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Abstract

Background—A core vulnerability trait for substance use disorder (SUD) is behavioral
disinhibition. Error processing is a central aspect of inhibitory control that determines adaptive
adjustment of performance; yet it is a largely overlooked aspect of disinhibition as it relates to risk
for SUD. We investigated whether differences in brain activation during both successful and failed
inhibition predicts early problem substance use.

Method—TForty-five 9-12 year olds underwent a functional MRI scan during a go/no-go task.
They were then followed over approximately 4 years, completing assessments of substance use.
Externalizing behavior was measured at ages 3-8, 9-12 and 11-13. Participants with drug use or
problem alcohol use by ages 13-16 (n=13; problem-user group) were individually matched by
gender, age, and family history of alcoholism with non-substance-using children (n=13; non-user
group). The remaining 19 participants provided an independent sample from which to generate
unbiased regions-of-interest for hypothesis testing in the problem-user and non-user groups.

*Supplementary material can be found by accessing the online version of this paper at http://dx.doi.org and by entering doi:...
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Results—No differences were observed between groups in activation during correct inhibition
compared with baseline. A significant difference arose in left middle frontal gyrus (LMFG)
activation during failed inhibition compared with correct inhibition, with the problem-user group
demonstrating blunted activation. The problem-user group also had more externalizing problems
at ages 11-13. Logistic regression found that activation of LMFG significantly predicted group
membership over and above externalizing problems.

Conclusions—Blunted LMFG activation during performance errors may underlie problems
adapting behavior appropriately, leading to undercontrolled behavior, early problem substance use
and increased risk for SUD.

Keywords
inhibitory control; error monitoring; vulnerability; substance abuse; development

1. INTRODUCTION

Behavioral undercontrol is an established early etiologic predictor of substance use disorder
(SUD; Zucker et al., 2008). Measures of behavioral undercontrol in adolescents have been
associated with early age of first drink (McGue et al., 2001) and greater use of alcohol and
other drugs (Miller and Plant, 2002; Wills et al., 1996). Behavioral undercontrol is also
detectable in precursive form much earlier than problem onset or diagnosable SUD (Caspi et
al., 1996; Kellam et al., 1983; Zucker et al., 2008).

Behavioral undercontrol is a multicomponent domain. It includes externalizing behavior
(aggression and delinquency), impulsivity, and sensation-seeking, all of which are posited to
share a latent trait of behavioral disinhibition, defined as a an inability, unwillingness, or
failure to inhibit behavioral impulses even in the face of negative consequences (Sher and
Trull, 1994). Weak response inhibition specifically is linked to liability for a range of
externalizing diagnoses (Young et al., 2009). Among the most established laboratory probes
of response inhibition are the stop task and the go/no-go task (Nigg, 2000). The ability to
suppress a response on the stop task has been associated with family risk for alcoholism
(Nigg et al., 2004) and predicted early onset of alcohol problems, independently of family
history of alcoholism (Nigg et al., 2006).

The go/no-go task is more widely used in neuroimaging studies. It examines the ability to
inhibit a prepotent response by engaging individuals in responding to frequent “go” signals
and requiring them to inhibit the response when infrequent “no-go” signals occur. In healthy
adults, response inhibition during this task has been linked to functioning of fronto-parietal
and fronto-striatal-thalamic networks, primarily in the right hemisphere (e.g., Chambers et
al., 2009; Garavan et al., 1999; Kelly et al., 2004; Stevens et al., 2007). The prefrontal cortex
is a critical component of this circuitry. The ability to successfully inhibit a response
increases markedly from childhood to young adulthood (Schachar and Logan, 1990),
concomitant with ongoing maturation of the prefrontal cortex and its associated circuitry
(Gogtay et al., 2004).
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Functional MRI studies of the development of response inhibition show that neural
activation is more global and diffuse at younger ages, but lateralizes to the right-hemisphere
and becomes more localized in the prefrontal cortex by adulthood (Booth et al., 2003; Casey
et al., 1997; Durston et al., 2006; Tamm et al., 2002). Therefore, significant maturational
changes are occurring in response inhibition circuitry during the same developmental period
that risk for engagement in problem substance use is sharply increasing.

