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Objective:Heavy alcohol use during adolescencemay alter the
trajectory of normal brain development. The authors measured
within-subject changes in regional brain morphometry over
longer intervals and in larger samples of adolescents than pre-
viously reported and assessed differences between adolescents
who remained nondrinkers and those who drank heavily during
adolescence as well as differences between the sexes.

Method: The authors examined gray and white matter volume
trajectories in134adolescents,ofwhom75transitionedtoheavy
drinking and 59 remained light drinkers or nondrinkers over
roughly3.5years.EachunderwentMRIscanningtwotosix times
between ages 12 and24 andwas followed for up to8 years. The
volumes of the neocortex, allocortex, and white matter struc-
tures were measured using atlas-based parcellation with lon-
gitudinal registration. Linear mixed-effects models described
differences intrajectoriesofheavydrinkersandnondrinkersover
age; secondary analyses considered the contribution of other
drug use to identified alcohol use effects.

Results: Heavy-drinking adolescents showed accelerated
gray matter reduction in cortical lateral frontal and temporal
volumes and attenuated white matter growth of the corpus
callosumandpons relative tonondrinkers. These resultswere
largely unchanged when use of marijuana and other drugs
was examined. Male and female drinkers showed similar
patterns of development trajectory abnormalities.

Conclusions: Longitudinal analysis enabled detection of
accelerated typical volume decline in frontal and temporal
cortical volumes and attenuated growth in principal white
matter structures in adolescents who started to drink
heavily. These results provide a call for caution regarding
heavy alcohol use during adolescence, whether heavy
drinking is the sole cause or one of several in these
alterations in brain development.
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Alcohol is among the most commonly used intoxicating sub-
stances during adolescence, with 43% of adolescents between
ages 12and 18 reportingpast-year alcoholuse and25%reporting
past year drunkenness (1). By age 18, almost a quarter of ado-
lescents report recent heavy episodic drinking, defined as
consumingfiveormoredrinksononeoccasionduring thepast 2
weeks (1). These high rates of heavy alcohol use are concerning,
as the adolescent brain undergoes extensive morphometric and
functionalmaturation involvingdecreases ingraymattervolume
and increases in white matter volume (2, 3). Cross-sectional
studies have shown that cortical gray matter volume reduction
beginsbeforeadolescence,during theperiod fromages5 to 10 (3,
4) and is generally considered to be related to pruning of excess
neurons, changes in the extracellular matrix, and white matter
encroachment(5),beginningprimarily inposteriorbrainregions
and progressing to more anterior regions (6), with decreases in
dorsal prefrontal cortical volume continuing into early adult-
hood (mid-20s) (7). In concert with cortical thinning, white
matter volume increases over adolescence, partly as a result of
myelination of white matter tracts and axonal extension for

connectivity (3, 8). These co-occurring neural processes are
integral components of functional development, creating lo-
calized and enhanced efficient information processing required
formature complex cognitive andmotor abilities (9). Because of
theseextensivematurationalchanges, thedevelopingadolescent
brain may be especially vulnerable to the deleterious effects of
exogenous agents, including alcohol (10).

Cross-sectional studies using structural MRI have reported
smallerhippocampal, prefrontal cortical, andcerebellar volumes
in heavy-drinking comparedwith nondrinking teens (10). Given
the dynamic neural events of adolescence, controlled longitu-
dinal study is essential for determining whether group differ-
ences can be explained by developmental change itself or is
a result of interactions with other causes. Using a longitudinal
design, a recent study (11) examined adolescents before (ap-
proximately age 17) and after (approximately age 19) initiation of
heavyalcoholuse.Adolescentswhobeganheavydrinking(N=30)
over the follow-up period showed accelerated cortical thinning
of the right middle frontal gyrus and decreased white matter
volume subjacent to the precentral gyral and middle temporal
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gyral cortices compared with demographically matched
nondrinking teens (N=25). In a similar study of adolescents
followed from approximately age 15 to age 18 (12), partic-
ipantswho initiatedheavydrinkingover the follow-upperiod
(N=20) showed significantly greater volume reduction in the
left ventral diencephalon, the left inferior and middle tem-
poral gyrus, and the left caudate and brainstem than ado-
lescents who remained substance-naive over the follow-up
period (N=20). Yet to be addressed iswhether heavy drinking
during adolescence alters the trajectories of regional volume
declines in cortical gray matter and growth of white matter
and whether any such changes differ between the sexes.

Thegoal in thiscontrolled longitudinal studywastomeasure
within-subject changes in regional brain morphometry and to
quantify cortical andwhitematter volume changes over longer
intervals and in larger samples of adolescents than previously
reported, and to compare those who remained nondrinkers
with thosewhodrankheavilyduringadolescence.Examination
of adolescents over multiple MRI sessions (as many as six
sessions) enabled modeling of normal development of cortical
and white matter volumes in nondrinkers and deviations from
growth trajectories in adolescents who went on to be heavy
drinkers.Accordingly,we tested twohypotheses: 1) adolescents
who refrained from drinking would have cortical gray matter
volume decline and volume expansion of white matter brain
structures; 2) adolescents who transitioned to heavy drinking
would showdeviations fromthenormaldevelopmental volume
trajectories—specifically, accelerated regional cortical volume loss
and slowed white matter expansion—relative to nondrinking
adolescents. Secondary analyses considered the potential com-
pounding effect of other drug use with heavy alcohol drinking.

METHOD

Participants
The sample was obtained from a larger ongoing neuroimaging
study of 296 adolescents examining youths at risk for substance
use disorders. Participantswere recruited throughflyers sent to
households of students attending localmiddle schools; theflyers
listed the major eligibility criteria, financial compensation, and
contact information. Informed consent and assent were
obtainedandincludedapproval foradolescentsandparents tobe
contacted for follow-up interviews and scans. Eligibility criteria
information, substance use history, family history of substance
use, developmental data, and mental health functioning data
were obtained from the adolescent, a biological parent, and one
other parent or close relative. The study protocol was executed
in accordancewith the standards approved by the University of
California, San Diego, Human Research Protections Program.

