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Abstract

Background—Alcohol use is commonly initiated during adolescence, with earlier onset known
to increase risk for alcohol use disorder (AUD). Altered function in neural reward circuitry is
thought to increase risk for AUD. To test the hypothesis that adolescent alcohol misuse primes the
brain for alcohol-related psychopathology in early adulthood, we examined whether adolescent
alcohol consumption rates predicted reward responsivity in the ventral striatum (VS), and in turn,
AUD symptoms in adulthood.

Methods—139 low income, racially diverse urban males reported on their alcohol use at ages 11,
12, 15, and 17; completed self-reports of personality, psychiatric interviews, and an fMRI scan at
age 20; and completed a psychiatric interview at age 22. We measured adolescent alcohol use
trajectories using latent growth curve modeling and measured neural responses to monetary reward
using a VS region of interest. We tested indirect effects of adolescent alcohol use on AUD
symptoms at age 22 via VS reward-related reactivity at age 20.

Results—Greater acceleration in adolescent alcohol use predicted increased VS response during
reward anticipation at age 20. VS reactivity to reward anticipation at age 20 predicted AUD
symptoms at age 22, over and above concurrent symptoms. Accelerated adolescent alcohol use
predicted AUD symptoms in early adulthood via greater VS reactivity to reward anticipation.
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Conclusions—Prospective findings support a pathway through which adolescent alcohol use
increases risk for AUD in early adulthood by impacting reward-related neural functioning. These
results highlight increased V'S reward-related reactivity as a biomarker for AUD vulnerability.
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Introduction

Alcohol use disorder (AUD) is a widespread illness in the US with estimated 12-month and
lifetime prevalence rates of 13.9% and 29.1% (Grant et a/., 2015). AUD harms individuals
by disrupting educational attainment and interpersonal functioning, and increasing risk for
negative physical and psychiatric outcomes (Grant et a/.,, 2015, Rehm, 2011). AUD is also
costly to society through lower productivity, crime, and motor vehicle accidents. The
prevalence of AUD increases steadily across adolescence followed by dramatic increases in
early adulthood (Chassin et al., 2004, Grant ef al., 2015). Alcohol use commonly begins in
adolescence (Johnston et al., 2015), making this a critical period to investigate the
developmental origins of AUD.

One way that alcohol use might increase risk for AUD is by impacting the developing brain,
particularly subcortical and prefrontal regions, which undergo significant
neurodevelopmental change during adolescence (Casey et al., 2011, Doremus-Fitzwater et
al., 2010, Gogtay et al., 2004). During adolescence, there is pruning of dopamine receptors
in reward-related areas of the brain, such as the ventral striatum (VS; Seeman, 1987, Teicher
et al., 1995). These neurodevelopmental changes are thought to be important for
understanding the neural underpinnings of reward-driven behavior and risk for alcohol
misuse (Spear, 2016), especially because drugs of abuse enhance dopamine
neurotransmission (Robinson and Berridge, 1993). Thus, adolescence is thought to be a time
when the brain may be particularly vulnerable to the neurotoxic effects of alcohol (Casey
and Jones, 2010, Wiers et al., 2007). Animal research supports this hypothesis, showing that
the effects of alcohol on behavioral and cognitive functioning, as well as brain structure, are
more pronounced during adolescence relative to adulthood (Spear, 2016). In humans, cross-
sectional fMRI studies also document differences in the reactivity of reward-related neural
systems among adolescents with AUD relative to healthy controls (Ewing et al., 2014).
Thus, greater exposure to alcohol during adolescence may result in altered neurocircuitry of
the reward system, including sensitization of VVS dopaminergic pathways, which could
increase vulnerability for developing AUDs later in life.

However, the majority of studies that have examined associations between adolescent
alcohol use and reward-related neural functioning are limited by being cross-sectional in
design, utilizing small sample sizes, focusing only on clinical samples with extreme use
(Tapert et al., 2004, Wetherill et al., 2013, Xiao et al., 2013), and/or examining reward-
related neural functioning only among children of alcoholics (Heitzeg et al., 2010, Yau et al.,
2012). Longitudinal studies are needed to provide a better test of whether adolescent alcohol
use impacts reward-related neural functioning. Moreover, evidence is needed from
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naturalistic samples beginning with alcohol use onset, rather than from youth who are
already abusing alcohol. Thus, prospective studies of community youth using repeated
assessments represent a powerful way to examine change in alcohol use over time (Duncan
and Duncan, 1995, Duncan et al., 1994), and establish whether different (or even normative)
rates of alcohol consumption across adolescence impact reward-related neural functioning
and persistent alcohol misuse.

