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Abstract
Background—Problems inhibiting non-adaptive behaviors have been linked to an increased risk
for substance use and other risk taking behaviors in adolescence. This study examines the
hypothesis that abnormalities in neural activation during inhibition in early adolescence may
predict subsequent substance involvement.

Methods—Thirty eight adolescents from local area middle schools, ages 12–14, with very
limited histories of substance use, underwent functional magnetic resonance imaging (fMRI) as
they performed a go/no-go task of response inhibition and response selection. Adolescents and
their parents were then followed annually with interviews covering substance use and other
behaviors. Based on follow-up data, youth were classified as transitioning to heavy use of alcohol
(TU; n=21), or as healthy controls (CON; n=17).

Results—At baseline, prior to the onset of use, youth who later transitioned into heavy use of
alcohol showed significantly less activation than those who went on to remain non to minimal
users throughout adolescence. Activation reductions in TU at baseline were seen on no-go trials in
12 brain regions, including right inferior frontal gyrus, left dorsal and medial frontal areas,
bilateral motor cortex, cingulate gyrus, left putamen, bilateral middle temporal gyri, and bilateral
inferior parietal lobules (corrected p < .01, each cluster ≥ 32 contiguous voxels).

Conclusions—These results support the hypothesis that less neural activity during response
inhibition demands predicts future involvement with problem behaviors such as alcohol and other
substance use.
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1. Introduction
For many, substance (e.g., alcohol and cannabis) use initiation begins in middle school, with
rates of use increasing dramatically through adolescence. For instance, according to recent
community surveys, alcohol is the most widely used intoxicant among 8th graders, with 15%
reporting drinking in the past 30 days, expanding to 44% by 12th grade. More alarmingly,
8% of 8th graders and 25% of 12th graders report past 2-week heavy drinking (≥5 drinks per
occasion) (Johnston et al., 2009). Similarly, 12% of 8th graders report cannabis use in the
past year, and rates increase to 30% by 12th grade; other drug use increases from 7% to 17%
from 8th to 12th grade for annual or more frequent use (Johnston et al., 2009). These data
indicate that a sizable proportion of adolescents use substances.

A range of risk factors influences the probability of initiation and intensity of substance use
in adolescence. Youth with a family history of alcohol use disorder (AUD) are more likely
to initiate drinking and develop AUD than youth without such familial background
(Cloninger et al., 1986; Schuckit, 1985). Initiating alcohol use at an earlier age (i.e., < age
14) is also linked to an increased risk for future AUD (DeWit et al., 2000; Grant and
Dawson, 1997). Additional factors influencing adolescent substance use risk are childhood
behavioral problems (Stice et al., 1998; Zucker et al., 2008) and disinhibitory features (Hill
et al., 1999; Kirisci et al., 2006) such as impulsivity (Ernst et al., 2006; McGue et al., 2001),
aggression (Brook et al., 1992; Clapper et al., 1995), and conduct disorder (Boyle and
Offord, 1991; King et al., 2004; Kuperman et al., 2005). Early pubertal onset (Downing and
Bellis, 2009), positive alcohol or other drug use expectancies (Killen et al., 1996; Simons-
Morton, 2004), and depressive symptoms (Henry et al., 1993) also potentiate the likelihood
of substance involvement. Understanding the mechanisms by which these factors contribute
to adolescent substance use may refine the foci of secondary prevention efforts.

Inhibition, the ability to suppress inappropriate or impulsive behaviors, is a risk factor of
particular interest as it may relate to future adolescent substance use either directly or
indirectly, through externalizing behaviors (Iacono et al., 2008). Inhibition matures across
childhood with the capacity to inhibit a response apparent as early as infancy (Diamond and
Goldman-Rakic, 1989) yet the ability to consistently inhibit a behavior or action developing
well into adolescence (Luna et al., 2004; Luna et al., 2001). Multiple inhibitory tasks show
increasing cognitive control with age, including Stroop (Tipper et al., 1989), go/no-go
(Luciana and Nelson, 1998), stop signal (Greenberg and Waldman, 1993; Ridderinkhof et
al., 1999; Williams et al., 1999), and antisaccade tasks (Fischer and Weber, 1998;
Fukushima et al., 2000; Luna et al., 2004; Munoz et al., 1998). For example, go/no-go
studies have shown decreasing false alarm rates across development with young adults
recording significantly less false alarms than children (Casey et al., 1997; Jonkman, 2006).
Similarly, antisaccade studies have shown that children commit more errors than adults,
with rates of correct inhibitions improving through adolescence into adulthood (Fischer and
Weber, 1998; Fukushima et al., 2000; Luna et al., 2004; Munoz et al., 1998).

