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Altered frontostriatal white matter microstructure is associated
with familial alcoholism and future binge drinking in

adolescence

Scott A. Jones' and Bonnie J. Nagel'?

Adolescence is a time of significant neurobiological development, including changes in white matter microstructure. Familial
alcoholism and adolescent binge-drinking have both been associated with altered white matter microstructure; however, the
temporal nature of these effects, and their interaction, is unclear. Using diffusion-weighted imaging and voxel-wise multilevel
modeling, the effects of familial alcoholism and future binge-drinking on white matter microstructural development were assessed
in 45 adolescents, who went on to binge-drink (but were alcohol-naive at baseline), and 68 adolescents, who remained largely
alcohol-naive, all with varying degrees of familial alcoholism. Both future binge-drinking and familial alcoholism were associated
with altered frontostriatal white matter microstructure early in adolescence, prior to alcohol use. While several binge-drinking-
related effects persisted throughout adolescence (in the posterior limb of the internal capsule, superior corona radiata, and
cerebellar peduncles), the association between familial alcoholism and altered white matter microstructure dissipated across
adolescence in all regions. There were no white matter regions identified where future binge-drinking or familial alcoholism were
significantly associated with emergent or exacerbated alterations in white matter microstructure. Altogether, these findings suggest
that alterations in frontostiatal white matter microstructure, some of which are associated with familial alcoholism, may be used to
predict which adolescents are more likely to go on and engage in alcohol use. Meanwhile, a reduction in family history-related
associations with altered white matter microstructure by late-adolescence is encouraging for future prevention work targeted at at-

risk youth.

Neuropsychopharmacology (2019) 44:1076-1083; https://doi.org/10.1038/541386-019-0315-x

INTRODUCTION
Adolescent neurodevelopment is highlighted by extensive volu-
metric change in both gray and white matter [1, 2]. Underlying
increases in white matter volume are changes in the micro-
structural properties of white matter fibers. With diffusion-
weighted imaging (DWI), widespread increases in fractional
anisotropy (FA), thought to reflect greater fiber density, axonal
diameter, and myelination, and decreases in mean diffusivity (MD),
thought to reflect greater white matter density [3, 4], have been
repeatedly demonstrated across adolescence [2, 5]. These changes
in white matter microstructure with age, particularly in frontos-
triatal regions, have been associated with several developing
executive processes, including lower impulsivity [6], greater
inhibitory control [7], and greater working memory capacity [8],
highlighting the relevance of white matter microstructure as a
neurobiological marker for cognitive maturation in adolescents.
Both personal and familial alcohol misuse have been associated
with alterations in white matter microstructure during adoles-
cence. Binge-drinking, the most common form of alcohol misuse
during adolescence, has been associated with widespread
reductions in FA [9-12]; however, in regions such as the superior
longitudinal fasciculus and internal capsule, greater FA has been
reported in binge-drinking adolescents compared to controls [9].

Reports of altered MD in binge-drinking adolescents are less
common, and have produced mixed findings, suggesting both
greater and lower MD in binge-drinking adolescents compared to
controls [9, 11, 12]. Meanwhile, adolescents free of personal
alcohol use, but with a family history (FH) of alcoholism, also
demonstrate both greater and lower FA, and lower MD [13, 14],
including in frontostriatal regions important for reward-based
decision making, such as the decision to drink. Given that FH is a
significant predictor of personal alcohol misuse [15], this begs the
question of whether alterations in white matter microstructure
evident in binge-drinking adolescents are present prior to alcohol
use and represent a developmentally transient or sustained
predisposition associated with FH or are consequences of alcohol
use itself. Further, it is also possible that alterations in FA related to
FH precede binge drinking and are further exacerbated by alcohol
use.

Longitudinal studies in binge-drinking adolescents suggest that
those who go on to drink demonstrate significant FA decreases
and MD increases with time, including in frontostriatal white
matter regions, when compared to adolescents who remain
alcohol-naive, despite having comparable levels of FA and MD
prior to alcohol use [10, 11]. Conversely, associations between FH
and altered FA appear to be greater in adolescents than young
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adults [16], and a recent longitudinal study suggests that the
association between white matter microstructure and FH of
psychopathology (including familial alcoholism) is largely transient
[17]. While a previous cross-sectional study (utilizing an a priori
region of interest) found that FH may interact with personal
alcohol use to predict more severe reductions in FA in the superior
and inferior longitudinal fasciculus [18], no study has investigated
the role of FH in the development of white matter microstructure
in drinking and non-drinking adolescents.