In the current study, we addressed two questions centered on alcohol use from adolescence
to early adulthood via VS reward-related functioning. We focused on a low income, urban
male sample because urban males are exposed to more risk factors linked to alcohol misuse
(Elliott et al., 2012) and there are higher rates of AUD in males relative to females (Grant et
al., 2015). First, we examined whether the trajectory of alcohol use (i.e., rate of increase in
use) across adolescence predicted VS reward processing at age 20. We focused on a VS
region-of-interest because of the centrality of the VS to reward processing (Haber and
Knutson, 2010) and links between VS reactivity and AUD in adulthood (Heitzeg et a/., 2015,
Nikolova et al., 2016). We tested whether the relationship between adolescent alcohol use
and VS reactivity was dependent on reward phase (i.e., reward anticipation vs. receipt). We
hypothesized that because of increased incentive anticipation and “wanting” of reward
linked to repeated alcohol exposure (Robinson and Berridge, 1993, Silveri and Spear, 2002),
greater adolescent alcohol use would be related to increased VS reactivity during reward
anticipation, but not reward receipt. Second, we examined whether trajectories of alcohol
use across adolescence were related to AUD symptoms at age 22 via VS reward processing
at age 20, testing longitudinal, indirect pathways. We hypothesized that adolescent alcohol
use would predict VS hypersensitivity during reward anticipation at age 20, which in turn,
would predict increases in AUD symptoms at age 22 (Figure 1).

Methods and Materials

Participants

139 participants were drawn from the Pitt Mother & Child Project, a longitudinal study of
310 racially diverse and low-income boys and their families (Shaw et a/., 2012). The sample
is at risk for externalizing outcomes based on being male, urban, and from low-income
families (Shaw ef a/., 2012). Boys and their mothers were seen in person almost yearly from
ages 1.5-22 in their home and/or the lab (assessmentsat 1 1/2, 2,3 1/2,5,6, 7, 8, 9, 10, 11,
12, 15, 17, 20, and 22 years old). In the current study, we focused on the latter six
assessment points that covered adolescence and early adulthood: 11, 12, 15, 17, 20 and 22
years old. Assessments included questionnaires and a psychiatric interview. At age 20, the
assessment also included an fMRI scan at age 20. Participants were reimbursed after
assessments and procedures were approved by the University of Pittsburgh IRB.

Attrition to the age 20 and 22 visits was low for such a long-term study (252 and 256 men
participated at ages 20 and 22, respectively 81% and 83% retention across more than 20
years) (Murray et al., 2017, Shaw et al., 2012). Of the 256 at age 20, 144 men had usable
fMRI reward data and 139 had both fMRI and adolescent alcohol use data (Supplemental
Table 1 summarizes details on attrition). The 139 males with fMRI data at age 20 did not
differ significantly from the full sample retained at age 20 based on self-reported alcohol
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(p>.39) or marijuana (p>.76) consumption via the Alcohol and Drug Consumption
Questionnaire (Cahalan et al., 1969) or self-reported antisocial behavior (p>.37) via the Self-
Report of Delinquency Questionnaire (Elliott et al., 2012).

Adolescent Alcohol Use (ages 11, 12, 15, and 17)—We assessed adolescent alcohol
use using items from the Self-Report Delinquency Questionnaire (Elliott et a/., 2012), which
assesses engagement in antisocial activities in the past year via a three-point scale (O=never,
1=once/twice, 2=more often; a=.90). Three separate items assessing consumption of beer,
liquor, or wine were summed to create alcohol frequency scores at each age, which were
subjected to latent growth curve modeling to derive alcohol trajectories (see Supplemental
Table 2). Rates were similar to those reported via surveys of adolescents within community
samples (Johnston et al., 2015, Miech et al., 2015).

Symptoms of Alcohol Use Disorder (ages 20 and 22)—To assess alcohol use
disorder (AUD) at ages 20 and 22, we used interviewer assessments from the Structured
Clinical Interview for DSM-IV Axis | (SCID-I) (American Psychiatric Association, 2000,
First et al., 1995) (Supplemental Methods outline the training and reliability procedures).
Results are presented using an AUD symptom count combining total number of alcohol use
and dependence symptoms. To confirm these results within a DSM-5 framework, which
removed the abuse-dependence distinction, we compared findings for a symptom count
excluding “recurrent substance-related legal problems” that does not appear in DSM-5
(American Psychiatric Association, 2013). We also found similar results using separate
alcohol abuse versus dependence symptom counts. At age 22, approximately 21% of our
sample met lifetime criteria for Alcohol Abuse or Dependence diagnoses. These estimates
are consistent with epidemiological surveys of community samples (Grant ef a/., 2004).

Personality Confounds (age 20)—To ensure that effects were not accounted for by
stable personality traits linked to hypersensitivity to reward or alcohol misuse, we controlled
for impulsivity, which has been linked to VS reward-related reactivity and alcohol use (Beck
et al., 2009), and extraversion, which predicts brain reward-related functioning (Cohen et al.,
2005) and alcohol use (Kuntsche et al., 2006). /mpulsivity was assessed at age 20 via self-
report using the Barratt Impulsiveness Scale-Version I1, a 30 item measure tapping several
aspects of impulsivity, including deficits in behavioral control (Patton and Stanford, 1995)
(a=.79) Extraversion was assessed age 20 via self-report on the 12-item extraversion
subscale of the NEO Personality Inventory-Revised (NEO PI-R Short Form) (a=.64) (Costa
and McCrae, 1997).