The earliest age at which this circuitry has been investigated in the context of risk for
substance abuse is 12-14 years (Norman et al., 2011; Schweinsburg et al., 2004; Whelan et
al., 2012), with findings demonstrating blunted prefrontal activation during inhibitory
control in youth at risk. However, early alcohol use (typically defined as use prior to the
population median of age 14), initiation of problem use, and early drug use, are all known to
be powerful predictors of later SUD (Grant and Dawson, 1997, 1998; Gruber et al., 1996),
so understanding what mechanisms precede early onset is an important goal. The present
study sought to extend the literature by capturing individuals at an earlier age, before those
at heightened risk begin significant substance use. To this end, we investigate whether the
functioning of impulse control circuitry at ages 9-12 predicts markers of problem substance
use by ages 13-16 in a high-risk sample.

An important additional goal is to isolate components of inhibitory control that may help
identify particular mechanisms in both brain and behavior related to risk. Here, we
capitalized on the fact that during the go/no-go task, one can either correctly inhibit during a
no-go trial or commit an error by responding to the no-go trial. It has been suggested that
maturation of error-monitoring abilities may be a factor underlying age-related performance
gains in inhibitory control (Stevens et al., 2009). Error processing is an important aspect of
cognitive control, believed to be critical to adaptive adjustment of performance
(Ridderinkhof et al., 2004). The medial prefrontal cortex, including the anterior cingulate,
has been consistently associated with error detection (e.g., Carter et al., 1998; Garavan et al.,
2002; Kiehl et al., 2000) and may interact with lateral prefrontal cortex to support
performance adjustment (Ridderinkhof et al., 2004; Stevens et al., 2009). Thus far, the
differentiation of inhibitory control to consider brain regions subserving error monitoring
has not been investigated in relationship to early risk for SUD.

We investigated whether differences in brain activation during both successful inhibition
and inhibitory errors predict problem substance involvement at an early age and also
whether brain activation adds explanatory power beyond other potential risk factors —
particularly externalizing problems, which are among the most well-established risk
variables in childhood. Based on prior work investigating risk for substance abuse (Norman
et al., 2011; Schweinsburg et al., 2004), we hypothesized that blunted activation in the
prefrontal cortex would be related to early problem substance use. Based on work describing
the network dynamics of inhibitory control (Stevens et al., 2007, 2009), we hypothesized
that this effect would be observed during successful inhibition in prefrontal regions within
the fronto-parietal and fronto-striatal-thalamic circuits, and during inhibitory errors in
anterior cingulate and lateral prefrontal regions.
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2. METHODS

2.1. Participants

2.1.1. Overview—TForty-five (35 males) participants were selected from an ongoing fMRI
study. Selection was based on availability of follow-up substance use data at least through
age 13. At study onset, these 45 participants were 9-12 years old and had minimal substance
use (<2 lifetime uses). All participants were recruited from the Michigan Longitudinal Study
(MLS), a prospective community study of families with high levels of parental alcohol use
disorders (AUD) and a contrast sample of nonalcoholic families drawn from the same
neighborhoods (Zucker et al., 1996). See Supplementary Material® for further details
regarding recruitment and assessment procedures for the MLS and the ongoing fMRI study.

Presence of most active primary Axis I disorders were exclusionary for entry into this study;
this did not include prior history of mood disorder, or current or past history of conduct
disorders or attention deficit disorder. These were allowed because exclusion would
preferentially eliminate part of the phenomena of interest. Psychostimulants used for
treatment of attention difficulties were discontinued for 48 hours, prior to the fMRI study.
Axis | disorders were assessed by a clinical psychologist based on DSM-IV criteria with the
Diagnostic Interview Schedule - Child (v4) (Shaffer et al., 2000). The parallel version
(DISC-Parent) of the instrument was administered to the primary caregiver to supplement
the child data. All participants were right-handed as determined by Edinburgh Handedness
questionnaire (Oldfield, 1971). Further exclusionary criteria for the fMRI study were
neurological, acute, uncorrected, or chronic medical illness; current (within 6 months)
treatment with other centrally active medications; history of psychasis or schizophrenia in
first-degree relatives; or MRI contraindications.

All participants gave written assent after explanation of the IRB-approved experimental
protocol. At least one parent gave written informed consent.

2.1.2. Creation of groups—Between ages 6-10, alcohol and drug use was assessed at 3-
year intervals with a Health & Daily Living Questionnaire: children were asked if they ever
had more than a sip of alcohol, smoked cigarettes, or used marijuana or other drugs. If yes,
then the age at which this occurred and the quantity/frequency of alcohol or cigarettes
(frequency of use only if other drugs) was recorded. Beginning at age 11, alcohol and drug
use was assessed annually using the self-report Drinking and Drug History Form for
Children (Zucker and Fitzgerald, 1994). This form includes quantity and frequency of
alcohol, nicotine and illicit drug use (marijuana and 17 other drugs, including inhalants and
nonmedical use of prescription drugs) and questions on consequences/problems related to
use of these substances.