Exclusionary criteria included any neurological or DSM-IV
axis I disorder, determined by the NIMHDiagnostic Interview
Schedule forChildren, version4.0 (13); a history of head trauma
or loss of consciousness .2 minutes; a history of chronic
medical illness; a learningdisabilityormental retardation;useof
medications that potentially affect the brain; premature birth
(before the 35th gestational week); any suggestion of prenatal

alcohol (.2 drinks within a week) or illicit drug exposure;
contraindication to MRI (e.g., braces); inadequate compre-
hension of English; noncorrectable sensory problems; and
clinically abnormal brain anatomy as determined by neuro-
radiologist review. Of 1,987 adolescents screened, approxi-
mately 15% remained eligible (Table 1).

This longitudinal study was begun in July 2002 with
imaging conducted on a 1.5-T scanner that was replacedwith
a 3-T system inJune2005.Attempts tomergedata across 1.5-T
and 3-T field strengths were unsatisfactory, so only partic-
ipants who had multiple valid 3-T scans that could be quan-
tified with a longitudinal atlas-based parcellation method (14,
15) were included in this study. Participants for this study
(N=134) all had at least two 3-T brain scans over the course of
the study, for a total of 390 scans. Participants completed
substance use interviews every 3 months, and at each annual
time point were defined as heavy drinkers or nondrinking
control participants, based on previously reported classifica-
tion schemes (16, 17) (Figure 1). The final sample for this
analysis consisted of 59 continuous nondrinkers—adolescents
whohadno lifetimedrinking, orminimaldrinking, throughout
all follow-ups—and 75 heavy drinkers—adolescents who ini-
tiated heavy drinking during the follow-up period. Moderate
drinkers were not included in the primary analyses. See
Figure 1 and Table 2 for substance use information.

Measures
Substance use measures. The Customary Drinking and Drug
UseRecord (18)was used to obtain self-reportedquantity and
frequency of lifetime and past-3-month alcohol, tobacco, and
other drug use (amphetamines, barbiturates, hallucinogens,
cocaine, inhalants, opiates, Spice, benzodiazepines, Ecstasy,
ketamine, gamma hydroxybutyrate, and other misused pre-
scription medications), withdrawal/hangover symptoms, and
endorsement of substance use disorder criteria. The Timeline
Followbackmethodwasused toassess substanceuse for the30
days prior to the scan, and reports from a parent or other
informant (e.g., roommate, sibling, friend) on the adolescent’s
substance use were collected as collateral evidence. Each
participant was categorized as a control or a heavy drinker at
each time point (16, 17) (see Figure 1). (As noted, moderate
drinkers were not included in these analyses.) Breath analysis
and urine toxicology screens confirmed self-report data.

Family background. The Family History Assessment Module
(19)wasused to ascertain familial density of alcohol andother
drug use disorders by adding 0.5 for each biological parent
and 0.25 per biological grandparent endorsed by either adoles-
centorparentreportasmeetingcriteria.Familyhistorydatawere
collectedfromoneparentplustheotherparentoracloserelative.
Information on socioeconomic background (i.e., educational
attainment, occupation, and salary of each parent) was ob-
tained from parents.

Development.ThePubertalDevelopment Scale (20) provided
a reliable and valid 5-item self-report measure of pubertal
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maturation that correlates
well with physician ratings
andTannerSexualMaturation
Scale self-ratings (21). Scores
ranged from 1 (prepubertal) to
5 (postpubertal).

Psychopathology and mood. To
obtain levels of adolescent
psychopathological syndromes
(e.g., internalizing and exter-
nalizing behaviors), the Child
Behavior Checklist (22) was
completed by parents for par-
ticipants under age 18 and the
Adult Self Report (22) was
completed by participants over
age 18. The Beck Depression
Inventory–IIwasusedtoassess
depressive symptoms (23).

Image Acquisition
All imaging data included in
the longitudinal statistical an-
alysis of group differences re-
ported here were collected
with thesame3-TCXK4short-
boreExcite-2 scanner (General
Electric, Milwaukee, Wisc.)
with an 8-channel phase-array
head coil, at the University of
California, San Diego, Keck
Center for Functional MRI.
Eight high-bandwidth receiv-
ers for ultrashort repetition
times reduced signal distortion
and signal dropout. Sessions
involved a scout scan for head
placement and slice selection,
followed by a sagittal high-
resolution three-dimensional
T1-weighted anatomical MRI (FOV=24 cm, 25632563192 ma-
trix,0.9430.9431mmvoxels, 176 slices,TR=20ms,TE=4.8ms;
flip angle=12°; scan time=9 minutes).

Image Processing
All images were first corrected for intensity bias using a second-
order polynomial correction function computed by minimi-
zation of image entropy (24). Each bias-corrected image was
then skull stripped using ROBEX (http://www.nitrc.org/proj-
ects/robex) (25). A brain mask was constructed from images
acquiredatthefirstMRIsession. Each baseline brainmaskwas
visually inspected and, when necessary, manually corrected.

Next, each follow-up image was aligned with the first
image from the same subject in a two-step procedure: first,
the skull-stripped follow-up imagewas linearly alignedwith

the skull-stripped initial image; second, the bias-corrected
whole-head follow-up image was nonrigidly aligned with the
bias-corrected whole-head initial image via nonrigid registra-
tion (26). By using skull-stripped images for initial linear
alignment,weensuredrobustregistrationregardlessofposeand
shape changes in nonbrain soft tissue. By using thewhole-brain
images for nonrigid registration, we ensured consistently good
alignment quality throughout the brain, up to its surface, re-
gardlessof inconsistencies in the independentlycomputedbrain
masks.