Adolescent comorbid psychiatric disorders—To confirm that relationships between
adolescent alcohol use and brain reward-related functioning were not due to earlier ADHD
or Conduct Disorder (CD), both well-established risk factors for AUD (van Emmerik-van
Oortmerssen et al., 2012), we included ADHD and CD diagnoses from the Schedule for
Affective Disorders and Schizophrenia for School Age Children (Kaufman et al., 1997), a
semi-structured psychiatric interview using DSM-IV criteria. At ages 11, 15, and 17 years
old, examiners administered interviews to boys and their mothers and diagnoses were made
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through clinician consensus. Training and reliability procedures are described in
Supplemental Methods. Earlier ADHD or CD were included as a present/absent
dichotomous variable (i.e., present=diagnosis at any prior assessment).

Other comorbid psychiatric disorders—Finally, to ensure that effects were not
accounted for by psychiatric comorbidities related to hypersensitivity to reward or
engagement in alcohol misuse, we controlled symptoms of the following DSM-1V disorders
at age 20 as covariates based on SCID-I (First et al., 1995) and SCID-II (First et al., 1997)
interviews: antisocial personality disorder (APD; Compton et al., 2005), major depressive
disorder (MDD; Hasin et al., 2005), generalized anxiety disorder (GAD; Grant et al., 2004,
Kushner et al., 2000), post-traumatic stress disorder (Kushner et al., 2000), and social phobia
(SP; Kushner et al., 2000). Although we included symptom counts as covariates in models,
the findings were similar if we included diagnoses. Finally, in addition to including
comorbid psychiatric disorders as covariates at age 20, we explored the specificity of
pathways to AUD, by including Substance Use Disorder (SUD) and APD symptoms as
dependent variables at age 22.

Other Covariates.—To ensure that results relating to differences in reward functioning
were not due to race or socioeconomic status, we accounted for the effects of race and
income (Murray et al., 2017). As alcohol use tends to co-occur with marijuana and tobacco
use (Moss et al., 2014), we also accounted for rates of comorbid adolescent marijuana and
tobacco use assessed via the same method as alcohol use (i.e., trajectories across
adolescence; Supplemental Table 2). Finally, all models included the age at which
participants first reporting drinking as a covariate. Descriptive statistics for all study
variables are presented in Table 1 and bivariate correlations between study variables in
Supplemental Table 3.

Neuroimaging Procedures—After participants completed questionnaires and clinical
interviews, they underwent an fMRI scan. The fMRI reward paradigm was a slow event-
related card-guessing game that evaluates neural response to the anticipation and receipt of
monetary reward (Nusslock et al., 2012). During trials, participants guessed via button press
whether the values of visually presented cards, with possible values of 1-9, were higher or
lower than 5 (4s), learned the trial type (possible-win) to anticipate feedback (6s), and
receive feedback (e.g., win money/no change; 1s plus 9s inter-trial interval) (Nusslock et al.,
2012). Participants were told that their performance would determine a monetary reward
after the scan ($1 per win). Trials were presented in pseudorandom order with predetermined
outcomes in a single, 8-minute run, with 24 trials and a balanced number of trial types. This
task has previously been shown to differentiate anticipation versus receipt phases of reward
processing with large task-based effect sizes in the V'S (Hasler et al., 2012, Nusslock et al.,
2012; see Supplemental Figure 1 for a fuller task description).

Bold fMRI acquisition parameters—As described previously (Murray et al., 2017),
participants were scanned with a research-dedicated Siemens 3-T Trio scanner with an 12-
channel head coil at the University of Pittsburgh. Blood oxygenation level-dependent
(BOLD) functional images were acquired with a gradient-echo echoplanar imaging
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sequence repetition time (TR)/echo time (TE)/flip angle=2000/29 milliseconds/90°, field of
view=200x200mm, matrix=64x64), that covered 34 interleaved axial slices (3mm slice
thickness) aligned with the AC-PC plane and encompassing the entire cerebrum and most of
the cerebellum to maximize coverage of limbic structures.