Given that both personal and familial alcohol use have
independently been associated with alterations in frontostriatal
white matter microstructure in regions implicated in executive
control processes, including reward-based decision making
[6, 14], more nuanced investigations are necessary to elucidate
the interaction between personal and familial alcohol misuse on
maturation of this neurocircuitry. Thus, the current study aimed
to investigate the association of future binge-drinking status
and FH of alcoholism on white matter microstructural develop-
ment. Based on previous findings, we hypothesized that future
binge-drinking adolescents would show an altered course of
white matter maturation, characterized by age-related reduc-
tions in FA and increases in MD in frontostriatal white matter
regions compared to alcohol-naive controls. Further, it was
hypothesized that FH of alcoholism would be associated with
greater reductions in FA and greater increases in MD with age in
future binge-drinking adolescents, but would only be associated
with altered white matter microstructure early in adolescence in
controls.

MATERIALS AND METHODS

Recruitment and exclusionary criteria

Participants were recruited from the community as part of an
ongoing longitudinal study on adolescent neurodevelopment
[19, 20]. This study included neuroimaging data from 113
adolescents (ages 11-16 at baseline), a subset of which were
used in an analysis investigating the effects of familial psycho-
pathology on white matter microstructural development [17].
During recruitment, adolescents and their parents provided
written consent and assent, respectively, and completed compre-
hensive screening interviews. Exclusionary criteria included:
probable diagnosis of a DSM-IV psychiatric disorder, including
mental retardation or learning disability [21], inability to obtain
family history information, serious medical problems (including
head trauma), psychotic illness in a biological parent, known
prenatal drug/alcohol exposure, left-handedness [22], and MRI
contraindications. Furthermore, as the goals of the study were to
examine premorbid white matter microstructural alterations
associated with FH of alcoholism prior to alcohol use, as well as
the effects of personal alcohol use on white matter maturation,
adolescents were excluded for baseline drug and alcohol use that
exceeded > 10 lifetime alcohol drinks, >2 drinks on any one
occasion, >5 uses of marijuana, >4 cigarettes per day, or any
other drug use [19, 20]. The study was approved by the Oregon
Health & Science University Institutional Review Board.

Baseline participant characteristics

At baseline, demographic information was collected from
adolescents and their parents. To assess socioeconomic status
(SES), adolescents’ parents were administered the Hollingshead
Index of Social Positioning, a measure based on the occupation
and educational attainment of each parent [23], with lower scores
representing higher SES. To assess intelligence, adolescents were
administered the 2-subtest version of the Wechsler Abbreviated
Scale of Intelligence [24]. To assess pubertal development, all
adolescents completed a modified line drawing version of the
Tanner's Sexual Maturation Scale [25], with drawings ranging from
1 (pre-adolescent) to 5 (adult-like maturation). Finally, to evaluate
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FH of alcohol use disorder (AUD), parents were administered the
Family History Assessment Module [26], which allowed for the
calculation of a continuous FH density (FHD) score [17]. FHD was
based on the number of adolescents’ relatives with an AUD;
parents contributed 0.5 each, grandparents 0.25 each, and aunts
and uncles a weighted ration of 0.25 divided by their number of
siblings, with higher scores indicating greater prevalence of
familial AUD. All baseline demographic variables were examined
for outliers (>2.5SD from the mean) and normal distribution
and were compared between future binge-drinking adolescents
and controls.

Follow-up procedure and binge-drinking criterion

Following the baseline visit, ongoing quarterly follow-up phone
interviews were conducted with adolescents (until age 21), during
which adolescents’ drug and alcohol use was assessed via a
90-day Timeline Followback [27]. Binge-drinking criterion during
these follow-up interviews was three or more reported occasions
of binge drinking (=5 drinks for males or > 4 for females in one
episode) within the last 90 days, in acoordance with NIAAA
guidelines of binge drinking [28] and consistent with previous
studies [19, 20]. Once an adolescent reached binge-drinking
criterion (average age of onset ~17.6 years), they were matched
(based on age, sex, and time since baseline) to a control
adolescent (who had not exceeded baseline drug and alcohol
use criteria) and both were brought in for reassessment an
additional 1-2 times (average 1.9 years between scans; range of
1-6 years). Adolescents were asked to refrain from alcohol use for
a minimum of 48 h prior to their visit (average time since last
drink =18 days). Additional controls were brought in for
re-assessment as part of an ongoing investigation of sex
differences in adolescent neurodevelopment [29]. This design
resulted in a total of 246 visits among 45 future binge-drinking
adolescents and 68 controls. Adolescents were ages 13-20 years
(mean = 16.4, n = 104) at first reassessment, and ages 15-20 years
(mean = 18.0, n = 29) at second resassessment.

