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Abstract

Background—Adolescence is a period of developmental flux when brain systems are vulnerable 

to influences of early substance use, which in turn relays increased risk for substance use 

disorders. Our study intent was to assess adolescent regional cerebral blood flow (rCBF) as it 

relates to current and future alcohol use. The aim was to identify brain-based predictors for 

initiation of alcohol use and onset of future substance use disorders.

Methods—Quantitative rCBF was assessed in 100 adolescents (age 12-15). Prospective 

behavioral assessments were conducted annually over a three-year follow-up period to 

characterize onset of alcohol initiation, future drinking patterns and use disorders. Comparisons 

amongst use groups (i.e., Current-, Future-, and Non-alcohol Using adolescents) identified rCBF 
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associated with initiation of alcohol use. Regression by future drinking patterns identified rCBF 

predictive of heavier drinking. Survival analysis determined whether or not baseline rCBF 

predicted later development of use disorders.

Results—Baseline rCBF was decreased to the parietal cortex and increased to mesolimbic 

regions in adolescents currently using alcohol as well as those who would use alcohol in the 

future. Higher baseline rCBF to the left fusiform gyrus and lower rCBF to the right inferior 

parietal cortex and left cerebellum was associated with future drinking patterns as well as 

predicted the onset of alcohol and substance use disorders in this cohort.

Conclusions—Variations in resting rCBF to regions within reward and default mode or control 

networks appear to represent trait markers of alcohol use initiation and is predictive of future 

development of use disorders.
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1. INTRODUCTION

Adolescence is a period of developmental change marked by significant brain maturation 

and vulnerability of the brain to influences of environmental factors and exposure to 

substances (Grant et al., 2005). The latter is particularly relevant for adolescents with 9-15% 

meeting criteria for substance abuse and 5% for substance dependence (period prevalence, 

National Survey on Drug Use and Health for 2002-2008). These data underscore this 

adolescent public health problem given the potentially toxic effects of substances on brain 

development (Guerri and Pascual, 2010).

Most neuroimaging studies have investigated brain function in chronic use among adults 

(Bjork et al., 2008). The few studies focusing on younger populations have involved 

adolescents already using substances (Jacobus et al., 2012; Squeglia et al., 2014b). Imaging 

studies of familial risk for alcoholism in adolescents have focused on brain structure (e.g., 

Squeglia et al., 2015) and function (Cservenka et al., 2013; Wetherill et al., 2012) in fronto-

parietal networks and reward circuitry. These studies indicate susceptibility to ethanol-

related brain damage, largely localized in the gray matter of the hippocampus and prefrontal 

cortex (Squeglia et al., 2014b), as well as reduction in white matter integrity (c.f., De Bellis 

et al., 2008; Squeglia et al., 2014a). However, because these differences co-occurred with 

use, they cannot clarify whether effects are present prior to use disorder onset, or are the 

result of use. Recent prospective studies have identified smaller gray matter volume in left 

paralimbic cingulate, inferior frontal and right cerebellum (Cheetham et al., 2014; Squeglia 

et al., 2014c) and differences in task-related fronto-parietal activity (Squeglia et al., 2012), 

proposing these as brain-based risk markers for future substance use.

Neuroimaging metrics that track resting-state, regional cerebral blood flow (rCBF) can 

provide unique information about the developing brain. rCBF measured with Arterial Spin 

Labeled (ASL) MRI is useful in characterizing tonic neural activity, allowing for inference 

to maturation given the need for blood flow to support processes like neuronal proliferation 
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and pruning (Uhlhaas et al., 2010). Until the fairly recent advent of ASL MRI methods, 

rCBF has not been readily assessed in adolescents because previous methods required 

radioactive exposure; therefore there is a dearth of information about rCBF in adolescence.