Initiation of high-risk substance use was defined as a report of problem alcohol use and/or
any illicit drug use. Problem alcohol use was defined as the report of one or more of
following: been drunk, binged, reported a problem due to alcohol use. Thirteen of the 45
participants initiated high-risk substance use based on these criteria during follow-up

1Supplementary material can be found by accessing the online version of this paper at http://dx.doi.org and by entering doi:...
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(problem-user group). Participants in the problem-user group were individually matched on
age, gender and family history of alcoholism to 13 participants who had not reported any
substance use at all (non-user group). The remaining 19 participants were used as an
independent sample for unbiased region-of interest (ROI) definition (reference group). This
approach eliminated the risk of invalid statistical inference that can result from circularity
inherent in non-independent ROI selection (Kriegeskorte et al., 2009).

2.2. Measures

2.2.1. Behavior problems—€arly externalizing problems were assessed with the Child
Behavior Checklist (CBCL; Achenbach, 1991a) filled out by each parent as part of the MLS.
Earliest available data were used (mean age=>5.0; range: 3.0-8.1): for 19 participants (10
non-user/9 problem-user), these data were collected at ages 3-5; for the remaining 7 (3 non-
user/4 problem-user), earliest data were collected at 6-8yrs. Externalizing problems were
also assessed with CBCL within the same year as the fMRI scan (ages 9-12). Later
externalizing problems were assessed at ages 11-13 (mean age=12.8) with the Youth Self-
Report (YSR) (Achenbach, 1991b) to capture a continuous measure of behavioral
undercontrol that was more contemporaneous with onset of substance use.

2.2.2. fMRI paradigm—An event-related go/no-go task (Durston et al., 2002) was used to
probe response inhibition. Participants were instructed to respond to target stimuli (letters
other than X) by pressing a button (go trials) but make no response to infrequent non-target
stimuli (letter X; no-go trials). Stimulus duration was 500ms, followed by 3500ms of
fixation. There were 5 runs of 49 trials, each lasting 3min 2s and containing 11, 12, or 13
no-go trials for a total of 60 (25%) no-go trials out of 245 total trials. Accuracy and reaction
times (RT) during the task were recorded. Before scanning, all participants had a practice
session of 49 trials on a desktop computer.

2.2.3. fMRI data acquisition—Whole-brain blood oxygenated level-dependent (BOLD)
images were acquired on a 3.0 Tesla GE Signa scanner (Milwaukee, WI) using a T2*-
weighted single-shot combined spiral in-out sequence (Glover and Law, 2001) with the
following parameters: TR =2000ms; TE =30ms; flip angle =90°; FOV =200mm; 64x64
matrix; in-plane resolution =3.12x3.12mm; and slice thickness =4mm. The entire volume of
29 axial slices was acquired every 2sec. A high-resolution anatomical T1 scan was obtained
for spatial normalization (three-dimensional spoiled gradient-recalled echo, TR =25ms; min
TE; FOV =25cm; 256x256 matrix, slice thickness =1.4mm). Participant motion was
minimized using foam pads placed around the head along with a forehead strap and the
importance of keeping as still as possible was emphasized. Motion was also controlled for
statistically (see next section).

2.3. Data Analysis

2.3.1. Task performance—Proportion of inhibitory failures, proportion of correct
responses to go targets (hits), and RT for hits was calculated. Two-tailed independent-
samples t-tests were conducted to investigate performance differences between groups.
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2.3.2. fMRI data preprocessing—Functional images were reconstructed using an
iterative algorithm (Fessler et al., 2005). Subject head motion was corrected using FSL
5.0.2.2 (Analysis Group, FMRIB, Oxford, United Kingdom; Jenkinson et al., 2002), and
runs exceeding 3mm translation or 3° rotation in any direction were excluded (runs excluded
by group: reference=2.0%; problem-user=1.2%; non-user=2.8%). Remaining image
processing was completed using statistical parametric mapping (SPM8; Wellcome Trust
Centre for Neuroimaging, UCL, London, United Kingdom). Functional images were
spatially normalized to a standard stereotaxic space as defined by the Montreal Neurological
Institute. A 6mm full-width half-maximum Gaussian spatial smoothing kernel was applied
to improve signal-to-noise ratio and account for differences in anatomy.