Underlying the development of more efficient inhibitory control are changes in brain
structure and function subserving these higher order processes. Synaptic pruning, cortical
thinning, and myelination of white matter tracts occur throughout adolescence (Gogtay et
al., 2004; Sowell et al., 2002). Prefrontal cortex activity appears to change prominently as
inhibitory networks develop. Increased BOLD response in prefrontal regions has been
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reported among children (<age 12) compared to adolescents and adults during go/no-go
(Booth et al., 2003; Casey et al., 1997) and antisaccade tasks (Velanova et al., 2008).
However, less prefrontal response in children and adolescents compared to adults has been
reported during flanker (Bunge et al., 2002), stop (Rubia et al., 2000), and Stroop tasks
(Adleman et al., 2002), and one investigation found adolescents and adults to activate
prefrontal cortex similarly during an antisaccade task (Velanova et al., 2008). These
inconsistent results could be due to small sample sizes, chance, or differences in
developmental stages across studies.

Some investigations offer explanations for the mixed results in the development of
inhibition and the prefrontal cortex. Tamm and colleagues (2002) suggest a differential
effect for regions within the frontal lobe, with increasing activation in inferior frontal, orbital
frontal, and insular gyri, and decreasing activation in middle and superior frontal areas
across adolescence. A meta-analysis of functional magnetic resonance imaging (fMRI)
studies using various go/no-go tasks in adults suggest that differences among studies are task
dependent; tasks with greater cognitive demands evoke additional brain regions that underlie
cognitive functions beyond response selection (e.g., working memory) (Simmonds et al.,
2008). The same theory could be applied to all developmental studies of inhibition where
differences in neural recruitment during inhibition could be accounted for by the type (e.g.,
go/no-go stop, Stroop, antisaccade) and complexity of the inhibitory tasks.

In addition to the prefrontal cortex, other neural regions are recruited during tasks of
inhibition. Activation within the anterior cingulate, parietal and occipital lobes have been
observed during tasks requiring response inhibition, and have been more pronounced among
adults relative to children (Adleman et al., 2002; Velanova et al., 2008). Subcortically,
activation has also been shown in the caudate, though more so in adolescents compared to
adults (Rubia et al., 2000). These investigations highlight the complexity of the neural
mechanisms responsible for the maturation of inhibition.

Understanding the development of inhibition at the behavioral and neural level is of great
importance when considering inhibition within the context of substance use. The few studies
examining brain function and response inhibition in youth at risk for developing substance
use disorders suggest that less BOLD response in frontal regions is related to risk for
substance use; however, the relationship between this frontal activation and future substance
use among adolescents is yet to be determined. Among adults with AUD, deficits in
executive functioning, specifically in inhibition, persist into abstinence periods, suggesting
that functions underlying planning, decision making and response inhibition may be
uniquely affected by alcohol consumption (Davies et al., 2005; Fein et al., 2004; Noel et al.,
2007). The question remains whether aberrant inhibitory networks in childhood and
adolescence are themselves risk factors for substance use or rather substance use interrupts
inhibition and the maturation of neuronal substrates of inhibition. The aim of the present
study was to investigate the hypothesis that altered neural activation during inhibition in
adolescents with limited substance use experience predicts subsequent substance
involvement.