There are few ASL MRI prospective studies of brain development (e.g., De Vis et al., 2013 

in neonates), but rCBF can be inferred via studies using functional MRI (fMRI), which 

assesses blood flow fluctuations and their coherence amongst functionally related regions 

(i.e., functional connectivity). The correlation between blood flow measured with ASL MRI 

or as functional connectivity is spatially heterogeneous (Khalili-Mahani et al., 2014), but the 

following fMRI studies are presented as a proxy to understanding rCBF in adolescence. For 

example, functional connectivity is altered (Gordon et al., 2010; Lorenz et al., 2014; 

Sherman et al., 2014) and more diffuse (Jolles et al., 2011; Sherman et al., 2014) in 

adolescents than in young adults. Development of functional connectivity tends to follow a 

short-to-long distance trajectory (Fair et al., 2008) and the relationships between different 

networks (e.g., default mode and cognitive control) become distinct (Bray et al., 2014; 

Sherman et al., 2014). Maturation of connectivity patterns occurs throughout adolescence 

(Dosenbach et al., 2008) and into young adulthood, changing again in late adulthood 

(Lorenz et al., 2014), highlighting the sensitivity of blood flow and functional connectivity 

to age-related changes in brain structure and function. Importantly, functional connectivity 

patterns in adolescence can predict impulsivity scores (Shannon et al., 2011), working 

memory performance (Lorenz et al., 2014), and intelligence (Sherman et al., 2014) 

suggesting that maturation, supported by alterations in blood flow, can mark personality, 

mood, and other individualistic pieces of an adolescent’s adult brain.

Quantitative measures of rCBF show alcohol-related shifts providing a basis for 

understanding the physiology of regions affected by alcohol exposure. For example, 

increased global perfusion is seen with acute alcohol administration, is greater in females 

than males (Marxen et al., 2014), and is particularly elevated in the cingulate, frontal and 

parietal cortex and the hippocampi (Khalili-Mahani et al., 2011; Strang et al., 2014; 

Tolentino et al., 2011). Among chronic alcohol abusers, there is persistent reduced blood 

flow and atrophy in these same regions (Suzuki et al., 2010). These data demonstrate 

sensitivity of certain regions to alcohol, but it is unclear how they are affected in early 

experimentation or continued use in adolescence.

Early initiation of alcohol use is associated with higher risk to develop alcohol use disorders 

(Behrendt et al., 2009; Grant et al., 2005), suggesting that traits may exist that predispose 

one to substance experimentation or sensitivity to exposure. This population is of particular 

interest because, although alcohol abuse and dependence is rare in adolescence, the 

population prevalence of these disorders jumps to 6% by late adolescence (Cohen et al., 

1993; Rohde et al., 1996), particularly when they are comorbid with mood, stress-related or 

behavioral disorders (Aseltine et al., 1998; Clark et al., 1998), which also increase in 

prevalence during adolescence (Birmaher et al., 1996). Alcohol tends to be the substance 

most available and used by adolescents (Kirby and Barry, 2012), and its initiation is often 

followed by experimentation with other substances.

Ramage et al. Page 3

Drug Alcohol Depend. Author manuscript; available in PMC 2016 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



The hypotheses underlying this study are driven by fMRI findings of altered frontal and 

parietal function in substance-naïve offspring of alcoholics (Hanson et al., 2011; Wetherill et 

al., 2012) and altered reward network activity with chronic alcohol use and addiction (Haber 

and Knutson, 2010; Suzuki et al., 2010). Our primary hypothesis is that the developing brain 

will show altered rCBF to frontal, parietal and mesolimbic regions associated with initiation 

of alcohol use in adolescents who are currently using, or will initiate use, relative to those 

who remain alcohol naïve. A related hypothesis is that these findings will relate to future 

drinking patterns as neural predictors of heavier drinking. A secondary hypothesis is that 

baseline rCBF to some, if not all of these regions, will have prognostic significance to 

predict alcohol initiation and future alcohol use disorders in a cohort of adolescents who are 

just beginning to initiate alcohol use.

2. METHOD

2.1. Subjects

Three hundred thirty-two adolescents were recruited into the Teen Alcohol Outcomes Study 

(TAOS; Williamson: R01AA016274) via commercial phone lists containing families living 

within a 30-mile radius of the University of Texas Health Science Center at San Antonio 

(UTHSCA). Healthy adolescents, without dental appliances, and their parent/guardian 

completed self-report assessments and diagnostic interviews. All subjects assented to 

participate and their parent/guardian provided informed consent per UTHSCSA Institutional 

Review Board protocol.