MRI data analysis

Image processing and analysis.—Analyses were completed using the general linear
model of SPM8 (http://www.fil.ion.ucl.ac.uk/spm/). Images for each participant were
segmented, realigned to the first volume in the time series, unwarped to correct for head
motion, co-registered to high-resolution structural scans, spatially normalized into Montreal
Neurological Institute space using a 12-parameter affine model, and smoothed to minimize
noise and residual difference in gyral anatomy with a 6mm FWHM Gaussian filter.
Voxelwise signal intensities were ratio-normalized to the whole-brain global mean. After
preprocessing, Artifact detection Tools software (http://www.nitrc.org/projects/
artifact_detect/) was used by detecting global mean intensity and translation or rotational
motion outliers (>4.5 SD from the mean global brain activation, >2mm movement, or 2x
translation in any direction) by creating a regressor within each participant’s first-level
analysis to account for confounding effects of volumes with large motion deflections or
intensity spikes. Single-subject BOLD fMRI data were only included in analyses if there
was a minimum of 85% VS coverage using a bilateral, anatomically-based VS ROI.
Participants with less than 80% task responding were excluded from analysis (Murray et al.,
2017).

BOLD fMRI data analysis.—Linear contrasts employing canonical hemodynamic
response functions were used to estimate condition-specific BOLD activation for each
individual. Individual contrast images were used in second-level random effects models to
determine mean reward-related reactivity using one-sample t-tests for: reward
anticipation>baseline and reward outcome>baseline. Baseline was defined as the last 3
seconds of the 9-second inter-trial interval as previously described (Nusslock et al., 2012).
As the VS is central to reward processing (Haber and Knutson, 2010), we examined results
within the VS ROI masking for main effects of the task using a Family-Wise Error (FWE)
correction. A bilateral VS ROI was constructed in the WFU PickAtlas Tool v2.4 using two
spheres of 20mm radius around MNI coordinates x=+/-12, y=12, z=-10.

Analytic strategy

Deriving Trajectories of Alcohol Use across Adolescence.—To measure
trajectories of alcohol use across adolescence, we used latent growth curve modeling
(LGCM) in Mplus version 7.2 (Muthén and Muthén, 2014) using alcohol frequency scores
atages 11, 12, 15, and 17 (Supplemental Table 2). We estimated latent factors for the
intercept, slope, and quadratic slope. Comparative Fit Index (CFI: cut-off value .95), and
Root Mean Square Error of Approximation (RMSEA.: cut-off value .06) were used to assess
model fit. We compared a no-change (intercept-only) model, linear model, and quadratic
model, judging the best-fitting model based on CFl and RMSEA values and whichever had
the lowest Bayesian Information Criterion (Hu and Bentler, 1999).
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Adolescent Alcohol Use, Brain Reward-Related Functioning, and AUD in
adulthood.—First, regression analysis was performed in SPM8 to determine whether
adolescent alcohol use was associated with neural response during reward anticipation or
outcome. We first ran a model where we included only starting levels of alcohol, race, and
income (i.e., “no covariates models”). Second, we ran a model including the following
covariates: race, income, alcohol starting levels, impulsivity, extraversion, psychiatric
diagnoses, and adolescent marijuana and nicotine use (Table 1 presents descriptive data).

To link differences in neural response to reward to later alcohol use, we used two
approaches. First, we employed conjunction analysis in SPM8 (Nichols et a/., 2005) to
determine whether AUD symptoms at age 22 were related to reward responsivity in
overlapping regions associated with adolescent alcohol use. Second, as conjunction analyses
cannot test indirect effects, we tested a path model in Mplus to examine whether adolescent
alcohol use was related to AUD symptoms at age 22 via brain reward-related functioning at
age 20. To avoid double correlation issues inherent in extracting data from SPM8 based on
our variables of interest (i.e., alcohol use) (Kriegeskorte et al., 2009), we extracted left and
right VS peaks within an anatomical VS mask from the main effects of the reward task using
the VOI tool (Supplemental Figure 2) (for examples of this approach, see Hyde et a/., 2014,
Waller et al,, 2016). The indirect pathway from adolescent alcohol use to AUD symptoms at
age 22 via VS reactivity at age 20 was estimated as the product of the coefficients (AB)
(“Sobel test™). To test the specificity of effects to AUD, we included direct and indirect
pathways from to SUD and APD symptoms at age 22.

Results

Main Effects of Task in the Ventral Striatum

The reward task yielded robust bilateral activity within the VS ROI with significant clusters
emerging for reward anticipation>baseline (Supplemental Figure 2) and reward
receipt>baseline (Supplemental Figure 3) (Murray et al., 2017).

Trajectories of Alcohol Use across Adolescence

A quadratic LGCM showed the best fit to the adolescent alcohol use data (Figure 2). The
model included significant intercept and quadratic terms, as well as significant variance for
the quadratic term. This model suggests that alcohol use increased at a non-linear,
accelerating rate (Grimm et al., 2011) (Figure 2). We extracted intercept (i.e., to control for
starting level) and quadratic factor scores to examine effects on brain reward-related
functioning. Similar to the alcohol LGCM, the best fitting models for adolescent marijuana
and tobacco use were quadratic (results available on request). We included the quadratic
factor scores for marijuana and tobacco as covariates within models to establish unique
effects of alcohol use.