To that end, adolescents who had not yet had any notable substance use involvement (i.e., at
project baseline) completed a go/no-go task during fMRI, and were then followed quarterly
to assess for emergence and persistence of substance use (i.e., follow up). Based on follow-
up (M= 4.2 years) alcohol use information, adolescents were classified into one of two
alcohol use groups: Transitioned to Heavy Use (TU) and Healthy Controls (CON). Some
TU youth also endorsed other substance use at follow-up, predominantly cannabis. We
examined the relationship between baseline BOLD response during inhibitory trials of a go/
no-go task, and follow-up substance use outcome. Previous studies using this go/no-go task
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in high-risk adolescents have observed less activation in frontal and posterior parietal
regions than low-risk youth (Anderson et al., 2005; Schweinsburg et al., 2004b). Based on
previous fMRI studies concerning development, familial risk for substance use, and
prediction of relapse (Paulus et al., 2005), we hypothesized that at baseline, when no youths
had more than 3 lifetime substance use episodes, those who would transition into heavy
alcohol use by mid-adolescence (TU youth) would show less BOLD response in frontal
regions than youth who would remain relatively substance-free throughout this
developmental period (CON youth), and this would be specific to inhibition trials rather than
response selection trials.

2. Methods
2.1 Participants

Participants were ages 12–14 at the start of this longitudinal study (Anderson et al., 2005;
Bava et al., 2011; Hanson et al., 2010; Medina et al., 2008; Pulido et al., 2009;
Schweinsburg et al., 2004b; Spadoni et al., 2008; Squeglia et al., 2009). Recruitment was
through mailings sent to homes of students attending local standard public middle schools.
Parents were preliminarily screened by phone, then potentially eligible youths and parents
were each administered separate diagnostic interviews to confirm eligibility. Assent and
consent, as approved by the University of California, San Diego Human Research
Protections Program, were obtained from participants and their parents, respectively, each
year of participation.

A large number of exclusionary criteria helped rule out potential confounds. At baseline,
participants were excluded for: prenatal exposure to substances (i.e., >2 drinks during a
given week or any illicit substance use); premature birth (i.e., born prior to 35th gestational
week); left handedness; lifetime history of any traumatic brain injury with loss of
consciousness >2 minutes, medical problem, neurological abnormality, learning disability,
psychiatric disorder, or use of medications affecting the brain or cerebral blood flow (e.g.,
psychotropic medications); uncorrectable sensory impairment; MRI contradictions; parental
history of bipolar I, psychotic disorder, or antisocial personality disorder; and more than 3
lifetime substance use occasions. Eligible adolescents completed interviews, urine
toxicology, breathalyzer screens, neuropsychological testing, and neuroimaging at baseline
(i.e., prior to the onset of heavy substance use and when age 12–14 years), and thereafter
completed quarterly substance use interviews. Self-report data were verified with biannual
parent interviews, breathalyzer screening, and urine toxicology. After a mean follow-up of
4.2 years, adolescents were classified as TU (n=21) if they reported heavy alcohol use or
CON (n=17) if drinking was infrequent and there were no heavy drinking episodes (see
Figure 1 for classification).

2.2 Measures
2.2.1 Substance use—The Customary Drinking and Drug Use Record (CDDR) (Brown
et al., 1998) assessed lifetime use of alcohol, nicotine, and other drugs at baseline. Two
measures assessed substance use at follow-up. The CDDR assessed the quantity and
frequency of past year and past 3-month alcohol, tobacco, and other drug use, withdrawal/
hangover symptoms, and DSM-IV abuse and dependence criteria. Additionally, the
Timeline Followback (TLFB) (Sobell and Sobell, 1992), administered to the youth and
corroborated by an informant (e.g., parent), assessed participant’s alcohol and drug use for
the past 30 days using temporal cues to facilitate recall. Collectively, CDDR and TLFB
substance use information were used to determine group membership at follow-up.
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2.2.2 Family background—At baseline, socioeconomic status was calculated using the
Hollingshead scale, incorporating level of education and occupation for each parent
(Hollingshead, 1965). The Family History Assessment Module (FHAM) (Rice et al., 1995)
was administered at baseline to both biological parents and the participant to determine
participant’s biological family history of AUD. A composite of youth and parent reports was
used to create an index of family history density, calculated per subject; a weight of 0.50
was assigned to each parent with a history of alcohol dependence and 0.25 per grandparent
with such history (range 0–2) (Zucker et al., 1994).