2.2. Screening and Exclusion Criteria

The “kiddie” Schedule for Affective Disorders and Schizophrenia for School-Age Children-

Present, Lifetime version (K-SADS-PL, Kaufman et al., 2000) was administered at baseline 

and at annual follow-up sessions to assess lifetime Axis I psychiatric diagnoses. Adolescents 

were excluded from study if they met DSM-IV criteria for mood disorder other than anxiety, 

substance abuse/dependence, had binge drank (4+ alcoholic drinks on one occasion for 

females, 5+ for males), had a learning disability or had a lifetime externalizing disorder. 

Additionally, the K-SADS-PL was used to assess onset of substance abuse or dependence 

over the three-year study period. Follow-up interviews focused on the time since the last 

assessment (~12-14 months).

Subjects must have participated in each of the 3-year follow-up assessments to ensure that 

they were correctly grouped by use – i.e., Non-Users had not initiated use of any substance 

other than caffeine for the study period.

2.3. Dimensional Measures of Mood and Stress Assessment

Dimensional self- and parent-report measures of behavior, mood, anxiety, and past and 

current stress or trauma were administered annually. These measures assessed depressive 

symptoms for the prior two weeks, past month anxiety, behavioral or emotional problems, 

childhood trauma, and life stressors within the past year. Details about these scales and the 

scores used in the present analyses are in Table 1 and Supplementary Materials1.
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2.4 Substance Use Measurement

The Substance Use Questionnaire (Molina et al., 2007) was administered at all interviews. 

This measure quantifies duration and frequency of use within the past month and year. 

Dimensional scaling of frequency of use (past month or past year) and amount of use were 

multiplied to calculate a Use Metric. A score of >50 is equivalent to regular use or abuse, 

e.g., 11-15 drinks 2-3 times per month or four drinks twice a day. The Maximum Use Metric 

indexed the highest rate of drinking for each subject over the three-year follow-up period.

Subjects were classified into three alcohol use-groups: 1) Non-Users: naïve to alcohol or any 

other substance use at baseline and no use of any substance over the three-year follow-up 

period (n = 44); 2) Future Users: substance naïve at baseline but initiated alcohol use during 

the three-year follow-up period (n = 35); or 3) Current Users: initiated some alcohol and 

limited other substance use at baseline (n = 21) (Table 1).

2.5. Imaging Methods

Arterial spin labeled magnetic resonance imaging (ASL-MRI, Wang et al., 2003) is a metric 

of tonic neurophysiologic function sensitive to regional abnormalities in psychiatric 

disorders (e.g., Monkul et al., 2011). Analysis of ASL images entails spatial co-registration 

to a high-resolution structural MRI image used for anatomical localization. The following 

parameters were used for high-resolution structural and ASL-MRI scans:

2.5.1. T-1 weighted structural MRI—Subjects were scanned on a 3T Siemens Trio MRI 

scanner (Siemens, Erlangen, Germany) with an eight-channel phase array coil. T1-weighted 

image parameters were: TR = 2200ms, TE = 2.8ms, tip angle = 13°, slice thickness =0.8mm, 

in-plane resolution = 0.8 × 0.8mm2.

2.5.2. ASL-MRI image acquisition—A pulsed arterial spin labeling sequence with 

interleaved images with and without labeling was used to acquire 13 slices (7.5mm 

thickness with 1.5mm gap) for 100 repetitions with the following parameters: FOV = 24cm, 

in-plane matrix size = 64 × 64, TR = 2440ms, TE = 19ms, delay time (TI1) = 700ms, label 

time (TI2) = 1000ms, flip angle = 90°. The equilibrium brain tissue magnetization (M0) was 

measured using the following parameters: TR/TI1/TI2 = 8000/5000/6000ms and repetition = 

4.

2.5.3. ASL-MRI Image Processing—Quantitative CBF was calculated using MATLAB 

7 scripts based on Wang et al. (2003). Raw quantitative ASL images (ΔM) were obtained by 

subtracting labeled and unlabeled images. The voxel-by-voxel CBF mapping was then 

computed by the following equation:

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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where λ = 0.9 is the blood/tissue water partition coefficient, T1a = 1.6s is the longitudinal 

relaxation time of blood at 3T, α = 0.95 is the inversion efficiency.