Image acquisition

During all visits, participants were scanned on a 3T Siemens
Magnetom Tim Trio with a 12-channel head coil. DWI scans were
collected using a whole-brain, high-angular resolution, echoplanar
imaging sequence (repetition time = 9100 ms, echo time = 88 ms,
field of view=256mm?, slices =72, slice thickness =2 mm).
Gradient encoding pulses were applied in 30 directions with a
b-value of 1000 s/mm?, with six additional images collected with a
b-value of 0s/mm? Participants received either three (n=168;
scan time = 16:52) or two (n = 88; scan time = 11:24) DWI runs. A
diffusion field map was also acquired (TR =790 ms, TE1 = 5.19 ms,
TE2 =7.65 ms, flip angle = 60°, FOV = 240 mm?, slices = 72, slice
thickness = 2 mm, scan time = 3:13).

Image processing

Quality assessment and volume censoring. Prior to image proces-
sing, all DWI runs underwent strict visual inspection for motion
and scanner-related artifacts, as described previously [17, 30], and
four image quality metrics (temporal signal-to-noise, mean voxel
outlier count, maximum voxel outlier count, and mean relative
motion) were obtained. To reduce artifact-induced bias, volumes
containing motion or scanner-related artifact were censored;
however, to avoid overestimation of diffusion metrics [31], if the
same direction/volume was removed from all DWI runs for an
individual scan, that scan was excluded from further analyses [17].
As such, 10 scans were excluded for excessive motion, 5 for
scanner-artifact, and 2 for errors in image acquisition (i.e.
incomplete whole-brain coverage), resulting in a final sample of
109 individuals with 229 total scans. This procedure resulted in
significant improvements in all four image quality metrics of scans
with one or more censored volumes (n=124, all t>2.481, p<
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0.05). Image quality metrics after censoring were not associated
with future binge-drinking status or FHD.

Diffusion metrics. DWI data were processed using a combination
of FSL (v. 5.0.9) and AFNI (v. 17.1.03), as described previously [17].
Briefly, this consisted of affine registration of the diffusion field
map to each DWI run [32], concatenation of all DWI runs within a
scan, correction for eddy current distortion, intensity inhomo-
geneities, head motion [33], and estimation of the diffusion tensor
to calculate FA and MD, for each voxel [34].

Image registration. As outlined previously [17, 35], Advanced
Normalization Tools (ANTs) algorithms [36] were used to register
individual FA maps, first to an unbiased within-subject template
and then a study-specific template, before being transformed to
Montreal Neurological Institute (MNI) space, in a one-step
interpolation. A Gaussian blur (sigma =1 mm) was applied to all
FA images after registration [37], and a white matter mask was
created that included only voxels where mean FA was greater
than 0.3 across all scans. MD maps were registered to standard
space using the transformations generated from FA registration.

Group-level analyses

Voxel-wise analyses were carried out for FA/MD using AFNI's
3dLME [38] and fit using Maximum Likelihood (ML), as described
previously [17]. A series of baseline and saturated models,
including between-individual differences in baseline FA/MD (i.e.
random intercepts), were fit and compared voxel-wise using log-
likelihood values and the degrees of freedom difference between
each model [17]. These model comparisons were thresholded
voxel-wise (p <0.01) and corrected for multiple comparisons (a <
0.01) using AFNI's 3dClustsim [39]. To identify white matter
regions where FA/MD showed significant development with age, a
linear growth model (FA/MD~Age) was compared to an
intercept-only model (FA/MD ~ 1). To assess the effects of future
binge-drinking status and FHD on baseline FA/MD only, a main-
effects model (FA/MD ~ Age + Binge + FHD) was compared to the
linear growth model. Finally, to assess the effects of future binge-
drinking status and FHD on both baseline and change in FA/MD,
interaction models including future binge-drinking status control-
ling for FHD (FA/MD ~ Age X Binge + FHD), FHD controlling for
future binge-drinking status (FA/MD ~ Age x FHD + Binge), and
the interaction effect of both FHD and future binge-drinking status
(FA/MD ~ Age X Binge x FHD) were independently compared to
the linear growth model. If any region(s) identified in these
interaction models overlapped with region(s) identified in the
main-effects model (or a simpler interaction model), these models
were compared voxel-wise to determine the best fitting, most
parsimonious model in a mask containing all significant voxels