2.3.3. Individual subiject statistical maps—Individual analyses were completed using
a general linear model. Three regressors of interest (correct no-go trails, failed no-go trials,
and go trials) were convolved with the canonical hemodynamic response function. Motion
parameters and white matter signal intensity were modeled as nuisance regressors to remove
residual motion artifacts and capture non-task-related noise, respectively. Go trials were not
included in the contrasts due to their high frequency relative to other trial types; instead an
implicit baseline was used as described in (Devito et al., 2013). Three contrasts of interest
were modeled: correct inhibition (correct no-go trials versus baseline), failed inhibition
(failed no-go trials versus baseline) and failed inhibition versus correct inhibition (failed no-
go versus correct no-go). The latter contrast was included in order to investigate the specific
impact of errors on brain function involved in low-probability stimulus processing (Stevens
etal., 2009).

2.3.4. Task effects and ROI selection—A key concern in studies of this nature is the
risk of inflated statistics and invalid inference that can result from non-independent ROI
selection (Kriegeskorte et al., 2009). To circumvent this issue, we designed independent
ROI selection. Task effects were determined through one-sample t-tests in the reference
group (n=19). Areas of activation were deemed significant if they reached a cluster-level
FDR-corrected threshold of p<0.05, where a cluster-forming threshold of uncorrected
p<0.001 was used. These regions were then the focus of hypothesis testing in the problem-
user and non-user groups. Effect sizes for significant clusters were extracted from individual
contrasts of interest using MarsBaR Region of Interest toolbox (Brett et al., 2002) and
entered into SPSS (IBM; version 21) for hypotheses testing.

2.3.5. Hypotheses testing—To investigate whether there are early differences in brain
activation related to inhibitory control in youth that go on to be early problem substance
users, independent-samples t-tests (two-tailed) were performed in each ROl comparing
problem-user and non-user groups (Bonferonni-corrected threshold: 0.05/11 ROIs = 0.004).
To investigate whether brain activation at age 9-12 significantly predicts later membership
in the problem-user versus non-user group, above and beyond other risk factors, logistic
regression was used.
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3. RESULTS

3.1 Group characteristics

Group characteristics are given in Table 1 (see Supplementary Material2 for individual onset
ages of problem use). Problem-user and non-user groups were individually matched on
gender, family history of AUD, and age of baseline scan. Independent-sample t-tests (two-
tailed) indicated no significant differences between problem-user and non-user groups in
household income, 1Q, parent-report externalizing behavior problems at ages 3-8 or 9-12, or
maximum age of follow-up for substance use. Groups differed in self-report externalizing
behavior problems at ages 11-13 (t4=2.7).

Fisher’s exact tests (two-tailed) indicated no reliable difference in family history of drug use
disorder, presence of baseline substance use, or diagnoses between groups.

3.2 Performance measures

Performance measures are given in Table 1. The problem-users had significantly faster RT
than non-users (to4=2.2). Proportion of hits and of inhibitory errors did not reliably differ.

3.3 Selection of ROI's: Whole-brain task effects

Task effects for the reference group are reported in Table 2 and Supplementary Material
(Figure 813). Correct inhibition activated prefrontal, striatal, and parietal regions. Failed
inhibition compared with baseline activated bilateral prefrontal regions and anterior
cingulate. Failed inhibition compared with correct inhibition resulted in activation localized
in the left middle frontal gyrus (LMFG; Figure 1A). These 11 ROI’s became the focus of
our hypothesis testing.

3.4 Problem-user versus non-user group differences in brain activation

Statistics for problem-user versus non-user group comparisons for each ROI are reported in
Table 3. During correct inhibition, no reliable activation differences were observed between
problem-user and non-user groups. During failed inhibition versus baseline, groups differed
in activation of the LMFG but this did not survive correction for multiple comparisons.
During failed inhibition versus correct inhibition groups also differed in the LMFG (Figure
1B); this effect survived correction for multiple comparisons. There were no group
differences in the remaining ROls.

3.5 Logistic Regression to predict outcome

The prior analyses revealed three variables related to the outcome of interest (i.e., group
membership): RT, externalizing at ages 11-13, and LMFG activation during failed vs.
correct inhibition. These variables became the focus of the logistic regression to determine
whether RT or LMFG activation informed risk prediction over and above the well-
established predictor of externalizing behavior. The relationship between the three variables
was first tested. Externalizing at age 11-13 was negatively correlated with LMFG activation

2Supplementary material can be found by accessing the online version of this paper at http://dx.doi.org and by entering doi:...
Supplementary material can be found by accessing the online version of this paper at http://dx.doi.org and by entering doi:...
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across all subjects in the problem-user and non-user groups (Figure 1C; n=26, r=-.43,
p=0.031). There were no other reliable correlations between the three variables (RT and
externalizing: r=.04; p=0.865; RT and LMFG: r=.01, p=0.948).