After alignment across time, the brain mask from each
baseline imagewas resliced to each of the follow-up images
from the same subject. This ensured temporally consistent
brain masks for all time points for the subsequent pro-
cessing steps.

TABLE 1. Demographic andMental Health Information at Baseline and Follow-Up in a Study of Brain
Development in Heavy-Drinking Adolescents

Measure

Continuous
Nondrinkers

(N=59)

Heavy
Drinkers
(N=75)

Baseline

N % N %

Female 28 48 30 40
Caucasiana 38 64 59 79
Conduct disorderb 2 3 10 13

Mean SD Mean SD

Age (years) (range, 12–19)b 13.74 1.42 15.68 1.96
Family history of alcoholism density (range, 0–2) 0.21 0.33 0.35 0.54
Hollingshead Index of Social Position 26.25 17.61 21.73 13.82
Parents’ annual salary ($ in thousands)c 120.28 77.57 144.16 80.85
Education (years)b 7.12 1.44 9.05 2.09
Pubertal Development Scale score, Tanner stage equivalent

Femalesb 2.86 0.60 3.45 0.63
Malesb 2.31 0.67 2.92 0.68

Beck Depression Inventory-II totalb 1.46 2.97 2.73 4.11
Child Behavior Checklist or Adult Self Reportd

Internalizing T-score 44.48 8.24 44.47 9.72
Externalizing T-scoreb 41.33 7.64 46.00 9.34

Grade point average 3.45 0.68 3.45 0.64

Follow-up

Mean SD Mean SD

Age (years) (range, 13–24)b 17.28 2.01 19.64 1.91
Number of scans completed (range, 2–6)b 2.54 0.80 3.20 1.23
Years between first and last scans 3.54 1.70 3.95 1.73
Pubertal Development Scale score, Tanner stage equivalent

Females 3.74 0.45 3.89 0.27
Malesb 3.41 0.54 3.67 0.46

Education (years)b 10.49 1.89 12.61 1.76
Beck Depression Inventory-II totalb 1.15 1.98 3.19 5.70
Child Behavior Checklist or Adult Self Reporte

Internalizing T-score 39.84 6.96 42.01 10.17
Externalizing T-scoreb 40.38 7.25 48.23 9.54

Grade point average 3.50 0.56 3.28 0.73

a Overall racial distribution was as follows: 72% Caucasian, 15% multiracial, 2% Black/African-American, 2% Asian, 9%
unknown (no significant differences between groups); 22% were Latino.

b Significant difference between continuous nondrinkers and heavy drinkers (p,0.05).
c Data collected for parents of 126 participants.
d Data collected for 120 participants.
e Data collected for 116 participants.
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Skull-stripped images acquired at 1.5-T were intensity
normalized by histogram matching with respect to the first-
acquired 3-T image of the same subject. The 3-T baseline or
1.5-T image-intensity normalized baseline image was then
aligned (first linearly, then nonlinearly)with theT1-weighted
(spoiled gradient-recall acquisition) channel of the SRI24
atlas (27). Using these alignment transformations, the tissue
probability maps of the SRI24 atlas were then resliced into
the baseline image space of each subject. The probability
mapswerefurthermore resliced into thespaceof each follow-
up image for each subject via a concatenation of the atlas-to-
baseline and the baseline-to-follow-up transformation for
that subject and follow-up. Likewise, cortical and subcortical
parcellation maps of the SRI24 atlas were resliced into the
space of each baseline and follow-up image.

Using the resliced tissue probability maps as both ini-
tializers and priors during segmentation, tissue classification
maps were then computed for each image using FSL’s FAST
tool (28). Finally, the FAST tissue map for each image was
combined with the SRI24 parcellation maps to obtain re-
gional tissue volumes for all regions of interest in the par-
cellation maps.

Fitting of age trajectories after segmentation and par-
cellation resulted in discrete discontinuities across scanner
strength within a subject. Therefore, subsequent data anal-
yses used only 3-T data from subjects who had multiple 3-T

scans. Those whose initial
scan was at 1.5 T were in-
cluded in the analysis only if
they had two or more sub-
sequent scans at 3 T, and
their first 3-T scan was used
as the baseline for trajectory
analysis.

Regions of Interest
Allregionsof interest(Figure2)
were identifiedwith the SRI24
atlaswithtissuesegmented into
gray matter and white matter
(15). Gray matter regions of
interest included the total
neocortex and lobar regions
(the frontal [including the
lateral and medial frontal],
temporal, parietal, and oc-
cipital cortices) and allocortex
(the cingulumand insula). The
white matter regions of in-
terest were the pons, the cor-
pus callosum, and the central
white matter, which was a
large volume of subcortical
white matter includingmuch
of the centrumsemiovale and
excluding white matter sub-

jacent to neocortex. Subcortical structural measurement pre-
sentedaparticular challenge in thesedata andwill bepursued
in the future.