2.2.3 Mood—Mood was assessed 30 minutes prior to imaging using the Beck Depression
Inventory (Beck, 1978) and the Spielberger State Trait Anxiety Inventory (Spielberger et al.,
1970).

2.2.4 Development—On the Pubertal Development Scale, adolescents confidentially
indicated current levels of pubertal development at baseline by selecting statements
corresponding to their particular stage (e.g., has not begun yet, definitely underway, seems
complete) for five sex-specific items (Petersen et al., 1988).

2.2.5 Neurocognition—At baseline, estimated verbal IQ was determined using the
Vocabulary subtest of the Wechsler Abbreviated Scale of Intelligence (Wechsler, 1999), and
right-handedness was confirmed with the Edinburgh Handedness Inventory (Oldfield, 1971).

2.2.6 Psychopathology—Adolescents’ externalizing behaviors were assessed using the
Achenbach system at baseline via parent report on the Child Behavior Checklist (CBCL)
(Achenbach and Rescorla, 2001), and at follow-up via CBCL or, for participants 18 years of
age and older, the Adult Self-Report (ASR) (Achenbach and Rescorla, 2003). Conduct
disorder problems were assessed by both youth and parent report with the Conduct Disorder
Questionnaire, which assesses the number and frequency of DSM-IV criteria for conduct
disorder (Brown et al., 1996; Myers et al., 1995).

2.2.7 Go/no-go task—Adolescents performed a go/no-go task (Schweinsburg et al.,
2004b; Tapert et al., 2007) during fMRI acquisition. The task consisted of trials presenting
either a fixation cross or a blue shape. Participants were asked to press a button when they
saw a small circle, large circle, or large square (go stimuli), but to refrain from pressing the
button (i.e., inhibit their response) when they saw a small square (the no-go stimulus).
Fixation (rest) trials were pseudo randomly interspersed between go and no-go trials (total
task time: 6 minutes 24 seconds). The task was administered to all participants prior to
scanning to ensure comprehension of task instructions.

2.3 Procedures
At baseline, adolescents completed a 1-hour neuroimaging session in a 1.5 Tesla General
Electric Signa LX scanner. Participants viewed task stimuli through a mirror attached to the
head coil. Whole brain echo planar imaging was collected for each subject. Specifically, a
structural image was collected in the sagittal plane using an inversion recovery prepared T1-
weighted three-dimensional spiral fast-spin echo sequence (repetition time = 2,000 ms; echo
time = 16 ms; field of view = 240 mm; resolution 0.9375 mm × 0.9375 mm × 1.328 mm;
128 continuous slices; acquisition time 8:36) (Wong et al., 2000). The go/no-go task was
administered approximately 20 minutes after starting scanning. Images were collected in the
axial plane using T2-weighted spiral gradient recall echo imaging (repetition time = 3,000
ms; echo time = 40 ms; flip angle = 90°; field of view = 240 mm; 20 continuous slices; slice
thickness = 7 mm; in-plane resolution = 1.875 mm × 1.875 nm; 128 repetitions; acquisition
time 6:24).
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2.4 Behavioral Analysis
Between groups analysis of demographic variables were done using independent sample t-
tests (e.g., age, SES, pubertal stage) and chi-square (gender). Between groups differences in
the go/no-go task were assessed with five independent sample t-tests, using the following
dependent measures: go reaction time, percent correct inhibition, percent correct hits, D′ (a
measure of accuracy in discriminating between no-go and go stimuli), and β (a measure of
response bias) (Green and Swets, 1966).

2.5 Data Processing and Analysis
Imaging data were processed using Analysis of Functional NeuroImages (afni.nimh.nih.gov)
(Cox, 1996). First, motion in the time series was corrected by registering each acquisition to
a repetition that was found to be minimally deviant (Paulus et al., 2004). Motion correction
applied for 3 displacement and 3 rotational parameters were retained for each repetition per
participant. Two raters then examined the data for any remaining visible motion within the
series, and censored such repetitions from further analysis. Participants with more than 20%
of repetitions censored were excluded from analysis (n=1, not described in this paper). On
average, 6% of repetitions were removed. Groups did not differ on number of repetitions
removed or on any of the 6 motion parameters. For the TU group, the average rotational
(roll, pitch, and yaw) and displacement movements (superior, left, posterior) were 0.07°,
0.26°, 0.11°, 0.18 mm, 0.06 mm, and 0.09 mm, respectively. For CON, these were 0.06°,
0.11°, 0.08°, 0.09 mm, 0.04 mm, and 0.05 mm, respectively. No significant differences were
found between groups for task-correlated motion, as determined by correlating the task
reference function with each of the six motion parameters.