Results of the logistic regression are given in Table 4. The first block included RT and
externalizing at 11-13 simultaneously. These variables significantly predicted problem-user
versus non-user status (prediction accuracy: overall 80.8%; non-user group 84.6%; problem-
user group 76.9%). In the second block, LMFG activation during failed vs. correct inhibition
was added to determine whether brain activation at age 9—-12 improved prediction of group
membership. Inclusion of LMFG significantly improved the model (prediction accuracy:
overall 88.5%; non-user group: 84.6%; problem-user group: 92.3%). LMFG activation was
the only significant predictor in the final model, although RT approached significance.
Results remained significant when removing: 1) those with externalizing diagnoses (ADHD
or CD; n=3); 2) those with a lifetime history of depression (n=2); and 3) those with
(minimal) baseline substance use (n=2) (see Supplementary Material?).

4. DISCUSSION

The present study investigated whether differences in the functioning of neural mechanisms
underlying behavioral disinhibition predicts early problem substance use. Participants were
individually matched on family history of alcoholism, gender, and age. We found that less
activation in the left middle frontal gyrus during inhibitory errors compared with correct
inhibition at ages 9-12 was a significant predictor of problem substance use by ages 13-16,
above and beyond externalizing problems and RT (an indicator of impulsive responding).
These results should be considered somewhat preliminary due to the small sample size and
replication is necessary. However, this is the earliest age at which baseline neuroimaging has
been done to prospectively investigate neural risk factors for substance abuse. This allowed
for the characterization of very early risk markers for those at the greatest risk of poor
outcome - i.e., those initiating early problem use. This is also the first study of SUD
prospective risk to specifically differentiate between aspects of inhibitory control during the
go/no-go task by investigating both successful inhibition and inhibitory errors.

The problem-user group had blunted activation within the left middle frontal gyrus during
unsuccessful versus successful inhibition compared to the non-user group. This region is
part of a network believed to processes low-probability stimuli (Stevens et al., 2009). These
authors show that, during a go/no-go task, this network is engaged to all no-go stimuli, but
activation is augmented during errors compared to correctly inhibited trials, suggesting
involvement in the signaling of suboptimal performance. Furthermore, Garavan and
colleagues (2002) demonstrated that the left lateral prefrontal cortex activated during
successful behavior adjustment to error during a go/no-go task. Therefore this network is
believed to be involved in subsequent performance adjustment (Ridderinkhof et al., 2004;
Stevens et al., 2009). A behavioral consequence of blunted activity in this region may be
difficulty adjusting one’s own behavior appropriately. Indeed, we observed that activation of

4Supplementary material can be found by accessing the online version of this paper at http://dx.doi.org and by entering doi:...
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the left middle frontal gyrus to inhibitory errors was negatively correlated with externalizing
behavior — those with less activation showed more behavioral undercontrol.

This work supports and extends other studies investigating inhibitory control circuitry
during the go/no-go task in the context of risk for substance abuse. In a similarly-sized
(n=26) sample of 12-14 year olds, youth with parental AUD (n=12) showed blunted
activation in the left middle frontal gyrus during no-go trials (Schweinsburg et al., 2004).
Furthermore, blunted activation in widespread regions, including the left middle frontal
gyrus, during no-go trials was reported in a sample of 21 12-14 year olds who transitioned
to heavy drinking approximately four years later, compared with 17 controls (Norman et al.,
2011). Because these studies did not distinguish between correct and incorrect inhibitory
trials, however, it is unclear whether the findings reflect weakness in error monitoring as
opposed to the related but dissociable process of response suppression. The present study
not only extends the evidence to an earlier age, but adds a critical distinction between
successful inhibition and inhibitory errors. This distinction allows for a more thorough
understanding of the specific mechanism underlying the behavioral undercontrol that leads
to risky substance use.