Association between adolescent alcohol use and brain reward-related functioning

During reward anticipation, greater acceleration (i.e., quadratic factor scores) in adolescent
alcohol use was associated with higher response in the left, but not right, VS at age 20
(t=4.21, k=7; x=-14, y=18, z=-12, p<.05rwg). This association emerged in a model
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controlling only for initial alcohol use (intercept), race, and income (Figure 3A & 3B). We
also found a significant association between adolescent alcohol use and higher response in
the left VS in a stringent model that accounted for adolescent marijuana and tobacco use,
race, income, adolescent ADHD and CD diagnoses, extraversion and impulsivity at age 20,
and MDD, PTSD, GAD, SP, and APD symptoms at age 20 (t=4.21, k=1; x=—14, y=18, z=
-12, p<05pwe)- Results were specific to reward anticipation as there was no association
between adolescent alcohol use and VS reactivity during reward outcome.

between brain reward-related functioning and later AUD symptoms

Conjunction analyses suggested that more symptoms of AUD at age 22 were associated with
increased left VS response to reward anticipation in an overlapping region that had been
associated with adolescent alcohol use based on the more stringent model and even after
controlling for AUD symptoms at age 20 (t=1.80, k=1; x=-14, y=18, z=-12, p<.05gwE).

We also tested a path model in Mplus vs. 7.2 focusing on three peaks that had emerged
within anatomical VS ROIs from the task main effects. There were significant direct
pathways from adolescent alcohol use to increased reactivity in all three VS ROIs during
reward anticipation at age 20, even controlling for their overlap (Figure 4). From a peak in
the left VS ROI, there was also a pathway from higher response to reward anticipation to
increases in AUD symptoms at age 22, but not SUD or APD symptoms at age 22,
controlling for symptoms of all three disorders at age 20. The indirect path from adolescent
alcohol use to AUD symptoms at age 22 through left VS reactivity at age 20 was significant
at a trend level, confirming the results of the conjunction analysis within a more conservative
model (Figure 4). Finally, because traditional significance testing using p-values represents a
weaker form of inference, we computed a log-transformed Bayes factor (BFg) for the
indirect pathway (Dienes and Mclatchie, 2017). The BFg was 3.92 indicating “substantial”
evidence for the alternative hypothesis (Jeffreys, 1998). That is, the data from the indirect
pathway we reported are 3.92 times more likely to have occurred under the alternative
hypothesis than the null hypothesis. Thus, all three approaches for testing the indirect effect
converged in supporting the hypothesis that accelerated adolescent alcohol use predicted
symptoms of AUD in early adulthood via reward-related VS reactivity.

Discussion

We provide evidence that greater acceleration in alcohol use from ages 11-17 is related to
increased V'S reactivity during reward anticipation at age 20, which in turn predicted
symptoms of AUD at age 22. We accounted for a host of covariates, suggesting that
adolescent alcohol use independently contributes to reward-related neural function and is not
attributable to comorbid psychopathology. Moreover, the association between alcohol use
and VS reactivity in early adulthood was maintained after adjusting for adolescent marijuana
and tobacco use and co-occurring drug use and APD, emphasizing specificity in the effects
on AUD. These findings highlight a mechanistic neural pathway through which greater
adolescent alcohol use is associated with reward responsivity at age 20, leading to risk for
persistent, clinically-significant AUD symptoms at age 22, a time of heightened
vulnerability for AUD development (Chassin et al., 2004, Grant et al., 2015).
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Consistent with prior findings from community samples (Duncan and Duncan, 1995,
Duncan et al., 1994), we found escalation in alcohol consumption across adolescence within
an urban, low-income male sample, a group known to be at risk for AUD (Elliott et af.,
2012, Grant et al., 2015). Greater escalation in rate of adolescent alcohol use was related to
brain reward-related functioning during the period of emerging adulthood involving ongoing
brain maturation (Casey and Jones, 2010, Casey et al., 2011). Results are consistent with
animal findings suggesting that adolescent drinking primes the brain for alcohol-related
psychopathology through increased reward sensitivity (Spear, 2016). For example, alcohol
exposure during adolescence was linked to persistence of an “adolescent-like phenotype” in
adult rodents characterized by greater wanting of alcohol (Spear and Swartzwelder, 2014).
Several receptor systems are thought to underpin increased reward sensitivity to alcohol
(Silveri and Spear, 2002), including the N-methyl-d-aspartate (NMDA) receptor system,
expressed in striato-cortical structures, such as the VS (Schramm et a/., 2002). This system
undergoes significant developmental change during adolescence, providing a molecular
mechanism through which adolescents may experience increased responsiveness to the
positive aspects of alcohol (Silveri and Spear, 2002, Spear and Swartzwelder, 2014). Thus,
via changes to NMDA signaling, greater adolescent alcohol exposure may confer
hypersensitivity of striato-cortical reward circuits, promoting adolescent-like, impulsive
alcohol misuse that continues into adulthood, including AUD symptomatology (Conrod and
Nikolaou, 2016).