To determine brain regions involved in inhibition and response selection, fMRI data were
deconvolved with a reference function specifying the alternating presentation of task
conditions (go, no-go, fixation) (Ward, 2002) and convolved with a gamma variate function
to model hemodynamic response (Boynton et al., 1996; Cohen, 1997), while controlling for
applied motion corrections and linear trends (Bandettini et al., 1993). This produced two fit
coefficients per participant, representing BOLD response contrast for inhibition (no-go)
trials relative to baseline, and for response selection (go) trials relative to baseline, for each
voxel within the brain. Functional data were transformed into standard space (Talairach and
Tournoux, 1988), and resampled into 3.0 mm3 voxels along with the application of a
spatially smoothing Gaussian filter (full-width half maximum = 5.0 mm). To examine group
differences in BOLD response during inhibition and response selection, two independent
samples t-tests (AFNI; 3dttest) compared TU and CON groups on BOLD response contrast
for inhibition (no-go) trials relative to baseline, and for response selection (go) trials relative
to baseline. A combination of t statistic magnitude and cluster volume thresholding was used
to control for Type I error (Forman et al., 1995; Ward, 1997) by only interpreting clusters
comprised of at least 32 contiguous voxels (≥864 μl) activated at α<.01, for a brain-wise
probability of false positive activations of α<.01. For each resulting cluster, BOLD response
data was exported to SPSS 16.0 (Chicago, Il) to screen for outliers, examine for normality of
distribution, and conduct analyses.

To confirm group comparison results and to examine the effect of group differences in
BOLD response, analyses of covariances (ANCOVAs), controlling for baseline number of
conduct problems endorsed and baseline alcohol use, were run for each cluster found to
differ between the groups (above). For each analysis, the mean cluster activation was
entered as the independent variable and follow-up group membership (i.e., TU vs. CON) as
the dependent variable. Following analyses within the TU group (n=21) used multiple
regression to examine the extent to which inhibition BOLD response contrast in each cluster
that differed between groups might predict intensity of follow-up substance use (follow-up
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peak drinks on an occasion, average drinks per month, abuse and dependence symptoms,
cannabis use, and other substance use) as well as other behavioral characteristics (i.e.,
attention problems, externalizing behaviors) at follow-up.

3. Results
3.1 Demographic and Substance Use History

At baseline, groups were statistically equivalent on age, gender, socioeconomic status,
verbal intellect, mood, and pubertal development. All adolescents (N=38) had minimal to no
history of any alcohol or drug use, with a range of 0 to 3 lifetime substance use occasions,
with groups being equivalent on cannabis use. The maximum substance use prior to the
baseline assessment was a 14 year old male who reported a total of 3 lifetime drinking
episodes, one of which involved consuming 4 standard alcoholic beverages, which occurred
>3 months prior to his scan date. All subjects denied any tobacco, alcohol, cannabis, or other
substance use in the 7 days prior to their scan, which was verified by breathalyzer, urine
toxicology, and parent report. Although no participant met diagnostic criteria for conduct
disorder at baseline, TU and CON groups differed on the number of lifetime conduct
problem behaviors endorsed (M = 3.0 v. 1.2, range = 0–7, p<.01) and lifetime alcohol use
episodes (M = 0.6 v 0.0, range = 0–3, p<.05) (see Table 1) at project entry.

At follow-up, most TU adolescents reported other drug use as well (lifetime substance use
episodes M = 64.6 ± 167.1, range = 0–820). In the TU group, 71% endorsed one or more
DSM-IV substance abuse or dependence criteria, with 4 subjects meeting criteria for alcohol
dependence, 3 for cannabis abuse, and 1 for cannabis dependence. In contrast, the healthy
controls at follow-up reported minimal to no alcohol use, no other substance use, and no
abuse or dependence symptomatology (see Table 1).