2.5.4. Spatial Normalization and Statistical Analysis of ASL Images—Cerebral 

blood flow maps were registered to the Montreal Neurological Institute (MNI) coordinate 

system (Jenkinson et al., 2002). Images were normalized to a global mean of 1000 to 

remove inter-individual differences in whole-brain blood flow. These images were smoothed 

with a 8mm Gaussian filter. Voxel-by-voxel, whole-brain, full factorial design (Statistical 

Parametric Mapping 8 - http://www.fil.ion.ucl.ac.uk/spm) explored the main effects of Use 

Group. Post-hoc between-group t-tests identified the group and direction of the effects 

contributing to the group effect. Second, a multiple regression identified the association of 

the Maximum Use Metric to rCBF, covaried for age and gender. These exact analyses were 

replicated with the inclusion of all dimensional measures of mood, stress and behavior as 

covariates to identify effects unique to alcohol use. For all contrasts, significant clusters of 

supra-threshold voxels were defined as those in gray matter with a peak-level at p < 0.001 in 

greater than six contiguous voxels (48mm3), uncorrected for multiple comparisons. 

Anatomical localizations for the regional effects were labeled using the Anatomy toolbox in 

SPM8 (Eickhoff et al., 2005).

Average blood flow to each of the clusters associated with the main effects of Use Group or 

associated with the Maximum Use Metric was sampled and entered, along with all of the 

log-transformed dimensional measures of mood, stress, and behavior, into SPSS 21 to 

compute a right-censored (three-year follow-up period) Cox proportional hazards survival 

analysis. The analysis was time-dependent on the age of onset for those who developed a 

use disorder (n = 19) to determine whether or not baseline rCBF is associated with alcohol 

and/or substance use disorder onset.

3. RESULTS

3.1. Demographic and Behavioral Correlates of Alcohol Use

One hundred TAOS participants met criteria for study and had ASL MRI images at baseline. 

This nested cohort was slightly older (TAOS: 14.3 years of age, nested cohort: 13.7 years of 

age; t[329] = −3.52, p < .0001), but demonstrated the same gender and ethnicity 

distributions (gender: Χ2
df = 1 = .47, p = .49; ethnicity: Χ2

df = 3 = 1.82, p = .61) as the larger 

group.

The Use Groups did not differ for demographic or behavioral measures. Current Users 

demonstrated more self-reported depressive symptoms and externalizing problems than the 

other two groups (Table 1).

Alcohol use at baseline was low, only in the Current User group, with the average Use 

Metric across the group being 2 (frequency = 1 or 1-3 times in the past 12 months; amount = 

2, one standard drink). Only three of the Current Users had experimented with other 

substances at baseline (light use of nicotine, marijuana, and one had tried inhalants and LSD 

once each). The Maximum Use Metric ranged from 0 in Non-Users, to 8 in Future Users and 

13 in Current Users (roughly 0 to 1 drink every 2-3 months). Over the following 3-year 
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period, Use Metrics for Future and Current Users increased, ranging from 2 to 49 (roughly 

six drinks 2-3 times per week); though, the average metric for the entire cohort remained 

low (mean = 10, mode = 2, median = 6). By the third year, 29 Future Users and Current 

Users also reported use of other substances – primarily, nicotine and marijuana (Table 1).

Finally, 19 adolescents developed use disorders (five with alcohol + substance use disorders, 

three with alcohol use disorders, and 11 with other substance use disorders). These 19 

differed from the rest of the adolescents at baseline, reporting higher self- (F[1,97] = 10.30, 

p = 0.002) and parent-reports (F[1,97] = 7.303, p = 0.008) of externalizing problems and 

heavier drinking patterns over time (F[1,97] = 67.77, p < .0001).

Use Group and Maximum Use Metric analyses were covaried for age, gender, and all 

dimensional measures. This was done because rCBF was associated with each of the 

dimensional measures of mood, stress, and behavior assessed (Supplemental Table 12), and 

because many of the constructs measured are suggested to increase risk for use disorders 

(c.f., De Bellis et al., 2008; Hussong et al., 2011). By controlling for these variables, the 

analyses elucidate effects unique to the initiation of alcohol use.

3.2. Is baseline rCBF altered in adolescents who are current or future users of alcohol 
relative to those who remain alcohol-naïve?