We also found an association between higher VS reactivity to reward anticipation at age 20
and increases in AUD symptom severity from ages 20-22. Although neurobiological models
of psychopathology emphasize that individual differences in brain reactivity precede
changes in symptomatology, only a handful of empirical studies have established such
“neuroprediction” pathways, including for depression (Mattson et a/., 2016) and criminal
recidivism (Aharoni et al., 2013). Our results suggest that hypersensitive reward-related
neural reactivity represents a predictive biomarker of risk for AUD. At the same time,
caution is warranted as our results do not preclude the possibility that pre-existing neural
alterations in reward circuity predisposed individuals to adolescent alcohol misuse or AUD.
This possibility is supported by studies of adolescents with a family history of alcoholism
who show functional and structural differences in reward circuitry relative to healthy
controls priorto alcohol use onset (Yau et al., 2012). Although a limitation of this study is
that we did not measure parent history of AUD, we did control for the effects of impulsivity
and extraversion, which could be proxies for stable biologically-based predispositions for
adolescent alcohol use or neural hypersensitivity to reward. Future prospective studies
capable of identifying individual differences in reward circuity priorto initiation of alcohol
use would help to address these issues. Notably, these issues do not apply to the
neuroprediction pathway we established during early adulthood, where VS hypersensitivity
to reward at age 20 predicted increases in AUD symptoms at age 22.

Finally, we found a relationship between adolescent alcohol use and increased VS reactivity
to reward anticipation, but not reward receipt. The anticipation phase is associated with
appetitive processing, or “wanting” reward, whereas the receipt phase is linked to
consumption, or “liking” a gained reward (Robinson and Berridge, 1993). Our results are
consistent with a recent study that used a similar task, reporting increased VS activation
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during the anticipation of monetary reward among alcohol-dependent adults versus healthy
controls (Becker et al., 2016). However, findings differ in direction from studies of adult
alcoholics, who are typically reported to show reduced VS activation during monetary
reward anticipation (Beck et al., 2009, Wrase et al., 2007). Thus, a developmental
dissociation may exist, such that adolescent drinking initially primes the brain for increased
response to non-substance and substance-associated reward cues. However, following
chronic alcohol exposure associated with alcohol dependency, a “hijacking” of the reward
system via dopaminergic modulation of signals in the VS may occur that “flips”
motivational responses specifically to non-substance related rewards (Deserno et al., 2015,
Forbes et al,, 2014, Robinson and Berridge, 1993). Future studies employing multiple
follow-up scans of participants across adolescence and adulthood are needed to test this
developmental dissociation hypothesis.

The current study had a number of strengths, including a prospective, naturalistic design,
well-established task for eliciting VS reward-related reactivity, and sophisticated quantitative
modeling, all within a relatively large community sample. However, several limitations are
worth noting. First, our sample consisted only of males raised in low-income, urban homes.
Thus, the findings may not generalize to other populations, particularly women and/or those
not living in low-income, urban environments. We focused on males because they are more
likely to engage in risky behavior and drug use (Compton et al., 2005, Grant et al., 2015).
However, there are important sex-specific volumetric developmental changes that occur in
the VS across adolescence in the VS (cubic for males and linear for females) (Goddings et
al., 2014). Accordingly, future studies of sex-balanced samples at risk for AUD are needed
to explore potentially sex-specific neural pathways that impact VS reward-related
responsivity and differentially increase risk for AUD. Second, the measure we used to assess
alcohol and marijuana use across time had a limited frequency range (i.e., 0-2), which may
have led to an underestimation of effect sizes. Future prospective studies are needed with
measures that can more precisely assess alcohol consumption (e.g., Alcohol Use Disorders
Identification Test; Bush ef a/., 1998). Finally, although we assessed symptoms of AUD
using a standardized clinical interview with extensive training and oversight of interviewers,
inter-rater reliability of interviews was not assessed.

The current study is the first to use a large community sample of low-income, racially
diverse males to examine how individual differences in the rate of alcohol use across
adolescence impact later functioning of mesolimbic reward circuitry and risk for AUD. We
found that greater acceleration in adolescent alcohol use was related to increased VS
reactivity during reward anticipation. In turn, this pathway predicted increases in AUD
symptoms during early adulthood. Results provide evidence to support the hypothesis that
greater acceleration in adolescent alcohol consumption is related to hypersensitivity of the
brain to reward anticipation and in turn, clinically-significant alcohol use, which persists into
adulthood. Thus, increased VS reward-related reactivity may represent a biological
mechanism to be targeted within novel strategies for more effective treatment of AUD.
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Main Study Variables Covariates
o CD & ADHD
Agell Alcohol, marijuana, & tobacco use di
lagnoses
Age 12* Alcohol, marijuana, & tobacco use
.. CD & ADHD
Age 15 Alcohol, marijuana, & tobacco use di
iagnoses
.. CD & ADHD
Age 17 Alcohol, marijuana, & tobacco use di
lagnoses