3.2 Task Performance
Performance data logging failed for one participant. There were no (p<.05) differences
between groups on task performance (percent correct), reaction time, false alarms, D′, or β
(see Table 1).

3.3 Imaging Findings
An independent samples t-test revealed 12 clusters where, at baseline, TU adolescents
showed significantly less (p<.01) inhibition (no-go trial) BOLD response contrast than CON
teens (see Table 2 and Figure 2). There were no clusters in which TU showed significantly
more inhibition BOLD response contrast than CON. ANCOVAs controlling for baseline
conduct problems and baseline alcohol use replicated these findings (ps<.01). In one of the
12 clusters with significantly different activation between groups, one participant’s BOLD
response was deemed an outlier and the subject was excluded from analyses involving signal
in that cluster. Multiple regressions examined inhibition BOLD response contrast for each of
the 12 clusters as a predictor of follow-up substance use frequency, quantity, and
consequences; results were not significant (Type I error controlled with α = .05/12 = .004).
However, less baseline inhibition BOLD response contrast in 4 of the 12 clusters was linked
to greater follow-up Achenbach Attention Problems above and beyond baseline Attention
Problems, follow-up depression, anxiety, age, gender, or ethnicity. This relationship was
seen in right inferior frontal gyrus (F1, 30= 5.32, p= .03; β = −0.39, p= .03; R2Δ =15%), left
cingulate (F1, 30= 6.29, p= .02; β = −0.42, p= .02; R2Δ =17%), right middle temporal gyrus
(F1, 30= 4.27, p= .048; β = −0.35, p= .048; R2Δ =13%), and left inferior parietal lobule
(F1, 30= 6.33, p= .02, β = −0.42, p= .02; R2Δ =17%). While a zero-order relationship was
also seen between less no-go trial BOLD response in 5 of the 12 regions and greater follow-
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up Achenbach Externalizing Problems, these relationships were fully accounted for by
baseline Achenbach Externalizing Problems.

For response selection (go) trials, the independent samples t-test at voxelwise α<.01 revealed
no differences in BOLD response between groups. In secondary analyses using a more
liberal threshold (α<.025), TU showed significantly greater BOLD response than CON
during go trials in 4 clusters (see Table 3). There were no clusters during response selection
(go) trials where TU showed less BOLD response than CON.

4. Discussion
This study tested the hypothesis that future alcohol-using adolescents show altered neural
activation during inhibitory processing. Consistent with this hypothesis, we found that at
baseline, future alcohol-using adolescents showed less activation during inhibitory trials of a
go/no-go task, as compared to their matched, healthy control peers. This attenuated
activation during inhibition was observed in left dorsolateral prefrontal, left supplementary
motor, right inferior frontal and medial frontal, bilateral motor, left cingulate, and left
putamen, as well as bilateral middle temporal and inferior parietal regions. Thus, TU
adolescents showed less activation than would be anticipated in the areas associated with
inhibition and substance use vulnerability (i.e., right inferior frontal, right parietal, and left
cingulate) (McNamee et al., 2008). The overall pattern of no-go activation was similar to
that reported in other child/adolescent inhibition studies examining the stop signal task (i.e.,
inferior and medial frontal regions) (Rubia et al., 2000), go/no-go tasks (i.e., frontal, parietal,
and cingulate regions) (Casey et al., 1997; Stevens et al., 2007), and the Stroop task (i.e.,
frontal, parietal, and cingulate regions) (Adleman et al., 2002).

These findings support previous studies of adolescents at risk for substance use disorders
(SUD) showing decreased activation patterns despite similar task performance. In response
to the same go/no-go paradigm used in this study, youth at familial risk for SUDs showed
decreased activation in 4 of the same brain regions: left medial/superior frontal, bilateral
medial frontal, right inferior frontal, and bilateral inferior parietal (Schweinsburg et al.,
2004a). Similarly, during an anti-saccade task, youth with lower levels of neurobehavioral
disinhibition, an indicator of increased SUD risk, also showed less overall frontal activation
(McNamee et al., 2008; Schweinsburg et al., 2004b).