from both models (p <0.01/a<0.01). This method of model
comparison allows for the interpretation of the fixed effects only
after first assessing model fit and providing comparisons to
alternative (reduced) models [40, 41].

Post-hoc analyses

Individual FA and MD values were extracted from all significant
regions for post-hoc analyses using the nime package [42] in R
(v. 3.4.2). Prior to modeling, age was centered at age 14
(approximate median baseline age) or age 18 (approximate
median follow-up age), and FHD was mean centered. Significant
fixed effects were interpreted (p <0.01), and the most parsimo-
nious model was confirmed (p < 0.01). For all final models, effect
sizes are reported as either Cohen’s d (for categorical predictors),
standardized regression estimates (for continuous predictors), or
the difference between two standardized regression estimates (for
interactions between continuous and categorical predictors).

RESULTS

Participant characteristics

Participant baseline demographics are presented in Table 1, and
follow-up alcohol use characteristics in Table S1. While there were
no difference in baseline demographics between future bingers
and controls, female participants had greater FHD compared to
male participants (U= 1940, p <0.05), thus sex was tested as a
post-hoc covariate in all significant findings.

Age effects (FA/MD ~ Age)

There was a single widespread cluster of FA (283,866 voxels) and
MD (324,028 voxels) where significant age effects were present. In
these regions, FA increased (b= 0.006, p <0.001, 8 =0.655) and
MD decreased (b = —4.13E-06, p < 0.001, 8 = —0.440) with age.

Persistent effects of FHD and/or future binge-drinking (FA/MD ~
Age + Binge + FHD)

There were three regions of FA, in the bilateral midbrain/posterior
limb of the internal capsule (PLIC) and left cerebellar peduncle,
and two regions of MD, in the right PLIC/thalamus and right
superior corona radiata (Table 2), where future binge-drinking
adolescents demonstrated persistently greater FA (all b= 0.023, p
<0.001, d=0.719) and MD (all b= 1.10E-05, p <0.001, d = 0.543),
compared to controls (Figs. 1b and 2b).

Effects of future binge-drinking with age (FA/MD ~ Age xBinge +
FHD)

There were two clusters of FA, in the bilateral PLIC, and one cluster
of MD in the superior corona radiata, where the interaction effect
of future binge-drinking with age appeared to overlap with

Table 1. Baseline demographics
Future bingers Controls Significance test
(n=45) M (SD) (n=68) M (SD)
Sex (male/female) 25/20 34/34 XM =0.15, p=0.699
Age 14.55 (1.42) 14.17 (1.45) ti11 =139, p=0.167
Pubertal stage 3.84 (1.17) 3.72 (1.12) U=1418, p =0.496
1Q 111.78 (10.57) 110.54 (10.06) t111 =0.63, p=0.533
Socioeconomic status (SES) 26.95 (13.97)° 31.19 (13.25)° U=1760, p =0.084
Family history density (FHD) 0.38 (0.30) 0.45 (0.36) U=1688, p=0.350

°n = 44 due to missing data
®n =67 due to missing data

male participants (M = 0.36, SD = 0.32)

There were no statistically significant differences between groups on any variables, and FHD was not associated with any baseline demographics (in the entire
sample, or within future bingers and controls, separately); however, FHD was significantly greater in female participants (M = 0.49, SD = 0.35), compared to

SPRINGERNATURE

Neuropsychopharmacology (2019) 44:1076 - 1083



Table 2. Anatomical location of all significant clusters identified in
voxel-wise analysis

Volume

Peak voxel Peak
—_——— (voxels)

Anatomical location x y z X

Fractional anisotropy
FA ~ Age + FHD + BINGE

Right posterior limb of —3 20 —20 35.111 3022
the internal capsule

Left posterior limb of 7 14 —15 27564 2593
the internal capsule

Left cerebellar 31 45 37 22221 602
peduncle

FA ~ Age x FHD -+ BINGE
Left superior frontal 20 —32 31 23258 540
gyrus
Left cerebellar 14 39 —30 13.587° 98
peduncle