—

V Study Aims

Derive trajectories
of adolescent Aim 1

alcohol use Explore the association between
4 /: (ages 11, 12, 15, 17) adolescent alcohol use trajectories
(1v) and brain reward-related
functioning at age 20 (DV)

fMRI scan — reward task:

Age 20 ventral striatum reactivity f

during anticipation &
consumption of reward

Trajectories of marijuana & tobacco;
symptoms of MDD, GAD, SPD, APD, PTSD;
income; race; extraversion; impulsivity

Aim 2
Explore the association between

brain reward-related functioning
(IvV) and later Alcohol Use
Disorder symptoms (DV)

Age 22 Alcohol Use Disorder
Symptoms

Figure 1.
Hypothesized associations between trajectories of adolescent alcohol use, ventral striatum

reactivity at age 20, and increases in symptoms of Alcohol Use Disorder at age 22.

Note. * At age 12, clinician consensus data were not available for the KSADS, thus we did
not include Conduct Disorder or ADHD diagnoses from this assessment point.
ADHD-=attention deficit hyperactivity disorder; MDD=major depressive disorder;
GAD=generalized anxiety disorder; SPD=social phobia; PTSD=post-traumatic stress
disorder; APD=antisocial personality disorder; AUD=alcohol use disorder; DUD=drug use
disorder; DV=dependent variable; IV=independent variable. To address Aim 1, we tested
whether individual differences in the rate of alcohol use across adolescence from ages 11,
12,15 & 17, based on latent growth curve modeling, were related to ventral striatum reward
reactivity at age 20 assessed via fMRI. To address Aim 2, we tested whether individual
differences in ventral striatum reward reactivity at age 20 were related to increases in
symptoms of Alcohol Use Disorder at age 22 (i.e., controlling for symptoms of Alcohol Use
Disorder at age 20 and overlapping DUD and APD symptoms at age 22). The indirect
(mediated) effect of adolescent alcohol use on later symptoms of Alcohol Use Disorder at
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age 22 via ventral striatum reactivity at age 20 was also examined. Models controlled for
other salient personality, psychiatric, and demographic confounds.
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Age 11 Age 12 Age 15 Age 17

Age of Assessment

Figure2.
Alcohol use accelerates across adolescence in a sample of low-income males

Note. We used latent growth curve modeling (LGCM) in Mplus version 7.2 and robust
maximum likelihood (MLR) estimation based on alcohol frequency scores at ages 11, 12,
15, and 17 (see Supplemental Table 2). We estimated latent factors for the intercept (mean
starting level), slope (linear change over time), and quadratic slope (nonlinear change over
time/acceleration). A quadratic LGCM showed the best fit to the alcohol use data across
adolescence: x2=1.52, df=1, p= 22, CFI=.99, RMSEA=.04). The model included significant
intercept (B=.06, SE=.02, p=.002) and quadratic (B=.04, SE=.01, p<.001) terms, including
significance variance for the quadratic term (B=.004, SE=.001, p=.01). The red line
represents estimated mean accelerated rate of alcohol use across time in the sample, which
was estimated separately and superimposed onto individual curves to aid interpretation of
findings. We examined whether latent classes existed within this overall sample trajectory,
but found no evidence for distinct classes represented within either a 2- or 3- class solution.
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1.00-

Left ventral striatum reactivity to reward anticipation > baseline
8
1
»

-1.00 ~

T T T T
-05 00 05 .10 s
Acceleration in alcohol use acoss adolesence (ages 11, 12, 15, and 17)

Figure 3.
Greater acceleration in alcohol use across adolescence predicts increased ventral striatum

reactivity during the anticipation of rewards at age 20

Note. Greater acceleration in adolescent alcohol use is related to increased left VS reactivity
in the left VS ROI (centered at peak voxel: t=4.21, k=7; x=—14, y=18, z=-12, p<.05pwg),
controlling for alcohol starting level, race, and income. A smaller cluster was also significant
(not shown in figure) centered at peak voxel: t=3.82, k=5, x=-12, y=10, z=-12, p<.05gwE).
The relationship between adolescent alcohol use and increased left VS reactivity also
emerged after controlling for alcohol starting level, marijuana and tobacco use across
adolescence, race, family income, earlier ADHD and CD, extraversion and impulsivity at
age 20, and MDD, PTSD, GAD, SP, and APD symptoms at age 20 (t=4.21, k=1; x=-14,
y=18, z=-12, p<.05pwE).
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Indirect effect: AB=1.81, SE=.99, af3=.05,
p=.071; bootstrapped 90% CI=.18, 3.44

Figure 4.