While task performance did not differ between TU and CON in the current study, it is
possible that in a more challenging task, behavioral differences might accompany the
aberrant inferior parietal activation seen in the TU group. Specifically, TU adolescents
showed less activation than CON in bilateral inferior parietal regions, an area Bunge and
colleagues (2002) found positively correlated with task performance during an inhibition
task in both children and adults (Bunge et al., 2002; Schweinsburg et al., 2004b). For our
study, it appears that adolescents at risk for substance use escalation are able to perform well
behaviorally despite attenuated activation, suggesting efficient prefrontal mediated control.

This pattern of limited neural activity during inhibitory demands was linked to greater, albeit
clinically within the normal range, level of externalizing problems, which in turn was linked
to greater follow-up externalizing problems that often included substance use. Perhaps more
surprisingly, attenuated inhibitory response at baseline significantly predicted follow-up
attention problems measured from parent or self-report. This suggests that limited neural
engagement during inhibitory demands in early adolescence may indicate a
neurodevelopmental trajectory linked to reduced cognitive control in later adolescence.
Together, these studies suggest that less responsive frontal cortices during inhibitory
demands may underlie a general risk for behaviors that include substance use.
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Lending further support to this hypothesis is a study of substance use-related risk in adults
where some regions of decreased neural activity found here showed reduced activation
during a decision-making task in abstinent amphetamine dependent adults who subsequently
went on to relapse. Paulus and colleagues (2005), found that among adults with
amphetamine dependence scanned at the end of inpatient treatment hospitalization, those
with less activation during decision-making in the right inferior frontal gyrus, right inferior
parietal lobule, right middle temporal gyrus, right posterior cingulate, and cingulate gyrus,
among other areas, were more likely to relapse in the year after treatment than those who
showed more activation in these areas (Paulus et al., 2005). Thus, appropriate recruitment of
these areas across task demands may indicate a degree of cognitive effort that is linked to
behavioral control and impulse resistance. Less robust neuronal activation may be sufficient
to support the cognitive demands of this task, leading to the lack of behavioral response
differences reported here. However, this limited degree of activation may be inadequate to
sustain more complex real-life inhibitory events. For example, the inhibitory system of
future substance using adolescents and relapse prone substance dependent adults may be
more vulnerable to environmental perturbations, such as the presence of alcohol or drug
cues.

Alternatively, reduced activation may indicate a delayed or stunted maturation of inhibitory
networks in future substance users. Developmental studies of inhibition have reported
increased activation in frontal and parietal regions (Adleman et al., 2002; Bunge et al., 2002;
Rubia et al., 2000) and increased connectivity within fronto-parietal networks (Stevens et
al., 2007) with increasing age. Less activation may be an indicator that the brain has yet to
specify or shift inhibitory function to specialized regions or networks. In further support of
this hypothesis are other developmental studies suggesting age-related shifts in regions of
activation, finding increased anterior cingulate activation (Adleman et al., 2002), and
decreased activation of the caudate (Rubia et al., 2000) from childhood to adulthood.

This study had several limitations. While future users and non-users were equivalent on
many demographic variables (i.e., age, gender, socioeconomic status, verbal intellect, mood,
stage in pubertal development, and lifetime marijuana use) they differed on the number of
conduct disorder problems and lifetime alcohol uses endorsed at baseline, prior to the
initiation of regular or heavy substance use. Still, while baseline substance use differed
between groups, it was very minimal (M = 0.3 ± 0.9, range = 0–3 lifetime instances), with
the majority (N=32 out of 38) never having drunk or used substances at all. Although
differences in BOLD response between groups remained after controlling for these factors,
the observed activation patterns could be representative of overall greater behavioral
problems not specifically related to substance use. Continued longitudinal study of the
current sample will help clarify the predictive effect of BOLD response during inhibition on
substance use and other life outcomes.