3.2.1. Current Users of Alcohol—Current Users had increased rCBF to frontal, 

temporal, posterior cingulate, insula and cerebellar regions, and decreased rCBF to the 

bilateral temporal, parietal and occipital cortex relative to Non-Users (Table 2, Figure 1). 

Current Users only differed from Future Users with higher rCBF in left cerebellum (x = −42, 

y = −68, z = −28, t = 3.52, extent = 72mm3) and left middle temporal gyrus (x = −62, y = 

−54, z = 10, t = 3.57, extent = 48mm3).

3.2.2. Future Users of Alcohol—Prior to initiating alcohol use, Future Users had 

increased frontal and lingual rCBF and decreased bilateral temporal and parietal rCBF 

relative to Non-Users (Figure 1, Table 2).

3.3. Does the Maximum Use Metric relate to baseline rCBF?

Baseline rCBF was increased to medial frontal, mid-cingulate, and left fusiform regions and 

decreased to bilateral middle frontal, inferior parietal, hippocampal, insular, and cerebellar 

regions in adolescents with heavier future drinking patterns (Table 3, Figure 2).

3.4. Does baseline rCBF predict risk for future diagnosis of alcohol and/or substance 
abuse or dependence?

The survival analysis computed relative risk, right censored for the 3-year period of study. 

Higher parent-report of externalizing problems (relative risk (RR) = 2.1, 95% CI 1.23 to 

3.51), higher rCBF to the left fusiform gyrus (RR = 563.97, 95% CI 4.055 to 78437), and 

decreased rCBF to the right inferior parietal lobule (RR = .001, 95% CI 0 to .04) and left 

2Supplementary 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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cerebellum (RR = .137, 95% CI .019 to .983) increased the relative risk for onset of alcohol 

or substance abuse/dependence.

4. DISCUSSION

We sought to determine: 1) whether adolescents who are, or will be, drinking alcohol 

demonstrate altered rCBF in fronto-parietal or reward centers of the brain, 2) whether 

baseline rCBF marks heavier rates of future drinking, and 3) whether these rCBF markers 

associated with early drinking behavior predict future alcohol or substance use disorders. 

The analyses to address these goals were controlled for the effects of mood, stress and 

behavior, factors also associated with onset of substance use initiation. As such, this is 

among the first studies to account for comorbidities while identifying brain-based markers 

related to initiation of alcohol use in a large sample of adolescents.

The most striking finding was increased orbito-frontal and decreased bilateral parietal (right 

> left) rCBF, even in Future Users prior to initiation, nominating this rCBF marker as a 

brain-based signature of susceptibility to use. Furthermore, only parietal rCBF at baseline 

was predictive of onset of a use disorder in Future and Current Users, suggesting that 

decreased rCBF to this area is a risk factor for use disorders. The right hemisphere cortical 

surface has been implicated in the pathogenesis of familial risk for depression and anxiety 

disorders (Peterson et al., 2009; Uhlhaas et al., 2010), and the present data suggest a limited 

area within this cortical surface (i.e., the right inferior parietal cortex) may also mark the 

pathogenesis of substance use disorders.

This area of the parietal cortex has demonstrated decreased CBF in young, adult female 

drinkers (Clark et al., 2007; Gordon et al., 2010), decreased activity during a spatial working 

memory task in young binge drinkers (specifically on the right, (Squeglia et al., 2011), and 

atrophy in middle-aged, long term abstinent alcoholic men (Fein et al., 2006; Jolles et al., 

2011). This parietal area is a hub of the default mode network, which also includes the 

frontal regions positively related to future drinking patterns, and has been found to associate 

with substance abuse/dependence (Dalwani et al., 2014). This parietal region, along with 

dorso-lateral frontal regions, is also a part of the dorsal attention or “control” network 

implicated in alertness, externally driven cognition, and working memory (Corbetta these 

networks has been observed in adolescent males with conduct and substance use disorders 

(Dalwani et al., 2014), drug addiction (Ma et al., 2011), first-episode psychosis (Alonso-

Solís et al., 2012; Shannon et al., 2011) and attention deficit disorder (Dickstein et al., 

2010), suggesting that its integrity subsumes a developmentally important but subtle 

behavioral trait that may also relate to predisposition for substance use initiation.