Statistical Analysis
The volumes of each brain region were first transformed
into standardized Z-scores, which adjusted regional vol-
umes for differences in supratentorial volume modeled
from all subjects at all times, thereby adjusting for sex-
related volume differences (3, 29, 30). As described pre-
viously (15), change trajectories of individual participants
were calculated using the lmer function for linear mixed-
effects modeling in the lme4 R statistical package (http://
www.r-project.org/). The lmer function also allowed for
testing of nested random effects; in the present study, the

TABLE 2. Substance Use Information at Baseline and Follow-Up in a Study of Brain Development in
Heavy-Drinking Adolescents

Continuous
Nondrinkers

(N=59)

Heavy
Drinkers
(N=75)

Female Heavy
Drinkers
(N=30)

Male Heavy
Drinkers
(N=45)

Measure Mean SD Mean SD Mean SD Mean SD

Baseline
Lifetime alcohol use occasionsa 0.07 0.37 15.75 30.66 15.53 24.67 15.89 34.35
Lifetime cannabis use occasionsa 0.00 0.00 10.95 36.57 10.43 27.28 11.29 41.93
Lifetime other drug use occasions 0.00 0.00 0.56 2.41 0.87 3.49 0.36 1.26

Follow-up
Lifetime alcohol use occasionsa 0.85 1.95 210.08 236.47 165.10 219.42 240.07 244.98
Peak drinks on an occasion,
past yeara,b

0.22 0.49 9.77 6.32 7.47 2.78 11.31 7.48

Peak drinks on an occasion,
past 3 monthsa,b

0.19 0.47 7.56 6.71 5.33 2.94 9.04 8.03

Estimated peak blood alcohol
content, past 3 months (%)a

0.01 0.02 0.21 0.14 0.20 0.11 0.21 0.16

Drinking days per month,
past 3-month averagea

0.15 0.36 9.69 9.48 9.97 9.54 9.51 9.54

Days since last alcohol usea 30.60 88.96 22.80 36.45 35.80 111.20
Tobacco cigarettes per day,
past montha

0.00 0.00 0.52 1.63 0.23 0.68 0.71 2.02

Lifetime cannabis use occasionsa 0.08 0.65 109.15 217.55 62.33 106.82 140.36 263.79
Cannabis use days per month,
past 3 monthsa

0.00 0.00 4.99 8.60 2.66 5.44 6.49 9.90

Lifetime other drug use occasionsa 0.00 0.00 46.44 223.59 21.00 77.28 63.40 281.80

a Significant difference between continuous nondrinkers and heavy drinkers (p,0.05).
b Significant difference between female and male heavy drinkers (p,0.05).

FIGURE 1. Substance Use Classification Chart for a Study of Brain
Development in Heavy-Drinking Adolescentsa
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a “Control” indicates continuously nondrinking subjects. Moderate drinkers
were excluded from the primary analyses.
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effects of age and drinking status were tested first to identify
group differences in slopes of regional brain volumes adjusted
for supratentorial volume. To examine longitudinal trajecto-
ries of volume change independent of age at data acquisition,
we computed the trajectory slopes of eachparticipant for each
brain region by first removing the subject’s average age across
the acquisitions to create a “centered-age” variable (i.e., the
slope across the years of observation regardless of chrono-
logical age).We also entered the participant’smean age across
acquisitions (“mean-age”) into the model and sought group
(“alcohol_use”)-by-centered-age interactions (that is, did the
slope of volume change differ between alcohol users and
nonusers?):

Model 1 : lmer ðvolume∼alcohol use3 centered-age
1mean-age1 ½centered-agejsubject�Þ

RESULTS

The primary analysis model calculated trajectories of change
over age, indicative of development, with the overarching
hypothesis that heavy alcohol use during adolescence would
affect the normal developmental trajectories of gray matter
and white matter volume changes with aging. Outputs of
interest were group differences in 1) the mean slope of each

volume over time, indicative of normal development in
nondrinkers, and 2) alcohol use-by-centered-age trajectory
(i.e., slope) interactions, indicative of deviation from normal
development.

Trajectories of Neocortical Volumes
During the adolescent and young-adult years examined
(mean ages 12.13 years to 24.14 years, with follow-up
intervals of 0.85–8.40 years), neocortical volumes in
most regions measured decreased over time in both non-
drinking and heavy-drinking adolescents (negative mean
slopes in Figures 3–4). Relative to nondrinking adoles-
cents, heavy drinkers exhibited greater volume reduction
in the total neocortex (p=0.013) (Figure 5) and specifically
in the frontal (p=0.019), lateral frontal (p=0.013), and
temporal cortices (p=0.001) (Figure 6). Dividing the groups
by sex yielded a similar pattern of results in the same
regions observed in the total group, although differences
fell short of statistical significance between male non-
drinkers and heavy drinkers for the total neocortical (male,
p=0.073; female, p=0.041) and lateral frontal (male,
p=0.052; female, p=0.026) slopes (Figures 3–6). Sex dif-
ferences were greater in the temporal lobe, which showed
significantly decreasing volume in the male (p=0.003) but
not the female (p=0.211) heavy drinkers (Figure 6). The

FIGURE 2. Regions of Interest in a Study of Brain Development in Heavy-Drinking Adolescentsa

a The top panel shows axial slices displaying the cortical graymatter regions of interest used to derive volumes for quantification. The lower panel shows
sagittal andcoronal slicesdisplaying thewhitematter regionsof interest.All regionsweredeterminedwith theSRI24atlas-basedparcellationprocedure.
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medial prefrontal cortex was the single exception to
neocortical gray matter volume shrinkage in these ado-
lescents: although both heavy drinkers and nondrinkers,

whether male or female, showed volume expansion, the
group-by-centered-age interactions were not significant
(Figures 3–4).

FIGURE 3. Mean Slopes of Each Region of Interest in a Study of Brain Development in Heavy-Drinking Adolescentsa
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a Thefigurepresentsmean slopes for all control subjects (i.e., continuously nondrinking subjects) and all heavydrinkers and for eachgroupdividedby sex.
Negative slopes indicate declining volume across time.
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Trajectories of Allocortical Volumes
Both nondrinking and heavy-drinking male and female
participants exhibited significant volume enlargement of the
insula and cingulum over the course of the study (Figure 3).
Neither structure, however, showed growth attenuation
in the heavy drinkers relative to the nondrinkers, indi-
cated by the absence of group-by-centered-age interactions
(Figure 4).