The current findings suggest the potential utility of fMRI in identifying the neural
mechanisms underlying the risk factors (e.g., disinhibition) contributing to adolescent
substance use. Less neural recruitment of frontal, parietal, temporal, and subcortical areas
during inhibition demands in early adolescence may be disadvantageous, and may play a
role in adolescents’ abilities to execute more complex decisions and control real-world
impulses to engage in risky behavior. Future prospective studies will help clarify whether
aberrant activation itself is the risk factor for substance use initiation and disorders, or
whether less frontal activation contributes to substance use through other mediating risk
factors (e.g., conduct disorder, family history, or maturational pacing). A deeper
understanding of the relationship between the networks underlying inhibition and substance
use outcomes may eventually lead to improved prevention programs.
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Figure 1.
Follow-up alcohol use and classification, based on the distribution of drinking
characteristics of adolescent boys and girls observed in the first 2 years of this project
(Schweinsburg et al., 2005; Tapert et al., 2004). The current study includes participants from
two of the three classifications shown, transitioned into heavy alcohol use (TU; n=21) and
controls (CON; n=17).
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Figure 2.
Differences in BOLD response during no-go trials at baseline between adolescents who
transitioned into heavy alcohol use (TU; n=21) versus controls (CON; n=17). Areas in blue
indicate where future users had significantly less BOLD response during inhibition (no-go)
trials relative to baseline than non-users (p<.01, clusters >864 μl). In no region did TU show
more no-go response than CON.
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Table 1

Baseline and follow-up characteristics of adolescents who transitioned into substance use and those who did
not.

Healthy Controls Transitioned to Use

Effect Size Cohen’s d
M (SD)
n=17

M (SD)
n=21

BASELINE

Age at baseline 13.4 (0.7) 13.9 (0.9) 0.62

% Female 52% 48%

Hollingshead SES 18.1 (7.4) 21.6 (12.7) 0.34

Vocabulary T-score 59.1 (5.8) 54.9 (7.4) 0.63

Familial alcoholism density 0.2 (0.3) 0.4 (0.4) 0.57

Conduct disorder problem count ** 1.2 (1.2) 3.0 (2.6) 0.89

Achenbach attention T-score 51.7 (2.7) 51.2 (1.9) 0.21

Achenbach externalizing T-score 45.1 (9.0) 45.3 (7.9) 0.02

Beck Depression Inventory total 2.2 (2.6) 2.9 (3.1) 0.25

Females’ pubertal stage 3.9 (0.8) 3.4 (0.5) 0.75

Males’ pubertal stage 3.0 (0.8) 2.6 (0.7) 0.53

Lifetime alcohol use episodes * 0.0 (0.0) 0.6 (1.1) 0.77

Lifetime cannabis use episodes 0.0 (0.0) 0.2 (0.5) 0.57

% Correct inhibition (no-go) 78.7 (0.1) 79.8 (0.1)a

% Correct hits (go) 97.3 (0.3) 98.4 (0.3)a

% False alarms 6.0 (1.5) 5.9 (1.3)a

Go reaction time (ms) 484.6 (57.3) 475.6 (55.7)a 0.16

D-prime (D′) 2.9 (0.7) 3.1 (0.7)a 0.29

Response bias (β) 0.2 (0.1) 0.2 (0.1)a 0.00

FOLLOW-UP

Age at follow-up 17.7 (1.3) 18.0 (1.3) 0.23

Years between baseline and follow-up 4.4 (0.9) 3.9 (1.1) 0.50

Achenbach Attention T-score 51.5 (2.8) 53.4 (3.8) 0.57

Achenbach Externalizing T-score** 40.0 (8.0) 48.8 (9.4) 1.01

Past year drinking days ** 0.8 (1.6) 53.3 (43.2) 1.72

Lifetime peak drinks/episode ** 0.5 (0.9) 10.0 (4.3) 3.06

Average drinks per month ** 0.6 (0.2) 10.9 (12.3) 1.18

Lifetime cannabis use episodes * 0.2 (0.8) 114.0 (208.9) 0.77

% Any past year cannabis use** 0% 81%

Lifetime other drug use episodes * 0.0 (0.0) 3.0 (6.2) 0.68

% Any past year other drug use* 0% 29%

Past month substance use days ** 0.0 (0.0) 4.6 (5.9) 1.10

% Any abuse or dependence criteria met 0% 71%

% Any past year tobacco use ** 6% 48%
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*
p<.05

**
p<.01

a
TU (n=20)
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