Mesolimbic reward centers of the brain also related to initiation of alcohol use and future 

drinking patterns. Adolescents who had already initiated alcohol use had elevated rCBF to 

the left hippocampus and amygdala relative to Non-Users, but this effect was only seen 

when the effects of mood, stress and behavior were not in the analysis (Supplemental Table 

23), suggesting that these group differences may largely be driven by mood or behavioral 

3Supplementary 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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traits. Nonetheless, baseline rCBF in other mesolimbic regions related to future drinking 

patterns and predicted later onset of use disorders (i.e., left fusiform gyrus and cerebellum).

Regions of the brain reward network have frequently been associated with alcohol use, even 

in adolescents (Norman et al., 2011; Suzuki et al., 2010). Findings in regions of this network 

may relate to their role in dopaminergic and GABAergic function during adolescent brain 

development. For example, while functional connectivity develops, there are also increases 

in dopamine synthesis and processing in prefrontal cortex and its projections to mesolimbic 

regions (Padmanabhan and Luna, 2014; Tomasi and Volkow, 2014). At that developmental 

stage, the balance between prefrontal and subcortical pruning shifts from subcortical to 

prefrontal regulation (Woo et al., 1997). Concurrently, GABAergic inhibitory circuits are 

maturing (Hyde et al., 2011) and their immaturity in those “at risk” may allow uncontrolled 

dopaminergic activity. As such, it may be that group differences in reward network rCBF 

and its relationship with future drinking patterns and development of use disorders is a 

reflection of increased mesolimbic activity in a maturing reward network.

The fact that fronto-parietal and mesolimbic rCBF did not differ between the Current and 

Future Users is further support of these as markers of proclivity toward using alcohol. A 

finding more specific to initiation, as opposed to risk for drinking, is found in the left middle 

temporal gyrus (Brodmann Area 38) where rCBF was higher in Current than Future Users. It 

is unclear why rCBF to this region of the brain is elevated in adolescents currently using 

alcohol, though it has been found to be hyper-active in teens with alcohol use disorders 

(Tapert et al., 2003). This area of the temporal lobe is most often associated with domain-

general semantic integration that is specific to social or autobiographical information (Wong 

and Gallate, 2012). Gray matter density and glucose metabolism to this temporal area is 

known to be altered in psychopathic and mood disorders (Elizabeth Sublette et al., 2009; 

Molina et al., 2007). The importance of this region in early drinking onset may relate to 

these comorbid risk factors or to the particular demands for social or identity development at 

this point in adolescence (Wong and Gallate, 2012), but longitudinal analysis of the TAOS 

imaging data will help to clarify its role.

4.1 Limitations of the Present Study

Our use measure was by self-report questionnaire and could have included false positive or 

negative responses, as with any subjective measure. This measure may have obscured our 

findings where more objective measures could have yielded lesser or greater effects. In 

addition, measurement was limited to the three-year study period and initiation of substances 

after this period in our Non-User group remains possible. Further, our current analyses did 

not account for familial history of alcohol or substance abuse/dependence, but future 

analyses could further determine how the brain-based markers reported herein may be 

attributable to these potential risk factors.

Furthermore, although we controlled for presence of mood, stress, and behavior, and 

excluded for externalizing disorders, there are behavioral substrates of externalizing 

disorders present that predict future use disorders in this sample. Those substrates could 

account for some variability in our measure of rCBF.
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We also recognize that rCBF is only one metric of brain function with comparatively poor 

spatial and temporal resolution. The interpolation required for calculation of quantitative 

rCBF and the larger voxel sizes introduce noise. Through normalization methods, the data 

were transformed to 2x2x2mm voxels and aligned to a standard brain (MNI) to improve 

spatial localization of the effects, but we recognize that the signal to noise ratio of ASL MRI 

is poorer than in fMRI methods, making the p-values less for a given effect size. 

Nonetheless, we opted to use a whole brain approach rather than a priori region-of-interest 

approach in this investigation given the lack of existing literature using the same metrics in a 

similar population.

Last, while our sample is reasonably large, our groups remain fairly small, particularly for 

onset of use disorders. It would be beneficial to have a larger cohort of adolescents assessed 

at baseline in order to observe a greater number who develop alcohol use disorders and to 

comprehensively examine brain-based predictors of future onset of disorder.