Trajectories of Regional White Matter Volume
All threewhitematter regions showedvolumegrowth inboth
heavy-drinking and nondrinking male and female partic-
ipants, with the enlargement significant for the pons and the
corpus callosum (Figures 3–4). Growth trajectories were
attenuated, however, in the heavy drinkers relative to the
nondrinkers in the pons (male, p=0.009; female, p=0.025;
male and female, p=0.001) and the corpus callosum (male,
p=0.004; female, p=0.003;male and female, p,0.001) (Figures
4 and 7). The group trajectory differences in the central white
matter volume of heavy drinkers did not reach statistical sig-
nificance (Figure 4).

Contribution of Other Substance Use to
Developmental Trajectories
Illicit drug use was limited primarily to marijuana, with the
exception of two heavy-drinking marijuana users, one of
whom also used amphetamines and the other, cocaine and
opiates. Drug use was non-normally distributed, thereby
precluding it as a continuous variable. Instead, we employed
three different criteria (based on drug use cut-points) in
secondary analyses to examine the role of drugs other than
alcohol in modifying the results: 1) The number of days of
marijuana use per year of observation interval (first to last

scan used in the analyses) was discontinuous, at $100 in 11
male and six femaleheavydrinkers. 2)A liberal criterionof 20
drug use days per year captured 15 male and seven female
heavy drinkers. 3) A stricter criterion of 100 druguse days per
year captured eightmale and four female heavy drinkers. The
mixed effectsmodel 1 was extended tomodel 2 to include the
interactionofcentered-ageandnon-alcoholdruguse(drug_use)
as a dichotomous variable and tested with the three criteria:

Model 2 : lmerðvolume∼alcohol use3 centered-age
1 drug use3centered-age1mean-age
1 ½centered-agejsubject�Þ

Adding “drug_use 3 centered-age” to the model con-
firmed the original regional alcohol use effects, with in-
substantial changes in significance values (e.g., Figure 8).
Only in the corpus callosum, using the criterion of 100 drug
use days per year, was there a significant “centered-age 3
alcohol_use” and a significant “centered-age 3 drug_use”
interaction (male and female, t=24.514, p,0.001 for alco-
hol; t=2.142, p=0.033 for drugs and alcohol). Here, the al-
cohol users exhibited retarded corpus callosum growth,
whereas the alcohol-plus-drug-use group had accelerated
corpus callosum growth. This unpredicted result did not
reach statistical significance with the other two drug use
criteria.

In two regionswhere the alcohol_use3centered-ageeffect
was not significant, the drug_use 3 centered-age effect was,
suggesting attenuation of the normal trajectory. Using the
criterion of 100 drug days per year and the combined group of
both sexes, the alcohol-plus-drug-use group was significantly
different from the nondrinking control group (medial frontal
cortex: t=22.03, p=0.043; insula: t=22.12, p=0.035) but the
alcohol-only group was not.

FIGURE 4. Group-by-Centered-Age Slope Interaction for Regions of Interest in a Study of Brain Development in Heavy-Drinking
Adolescentsa
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DISCUSSION

Adolescentswhohadexperienced episodes of heavydrinking
had faster declining volumes in selective neocortical gray
matter regions and smaller increases in regionalwhitematter
volumes relative to continuously nondrinking adolescents.
This study is novelwith respect to the number of assessments
participants completed (two to six scans), the length of the
study (multiple observationsbetweenages 12 and24), and the
large sample size, allowing for comparison of sex-linked
differences. The nondrinking adolescents studied over the
same period served as a control group for estimating typical
developmental trajectories over the same early- to late-
adolescence age range as the heavy drinkers.

Dynamic brain growth and differential trajectories of gray
and white matter volumes (3, 8) were notable in both the
heavy-drinking and nondrinking adolescents. To the extent
that the cortical volume reduction reflects normal, beneficial
processes of neuronal pruning (3, 5, 8) and cortical restruc-
turing, one might have expected a lesser change with age in
the heavy drinkers; however, this was not the case, as they

exhibited accelerated declining volume trajectories. Possible
interpretations of this pattern include accelerated but non-
beneficial pruning or, alternatively, premature cortical gray
matter decline similar to senescent volume declines seen in
adult alcoholics (29) or even “normal” aging (3, 15). Over this
same period, white matter volume increased in the corpus
callosumand thepons,with a trend toward increases in a large
sample of white matter of the centrum semiovale. The at-
tenuated volume growth among heavy drinkers’ callosal and
pontine white matter suggests a widespread effect, which has
also been observed in adults with chronic alcoholism (31).
Longitudinal studies of adults with chronic alcohol depen-
dence who sustained sobriety report normalization of white
matter volumes (32) andmicrostructural integrity of selective
fiber systems (33). To the extent that excessive alcohol con-
sumption contributed to attenuated white matter volume
growth in our heavy-drinking adolescents, and given white
matterfibers’ capacity for repair (20), onemight speculate that
constituent white matter processes could resume a normal
growth trajectory and regain volume with abstinence from
drinking.

