of correct ASs (ms) 439.58 (47.73) 423.53 (42.00)
Reward: Latency of correct ASs (ms) 432.39 (59.70) 418.11 (57.23)
Overall correct response rate (%) 66.52 (23.77) 76.10 (17.60)

Note:

SUD=Substance Use Disorder, AS=antisaccade, ms=millisecond

1n=ll for control group (1 subject had division by 0)
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