4.2 Conclusions

In summary, adolescents who initiate alcohol use by age 12-15, and those who will initiate 

use before young adulthood, have increased medial frontal and decreased temporo-parietal 

rCBF relative to Non-Users. A similar pattern, increased frontal and decreased parietal 

rCBF, was also predictive of future drinking patterns, with the addition of increased rCBF to 

mesolimbic brain reward centers. Along with the presence of externalizing problems at age 

12-15, rCBF in parietal, fusiform, and cerebellar regions predicted future onset of alcohol 

and/or substance use disorders. All of these findings were present in the Future User group, 

i.e., prior to the initiation of use, and therefore may be considered markers of susceptibility 

to use and risk for abuse or dependence.
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Highlights

• Adolescents who are using or will use alcohol have decreased blood flow to 

mesolimbic and parietal cortex, even 3 years prior to beginning to use.

• Regional cerebral blood flow (rCBF) to mesolimbic and parietal cortex 

predicted these adolescents’ future drinking patterns and future onset of alcohol 

and substance use disorders.

• Variation in resting rCBF to reward and control networks represent trait 

markers for future risk to use alcohol and to develop use disorders.
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Figure 1. 
Current and Future Users had reduced rCBF (Current: blue; Future: cyan) to temporo-

parietal cortex relative to Non-Users, which was distributed bilaterally to a greater extent 

into the temporal lobes in the Future than Current Users. Increased rCBF (Current = red; 

Future = yellow) was seen only in frontal cortex (A) in the Future Users relative to Non-

Users, but to a greater extent in the Current Users than the Non-Users. The only difference 

between the groups was increase rCBF to the left middle temporal gyrus (not pictured) in the 

Current > Future Users. Images are displayed by z-value, starting on the left at z = −2 and 

ending on the right at z = 28.
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Figure 2. 
The maximum Use Metric, as an index of future drinking patterns, was associated with 

decreased (blue) rCBF to bilateral middle frontal gyri (A), right inferior parietal lobule (E), 

right insula (not pictured) and the left cerebellum (F). Increased rCBF (red) with higher 

future drinking was observed to superior frontal and mid-orbital gyri (B), mid-cingulate 

cortex (D), and the left fusiform gyrus (C). Future drinking was correlated with future 

substance use disorders, as expected, and baseline rCBF to three of these regions in turn 

predicted future substance use disorders in this sample – 1) left fusiform gyrus rCBF was 

higher in the Future Users than the other groups, particularly in the Future Users that went 

on to develop a use disorder (top graph); 2) right inferior parietal cortex rCBF was lower in 

the Future and Current Users than the Non-Users, and to a greater extent in those Future 

Users who developed a use disorder in the future (middle graph), and 3) left cerebellar rCBF 

was lower in the Future Users than the Non Users and in those who went on to develop use 

disorders from both User groups (bottom graph). Bars represent the 95% confidence 

interval.
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Table 1

Demographic information and scores on self- and parent-report dimensional measures are provided for each of 

the Use Groups.

Non-Users Future
Users

Current
Users

Statistic N or Mean N or Mean N or Mean

n 44 35 21

Age F(2,97) = 2.228, p = 0.113 13.67 ±
0.89

13.76 ±
0.99 14.17 ± 0.84

Gender (M:F)
a χ2 df=2 = 5.2, p = 0.075 25:19 15:20 6:15

Ethnicity χ2 df=2 = 4.780, p = 0.092

Hispanic 15 (33%) 13 (37%) 7 (33%)

White 26 (59%) 21 (60%) 13 (62%)

Other 3 (7%) 1 (3%) 1 (5%)

Mood and Feelings Questionnaire – Child Report F(2,97) = 3.12, p = 0.048 8.8 ± 6.8
a

9.0 ± 9.8
b

14.3 ± 10.7
c

Mood and Feelings Questionnaire – Parent Report F(2,97) = 1.02, p = 0.362 3.3 ± 5.9 2.4 ± 3.3 3.7 ± 3.5

Childhood Trauma Questionnaire F(2,97) = 1.01, p = 0.367 25.2 ± 4.2 26.5 ± 9.7 28.3 ± 7.4