FIGURE 5. Plots of Individual (N=134) Supratentorial Cranial Volume (SCV)-Corrected Z-Scores, by Age, for Each Nondrinking (Control)
Subject and Heavy Drinker for Gray Matter in the Overall Neocortexa
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This is the first study
with a large sample size to
measure macrostructural
brain development over ex-
tended periods using an
atlas-based parcellation and
segmentation approach for
longitudinal registration and
quantification of major neo-
cortical and allocortical
regions and white matter
structures in heavy-drinking
and nondrinking adolescents.
The accelerated cortical vol-
umeregressiontogetherwith
slowedwhitematter volume
growth in heavy-drinking
adolescents is largely con-
sistentwith previousfindings
inheavy-drinkingadolescents
that reported focal gray mat-
ter thinning in right middle
frontal and left inferior and
middle temporal cortical and
other subcortical regions, as
well as slower expansion of
white matter in the right
hemisphere in the precentral
gyrus, lingual gyrus, middle
temporal gyrus, and anterior
cingulate, relative toalcohol-
naive adolescents (11, 12).
Differences in specific loci
showing significant growth
deviations between groups
might be attributable to dif-
ferences related to mea-
surement, sex, or subject
sampling or to population
differenceswith respect to
behavioral attributes dis-
tinguishing drinkers from
nondrinkers. Whether ex-
posure to high doses of al-
coholduringcriticalperiods
of brain development in ado-
lescence puts young people
at risk fordevelopingalcohol
use disorders, or for exac-
erbated brain structural or
functional abnormalities if
they progress to alcohol de-
pendence, remains to be
determined. Animal models
of youthful drinking could
help address this void. One

FIGURE 6. Plots of Individual (N=134) Supratentorial Cranial Volume (SCV)-Corrected Z-Scores, by Age,
for EachNondrinking (Control) Subject andHeavyDrinker for the Lateral Frontal andTemporalCorticesa
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series of studies in adolescent rodents exposed to high in-
termittent doses of alcohol exhibited increased neuroimmune
expression of the receptor for advanced glycation end products

(RAGE) in prefrontal cortex
only after extended periods
without alcohol (34). This
delayed response suggests that
the effect of binge-like bouts
of alcohol, even if not initially
detectable,might reflect a form
of neuroadaptation that has
potential for later expression.

Previous cross-sectional
findings have suggested that
women may be more nega-
tively affected by alcohol use
than men (35). Our sample
was adequately large to ad-
dress possible sexdifferences
in adolescent drinkers.While
our male drinkers endorsed
drinkingmore drinks on each
occasion, they obtained peak
blood alcohol levels similar
to those of female drinkers.
Despite their similar drinking
levels, the only sex difference
observedinouradolescentswas
for the temporal lobe group-by-
age interaction, which was sig-
nificant for the male but not
the female adolescents, al-
though the trajectory of the
female drinkers showed a non-
significant trend toward devi-
ation from normal in the same
directionasmaledrinkers.These
findings suggest thatmale and
female heavy drinkers can sus-
tain similar alterations in corti-
cal brain volume growthduring
adolescence, taking into ac-
count potential differences in
normal brain growth trajec-
tories related to sex and pu-
bertal development. However,
smaller-volume regions such as
theamygdala, thehippocampus,
and other sexually dimorphic
regions known to be affected
by alcoholwere not examined
in this analysis and should be
examined in future studies.

Disruption of the normal
developmental trajectory of
brain volume maturation dur-

ing adolescencemay have the potential to exert a negative effect
onnormalperformanceanddevelopmentofcognitiveandmotor
abilities (36). Deviations in structural brain development may

FIGURE7. Plotsof Individual (N=134)SupratentorialCranialVolume(SCV)-CorrectedZ-Scores,byAge,
for Each Nondrinking (Control) Subject and Heavy Drinker for the Pons and the Corpus Callosuma
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partly explain previous longitudinal findings that adolescent
heavy drinkers showworsening performance on behavioral tasks
of visuospatial processing, attention, and working memory after
initiating alcohol use (16, 37, 38). Furthermore, abnormalities
of neural growth patterns in heavy drinkers may contribute to
short-term or long-term negative effects on cognitive, social, and
academicfunctioning.Evenlongitudinalstudy,however,precludes
discerning whether such functional difficulties are the result of
excessivedrinkingaloneoroccur in interactionwith theburdenof
a familyhistoryofalcoholdependenceandaheightenedlikelihood
of engaging in externalizing behaviors, including risk for con-
suming licit and illicit drugs alongwithalcohol,whichoccurswith
greater incidence in heavy-drinking adolescents (39). Indeed, a
large proportion of the heavy drinkers in this study also consumed
small to large amounts of marijuana and other drugs. Comparing
only the drug-using heavy drinkers to nondrinking control sub-
jects produced results similar to the comparison of all heavy users.
Forinstance,asseeninFigure8, forthetemporalcortex, theheavy
alcohol drinkers with or without illicit drug use had similarly
accelerated trajectories. Therewere, however, a fewmeasures in
which an effect for other substance use could be demonstrated
over and above that of heavy alcohol use, and one of these (the
corpus callosum) was counterintuitive. Despite substantial drug
useamongafewparticipants, thesmallsamplesizemayhavebeen
inadequate to detect a compounded alcohol and drug effect.

Drinking levels in the adolescents in this study ranged
from none tomoderate to heavy, and likely limited our ability
to identify an adequate number of adolescents who never
exceeded amoderate level of drinking. Therefore,we focused
the primary analysis on those participants who reported
heavy drinking on at least one of their visits, thereby maxi-
mizing the likelihood of observing an effect because of the
sample size and reported level of exposure. Post hoc analysis
of the moderate drinkers failed to identify significant dif-
ferences from nondrinkers in trajectory for any of the brain
measures, likely in part because of lack of power.

Familial density of alcoholism did not differ between
groups, and although externalizing symptoms were higher in
heavydrinkers, the vastmajority ofparticipants inbothgroups
were, not surprisingly, in the normal range. Rates of conduct
disorderwere higher in the heavy drinkers comparedwith the
nondrinkers (10 heavy drinkers compared with two non-
drinkers). Future studies with larger sample sizes and higher
rates of adolescentswith externalizingdisorderswill beable to
disentangle the effects of heavy drinking from predisposing
factors suchas comorbidpsychological disorders andgenetics.