Left VS reactivity
x=-16, y=14, z=-14

¥
e (age 20)
P
5y
‘é(’//. Symptoms of
&, N Left VS reactivity yl ph |
Q’,,'\/ . %ﬁ_&% X=-8, y=16, z=-2 A coho Use
Accelerated 1 R~ (age 20) Disorder
alcohol use V;A-% - (age 22)
across B
adolescence 28, k= 9 - —
(ages 11, 12 AN Right VS reactivity
’ ’
15, & 17) x=14, y=20, z=-12
(age 20)
19 Symptoms of
1 [\ Antisocial
A,S‘;f-o . s . . Per.sonality
B"'X ymptoms of Alcohol Use Disorder
Disorder (age 20) (age 22)
Age of drinking onset
- Symptoms of Drug Use
C"”Zf’“ D/sgrder Disorder (age 20)
iagnosis
(ages 11, 15,0r 17)
5’\\_{9 Symptoms of
— PR Drug Use
ADHD diagnosis Symptor_ns ofAnt/socm/ oy L2 Disorder
(ages 11, 15, 0r 17) Personality Z%I)sorder (age (age 22)

Accelerated alcohol use in adolescence predicts increased VS reactivity during the
anticipation of monetary reward at age 20, and in turn, left VS reactivity predicts increases
in AUD symptom severity from ages 20 to 22.
Note. **p<.01, p<.05. The model shows only significant pathways but we modeled all
pathways from predictors to outcomes and within-time covariance (i.e., between all
measures at ages 20 and 22; see Supplemental Table 4). We tested whether accelerated
adolescent alcohol use was related to AUD symptoms at age 22 via brain reward-related
reactivity (Figure 1). The model included a quadratic factor of adolescent alcohol use
extracted from LGCM (Figure 2) and three significant peaks that emerged within the
anatomic VS ROI from the main effects of the reward task in the left and right VS
(Supplemental Figure 1). The main variables of interest are shown in bold text. Covariates
and correlated outcomes (i.e., to test specificity and uniqueness of effects) are shown in
smaller, italicized, non-emphasized text. Direct paths were examined for statistical
significance. Indirect pathways were estimated as the product of the coefficients (“Sobel
test”) as an index of effect size but we also present bootstrapped CI of the effects. To
examine whether VS reward-related reactivity uniquely predicted increases in AUD
symptoms at age 22, we controlled for AUD symptoms at age 20. To isolate effects of
adolescent alcohol use, we also accounted for symptoms of other drug use disorders and
antisocial personality disorder both when the fMRI scan was completed at age 20 and
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concurrently to the outcome of AUD symptoms at age 22. The model accounted for the
effects of race and income. Results were unchanged when we included concurrent marijuana
and tobacco use across adolescence, impulsivity and extraversion at age 20, and other
comorbid psychiatric disorders at age 20.

Psychol Med. Author manuscript; available in PMC 2020 March 12.



1duosnuey Joyiny

1duosnuen Joyiny

Waller et al. Page 21

Table 1.

Descriptive data for other study variables for the subsample of men for whom imaging data were available (n =
139)

N Min-Max M sD
Demogr aphic covariate (age 20)
Family monthly income ($) 139  300.00-4000.00 1010 710
Age of drinking onset 123 9.00-20.00 15.48 219

Psychiatric comorbidities (DM S-1V symptom counts at age 20)

Major Depressive Disorder 139 .00-6.00 .30 117
Generalized Anxiety 139 .00-5.00 12 .66
Social Phobia 139 .00-5.00 .38 1.23
Antisocial Personality Disorder 139 .00-5.00 .48 1.13
Post-traumatic Stress Disorder 139 .00-13.00 .38 202

Per sonality covariates

Impulsivity (age 20) 139 9.00-60.00 29.31 9.09
Extraversion (age 20) 139 12.00-40.00 27.00 5.37
Alcohol and substance Use (DSM -1V symptoms at age 20)

Alcohol Use & Dependence (age 20) 139 .00-9.00 .56 1.39
Drug Use & Dependence (age 20) 139 .00-8.00 .92 1.78
Dependent variablesin final model

Alcohol Use & Dependence (age 22) 139 .00-9.00 .65 1.61
Drug Use & Dependence (age 22) 139 .00-9.00 71 1.52
Antisocial Personality Disorder (age 22) 139 .00-6.00 .63 1.44

Note. Findings were similar when we accounted for psychiatric comorbidities using diagnoses instead of symptom count. The number of
participants meeting diagnostic criteria was as follows at age 20: Major Depressive Disorder, V=12 (9%), Generalizing Anxiety Disorder, N=1
(1%), Social Phobia, A/'=10 (7%), Antisocial Personality Disorder, V=11 (8%), Post-traumatic stress disorder, N=2 (1%), and Alcohol Use and
Dependence, A/=18 (13%). At age 22, the number of participants meeting criteria for Alcohol Use and Dependence was A/=28 (20%).
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