Stressful Life Events Schedule F(2,97) = 2.26 p = 0.109 3.17 ± 1.2 3.33 ± 1.2 3.97 1.1

Screen for Childhood Anxiety RElated Disorders – Child
Report F(2,97) = 1.20, p = .306 16.8 ± 8.5 13.3 ± 9.0 15.2 ± 9.3

Screen for Childhood Anxiety RElated Disorders – Parent
Report F(2,97) = 1.95, p = 0.147 7.1 ± 6.4 5.0 ± 4.1 13.4 ± 22.3

Youth Self Report – Internalizing Symptoms F(2,97) = 1.83, p = 0.166 9.4 ± 5.8 8.0 ± 5.9 10.3 ± 5.2

Child Behavioral Checklist – Internalizing Symptoms (Parent
Report) F(2,97) = 1.24, p = .293 3.6 ± 3.7 2.4 ± 2.7 3.6 ± 3.2

Youth Self Report – Externalizing Symptoms F(2,97) = 7.69, p = 0.001 7.57 ± 3.9
a

9.6 ± 5.8
b

14.19 ± 7.8
c

Child Behavioral Checklist – Externalizing Symptoms (Parent
Report) F(2,97) = 2.65, 0.075 2.6 ± 2.9 2.4 ± 2.7 5.8 ± 6.0

Use of Alcohol + Other Substances
d t(54) = −.61, p = 0.543 . 17 (48%) 12 (57%)

Maximum Use Metric t(54) = −1.46, p = .15 . 8 ± 10 13 ± 11

Future Alcohol Use Disorder
e 0 5 3

Future Substance Use Disorder
f 0 11 8

a
Though there was a trend for more males in the Non-User group and more females in the Current User group, this difference in distribution was 

not significant. Similarly, there were more females than males who were alcohol-only users (7 males, 20 females), the gender distribution amongst 

poly-drug users was almost equal (14 males, 15 females); therefore, a gender by poly-drug use approached significance (χ2df=2=2.98, p=0.073) 

such that males who initiated alcohol use were also more likely than females to initiate use of other substances.

b
Non-User and Future User group contrast not significant.

c
Current significantly different that the others. p < 0.05.

d
Twenty-nine of the Future Initiators and Current Users reported also initiating use of other substances: nicotine (76%), marijuana (93%), inhalants 

(two subjects), hallucinogens (one subject), or cocaine (one subject). Only one of these subjects had initiated use of both alcohol and marijuana at 
baseline.
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e
Five of the 8 subjects who developed a future alcohol use disorder also met criteria for substance use disorder.

f
Of the 19 subjects who developed a future substance use disorders, 5 met DSM-IV criteria for both alcohol and substance use disorders, 3 for 

alcohol use disorders, and 11 for substance use disorders.
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Table 3

Relation of baseline rCBF to future drinking patterns.
a

Location Extent
mm3 MNI

b

Coordinates

T-Value Direction of Effect with
Higher Maximum Use Metric

x y z

Frontal

Superior Frontal Gyrus 2216 0 72 28
6
c ↑

Left Middle Frontal Gyrus 4968 −44 52 6 5.02 ↓

−40 58 −10 3.99

−48 54 −12 3.80

Right Middle Frontal Gyrus 656 50 46 4 3.88 ↓

Left Mid Orbital Gyrus 352 −8 56 −4 3.75 ↑

Left Middle Orbital Gyrus 328 −34 48 −4 3.75 ↑

Parietal

Right Inferior Parietal Lobule 48 4 −44 40 3.35 ↓

Limbic

Left Middle Cingulate Cortex 416 2 −6 38 4.05 ↑

Right Hippocampus (Entorhinal Cortex) 208 16 −14 −32 3.35 ↓

Occipital

Left Fusiform Gyrus 296 −36 −66 −14 3.63 ↑

Sub-Lobar

Right Insula 232 44 −4 −2 3.84 ↓

Cerebellum

Cerebellum (VIIa Crus I) 504 −22 −84 −26 4.57 ↓

a
General linear model computed relationship between rCBF and Maximum Use Metric, p<.001 in 6 contiguous voxels, uncorrected for multiple 

comparisons.

b
Montreal Neurological Institute coordinates.

c
Significant at p < .05corrected.
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