Despite their strengths, controlled longitudinal studies suffer
limitations, including interpretation of causality underlying
observed brain volume changes. Nonetheless, our longitudinal
analysis enabled detection of acceleration of normal volume
decline in anterior and temporal cortical volumes and attenu-
ation of growth in principal white matter structures in heavy-
drinking adolescents. These results provide a call for caution
regardingheavyalcohol use during adolescence,whetherheavy
alcohol drinking is the cause or one of many factors in a con-
stellation of causes of these alterations in brain development.

AUTHOR AND ARTICLE INFORMATION

From theVASanDiegoHealthcare System, La Jolla, Calif.; theDepartment
of Psychiatry, University of California San Diego, La Jolla; the Department
of Psychiatry and Behavioral Sciences, Medical University of South Car-
olina, Charleston; the Department of Psychiatry and Behavioral Sciences,

FIGURE 8. Temporal Cortical Volumes and Trajectories for the
Male Nondrinking (Control) Subjects (N=31), Male Heavy Drinkers
Without Illicit Drug Use (N=34), and Male Heavy Drinkers With
Illicit Drug Use (N=11)a

Male Continuous Nondrinkers

Male Heavy Drinkers Without Illicit Drug Use

Male Heavy Drinkers With Illicit Drug Use

Age (years)
10 15 20 25

Age (years)
10 15 20 25

Age (years)
10 15 20 25

2

1

0

–1

–2

–3

–4

2

1

0

–1

–2

–3

–4

2

1

0

–1

–2

–3

–4

SC
V

-c
o

rr
ec

te
d

 v
o

lu
m

e 
Z

-s
co

re
SC

V
-c

o
rr

ec
te

d
 v

o
lu

m
e 

Z
-s

co
re

SC
V

-c
o

rr
ec

te
d

 v
o

lu
m

e 
Z

-s
co

re

a Empty circles indicate assessments at which the adolescent was classified as
“nondrinking” (control subjects) and colored circles indicate assessments at
which the adolescentwas classified as “heavy drinking.”Note thatmany heavy
drinkers also had MRI sessions at times when they were doing little or no
drinking, as indicated here by empty circles.

Am J Psychiatry 172:6, June 2015 ajp.psychiatryonline.org 541

SQUEGLIA ET AL.

http://ajp.psychiatryonline.org


Stanford University School of Medicine, Stanford; and the Neuroscience
Program, SRI International, Menlo Park, Calif.

Address correspondence to Dr. Tapert (stapert@ucsd.edu).

Supported by NIH grants R01 AA13419, U01 AA021692 (principal in-
vestigator, Dr. Tapert); F32 AA021610, K12DA031794 (principal investigator,
Dr. Squeglia); F32 DA032188 (principal investigator, Dr. Jacobus); U01
AA021697 (principal investigator, Dr. Pfefferbaum); and K05 AA017168
(principal investigator, Dr. Sullivan).

The authors report no financial relationships with commercial interests.

Received Oct. 9, 2014; revision received Jan. 7, 2015; accepted Feb. 3,
2015; published online May 18, 2015.

REFERENCES
1. Johnston LD, O’Malley PM,Miech RA, et al: Monitoring the Future

National Survey Results on Drug Use: 1975–2013: Overview, Key
Findings onAdolescentDrugUse. AnnArbor, University ofMichigan,
Institute for Social Research, 2014

2. Giedd JN: Structural magnetic resonance imaging of the adolescent
brain. Ann N Y Acad Sci 2004; 1021:77–85

3. Pfefferbaum A, Mathalon DH, Sullivan EV, et al: A quantitative
magnetic resonance imaging study of changes in brain morphology
from infancy to late adulthood. Arch Neurol 1994; 51:874–887

4. Huttenlocher PR: Morphometric study of human cerebral cortex
development. Neuropsychologia 1990; 28:517–527

5. Paus T: Mapping brain maturation and cognitive development
during adolescence. Trends Cogn Sci 2005; 9:60–68

6. Gogtay N, Giedd JN, Lusk L, et al: Dynamic mapping of human
cortical development during childhood through early adulthood.
Proc Natl Acad Sci USA 2004; 101:8174–8179

7. Sowell ER, Thompson PM, Tessner KD, et al: Mapping continued
brain growth and gray matter density reduction in dorsal frontal
cortex: inverse relationships during postadolescent brain matura-
tion. J Neurosci 2001; 21:8819–8829

8. GieddJN,BlumenthalJ, JeffriesNO,et al: Braindevelopmentduring
childhood and adolescence: a longitudinal MRI study. Nat Neurosci
1999; 2:861–863

9. Squeglia LM, Jacobus J, Sorg SF, et al: Early adolescent cortical
thinning is related to better neuropsychological performance. J Int
Neuropsychol Soc 2013; 19:962–970

10. Jacobus J, Tapert SF: Neurotoxic effects of alcohol in adolescence.
Annu Rev Clin Psychol 2013; 9:703–721

11. Luciana M, Collins PF, Muetzel RL, et al: Effects of alcohol use
initiation on brain structure in typically developing adolescents. Am
J Drug Alcohol Abuse 2013; 39:345–355

12. SquegliaLM,RinkerDA,BartschH, et al: Brain volume reductions in
adolescent heavy drinkers. Dev Cogn Neurosci 2014; 9:117–125

13. Shaffer D, Fisher P, Lucas CP, et al: NIMH Diagnostic Interview
Schedule for Children Version IV (NIMH DISC-IV): description,
differences from previous versions, and reliability of some common
diagnoses. J Am Acad Child Adolesc Psychiatry 2000; 39:28–38

14. SullivanEV, PfefferbaumA, RohlfingT, et al: Developmental change
in regional brain structure over 7 months in early adolescence:
comparison of approaches for longitudinal atlas-based parcellation.
Neuroimage 2011; 57:214–224