An emerging literature on the maturation of response suppression versus error detection
circuitry lends context within which to consider these findings. The fronto-striatal-thalamic
network has been found to be less engaged during response suppression in adolescents (aged
11-17) compared with adults, and showed less coupling with the fronto-parietal network
involved in higher-order response contingencies to no-go stimuli (Stevens et al., 2007).
Further, less coupling between these networks in adolescents was associated with more
inhibitory errors. This suggests these networks are continuing to undergo maturational
changes in support of inhibitory performance throughout adolescence. In contrast, no
differences were found between 11-17 year olds and adults in the network supporting
performance adjustment, suggesting this neural circuitry matures at an earlier age (Stevens
et al., 2009). Within this context, we propose that dysfunction in early-maturing circuitry
may be an initial indicator of risk — identifiable in middle childhood (i.e., ages 9-12). In
adolescence, however, risk markers may become more evident in later-maturing circuitry
supporting inhibitory control. For example, in addition to the left middle frontal gyrus region
already discussed, Norman et al (Norman et al., 2011) report blunted activation in the
fronto-striatal and fronto-parietal networks in 12—14 year olds who went on to become
heavy alcohol users. These networks have been shown to be specifically involved in
successful response suppression and are dissociable from error detection and performance
adjustment networks (Garavan et al., 2002; Stevens et al., 2007, 2009). Furthermore,
Whelan et al (2012) found hypoactivation potentially related to substance use vulnerability
in a large sample (n=1593) of 14-year olds in an orbitofrontal network supporting successful
response suppression. Taken together, there is some evidence across studies to indicate that
the underlying neural mechanisms related to risky substance use may change with
maturation; however, this cannot be determined conclusively from comparisons of cross-
sectional studies.

An additional consideration is that the work reported here, identifying error detection/
performance adjustment circuitry as a prospective indicator of early problem substance use,
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may be specific to those at greatest risk of developing SUD. The problem-user group is
unquestionably at heightened risk; on average, the onset age of drinking was 12 and for
problem drinking or drug use it was 13. Based on the literature indicating that substance use
by age 13 significantly increases risk for later dependence (Grant and Dawson, 1997, 1998),
this group is demonstrating non-normative, high risk use. In addition, initiation of multiple
substances by age 16 has recently been reported to be associated with high rates of adult
SUD (Moss et al., 2014), further highlighting the high-risk nature of use in this group. It is
difficult to disentangle the neuro-developmental effects of an earlier baseline age, as
compared to other studies, from the high-risk nature of the substance use captured here.
Continued longitudinal work starting at early ages, before onset of significant substance use,
is necessary to fully understand the relationship between brain maturation and the unfolding
of risk across development.

A limitation of this study is the relatively small sample size, suggesting that results should
be interpreted as somewhat preliminary and, in particular, that additional differences
between groups in this age range may have been missed. However, other methodological
strengths add confidence to the novel finding here: groups were carefully matched, and we
took an innovative and statistically conservative approach by using an independent reference
group to generate ROIs for hypotheses testing, thereby eliminating the risk of bias in
statistical inference, a particular concern with a small sample size. Further, the primary
finding involving left middle frontal gyrus not only replicates prior reports (Norman et al.,
2011; Schweinsburg et al., 2004), but converges with theory and literature on error detection
effects.

A potential caveat about this work is that the sample was primarily male, which may limit
the generalizability of the findings. We explored whether the main findings showed trends in
the same direction for girls as for boys and found that they did (reported in Supplementary
Material5). Furthermore, prior studies report similar findings in groups with a balanced
gender representation (Norman et al., 2011; Schweinsburg et al., 2004), although these
studies did not specifically investigate gender differences. Although there is no evidence
thus far to suggest that the relationship between inhibitory control and risk for problem
substance use differs by gender in childhood and early adolescence, this is an important
issue and should be investigated in future work.

Although disinhibition is accepted as a core vulnerability trait, the mechanisms underlying
this trait have not previously been parsed in the context of substance abuse risk. While
clinical implications should be drawn with considerable caution from this initial exploration,
developmental timing is central to early risk identification and prevention not only in terms
of choosing when to start interventions, but also in determining the specific mechanisms to
target. The present work suggests that strengthening the ability to adjust one’s behavior in
response to an error may be a promising target for preventative interventions at very early
ages. These clinical possibilities warrant further exploration in follow-up work.

5Supp|ementary material can be found by accessing the online version of this paper at http://dx.doi.org and by entering doi:...
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Figure 1.
Left middle frontal gyrus activation. A) Localization of activation in the reference group to

failed inhibition>correct inhibition. B) Non-user versus problem-user group differences
during failed inhibition compared with correct inhibition. C) Correlation with externalizing
problems at age 11-13 across problem-user and non-user groups. Blue is non-user group;
red is problem-user group; MFG, middle frontal gyrus. *p<.05, **p<.01.
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