15. Pfefferbaum A, Rohlfing T, Rosenbloom MJ, et al: Variation in
longitudinal trajectories of regional brain volumes of healthy men
and women (ages 10 to 85 years) measured with atlas-based par-
cellation of MRI. Neuroimage 2013; 65:176–193

16. Squeglia LM, Spadoni AD, Infante MA, et al: Initiating moderate to
heavy alcohol use predicts changes in neuropsychological func-
tioning for adolescent girls and boys. Psychol Addict Behav 2009; 23:
715–722

17. SquegliaLM,PulidoC,WetherillRR, et al:Brain response toworking
memoryover threeyearsof adolescence: influenceof initiatingheavy
drinking. J Stud Alcohol Drugs 2012; 73:749–760

18. BrownSA,MyersMG,LippkeL, et al: Psychometric evaluationof the
Customary Drinking and Drug Use Record (CDDR): a measure of ado-
lescent alcohol and drug involvement. J Stud Alcohol 1998; 59:427–438

19. Rice JP, Reich T, Bucholz KK, et al: Comparison of direct interview
and family history diagnoses of alcohol dependence. Alcohol Clin
Exp Res 1995; 19:1018–1023

20. Petersen AC, Crockett L, RichardsM, et al: A self-report measure of
pubertal status: reliability, validity, and initial norms. J Youth Adolesc
1988; 17:117–133

21. Miller CL, Tucker ML, Pasch L, et al: Measuring pubertal de-
velopment: a comparison of different scales and different sources.
Paperpresentedat thebiennialmeetingof theSociety forResearch in
ChildDevelopment, Alexandria, Va, 1988 (www.rcgd.isr.umich.edu/
garp/articles/eccles88g.pdf )

22. Achenbach TM, Rescorla LA: Manual for the ASEBA School-Age
Forms and Profiles. Burlington, University of Vermont, Research
Center for Children, Youth, and Families, 2001

23. Beck AT, Steer RA, Brown GK: Manual for the Beck Depression
Inventory–2. San Antonio, Tex, Psychological Corp, 1996

24. Likar B, Viergever MA, Pernus F: Retrospective correction of MR
intensity inhomogeneity by information minimization. IEEE Trans
Med Imaging 2001; 20:1398–1410

25. Iglesias JE, Liu CY, Thompson PM, et al: Robust brain extraction
across datasets and comparison with publicly available methods.
IEEE Trans Med Imaging 2011; 30:1617–1634

26. Rohlfing T, Maurer CRJ Jr: Nonrigid image registration in shared-
memory multiprocessor environments with application to brains,
breasts, and bees. IEEE Trans Inf Technol Biomed 2003; 7:16–25

27. Rohlfing T, Zahr NM, Sullivan EV, et al: The SRI24 multichannel
atlas of normal adult human brain structure. HumBrainMapp 2010;
31:798–819

28. Zhang Y, Brady M, Smith S: Segmentation of brain MR images
through a hidden Markov random field model and the expectation-
maximization algorithm. IEEE Trans Med Imag 2001; 20:45–57

29. Pfefferbaum A, Lim KO, Zipursky RB, et al: Brain gray and white
matter volume loss accelerates with aging in chronic alcoholics:
a quantitative MRI study. Alcohol Clin Exp Res 1992; 16:1078–1089

30. LudersE,TogaAW,ThompsonPM:Whysizematters: differences in
brainvolumeaccount forapparent sexdifferences incallosal anatomy: the
sexualdimorphismofthecorpuscallosum.Neuroimage2014;84:820–824

31. Ruiz SM, Oscar-Berman M, Sawyer KS, et al: Drinking history
associations with regional white matter volumes in alcoholic men
and women. Alcohol Clin Exp Res 2013; 37:110–122

32. Pfefferbaum A, Adalsteinsson E, Sullivan EV: Supratentorial profile
of white matter microstructural integrity in recovering alcoholic
men and women. Biol Psychiatry 2006; 59:364–372

33. Alhassoon OM, Sorg SF, Taylor MJ, et al: Callosal white matter
microstructural recovery inabstinentalcoholics: a longitudinaldiffusion
tensor imaging study. Alcohol Clin Exp Res 2012; 36:1922–1931

34. Vetreno RP, Qin L, Crews FT: Increased receptor for advanced
glycation end product expression in the human alcoholic prefrontal
cortex is linked to adolescent drinking.NeurobiolDis 2013; 59:52–62

35. Squeglia LM, Sorg SF, Schweinsburg AD, et al: Binge drinking dif-
ferentially affects adolescent male and female brain morphometry.
Psychopharmacology (Berl) 2012; 220:529–539

36. BurgaletaM, JohnsonW,Waber DP, et al: Cognitive ability changes
and dynamics of cortical thickness development in healthy children
and adolescents. Neuroimage 2014; 84:810–819

37. HansonKL,MedinaKL,PadulaCB, et al: Impact of adolescent alcohol
and drug use on neuropsychological functioning in young adulthood:
10-year outcomes. J Child Adolesc Subst Abuse 2011; 20:135–154

38. Tapert SF, Granholm E, Leedy NG, et al: Substance use and with-
drawal: neuropsychological functioning over 8 years in youth. J Int
Neuropsychol Soc 2002; 8:873–883

39. Kendler KS, Gardner CO, Prescott CA: Toward a comprehensive
developmental model for alcohol use disorders in men. Twin Res
Hum Genet 2011; 14:1–15

542 ajp.psychiatryonline.org Am J Psychiatry 172:6, June 2015

BRAIN DEVELOPMENT IN HEAVY-DRINKING ADOLESCENTS

mailto:stapert@ucsd.edu
http://ajp.psychiatryonline.org