FA ~ Age x FHD x BINGE
Splenium of the corpus 14 41 15 31.606 948
callosum

Mean diffusivity

MD ~ Age + FHD + BINGE
Right superior corona —23 23 22 21.109 2022
radiata
Right posterior limb of —9 8 8 21.521 776
the internal capsule

MD ~ Age x FHD + BINGE
Right thalamus —19 18 10 20.150° 274
Right thalamus —-10 11 13 19.879° 69

MD ~ Age x BINGE + FHD
Right superior frontal —16 11 48  15.170° 457
gyrus
Right precentral gyrus —32 12 49  12.511° 205
Right precentral gyrus —36 3 36 15.844° 168
Right superior —-35 17 37 10.990° 121
longitudinal fasciculus

MD ~ Age x FHD x BINGE
Right superior frontal —17 —51 8 40.966 1019

gyrus

FHD family history density, MD mean diffusivity, FA fractional anisotropy
Peak X? and volume are reported for each cluster in relation to the linear
growth (age-only) model, except as noted:

“Compared to FA main-effects model in a mask containing significant
voxels from both models (747 voxels)

PCompared to MD main-effects model in a mask containing significant
voxels from both models (1464 voxels)

‘Compared to MD main-effects model in a mask containing significant
voxels from both models (3708 voxels)

persistent effects of future binge-drinking. Voxel-wise compar-
isons in these regions found no clusters of FA, and four clusters of
MD, in the right posterior superior frontal gyrus (SFG), right
precentral and right superior longitudinal fasciculus (Table 2),
where the interaction effect of future binge-drinking status and
age was significant. In these regions, future binge-drinking
adolescents had greater MD in early-adolescence (all b= 1.10E-
05, p < 0.001, d = 0.543), and greater decreases in MD with age (all
b>—4.22E-06, p < 0.01, AB = —0.346), compared to controls. Thus,
no association between future binge drinking and MD was
present by late-adolescence (Fig. 2c).
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Effects of FHD with age (FA/MD ~ Age X FHD + Binge)

There were three clusters of FA in the bilateral PLIC and left
cerebellar peduncle, and one cluster of MD in the PLIC/thalamus
where the interaction effect of FHD with age appeared to overlap
with persistent effects of FHD and/or future binge-drinking. Voxel-
wise comparisons in these regions revealed one cluster of FA in
the left cerebellar peduncle and two clusters of MD in the
thalamus (Table 2) where the interaction effect of FHD and age
was significant. In these regions, future binge-drinking adoles-
cents had persistently greater FA (b =0.026, p <0.001, d = 0.620)
and MD (all b=8.03E-06, p<0.01, 3>0.365), compared to
controls. Meanwhile, regardless of future binge-drinking, greater
FHD was associated with greater FA (b = 0.030, p < 0.01, 8 = 0.249)
and lower MD (all b= —1.58E-05, p<0.01, 3= —0.225) in early-
adolescence, but greater declines in FA (b= -0.010, p<0.01,
B = —0.168) and shallower declines in MD (all b = —1.58E-05, p <
0.01, 8=0.228) with age. Thus, no association between FHD and
FA/MD was present by late-adolescence (Fig. 1d).

Additionally, there was one new cluster of FA identified by this
interaction model in the left SFG (Table 2). Here, greater FHD
was associated with lower FA in early-adolescence (b = —0.042,
p <0.001, B=—0.497), greater increases in FA with age (b = 0.006,
p<0.001, B=0.148), and no association with FA by late-
adolescence (Fig. 1c).

Combined effects of future binge drinking and FHD with age (FA/
MD ~ Age x Binge x FHD)
There were two clusters of FA in the bilateral PLIC, and two
clusters of MD in the precentral gyrus and superior corona radiata,
identified by this model, which overlapped with previous effects
of future binge-drinking status and FHD; however, the interaction
model failed to prove significantly better than a reduced model in
these regions. Further, this interaction model also revealed one
new cluster of FA in the splenium of the corpus callosum and one
new cluster of MD in the right SFG (Table 2). In the splenium of the
corpus callosum, post-hoc modeling failed to confirm a three-way
interaction, and a simplifier model including the interaction effects
of future binge-drinking status and FHD, independently (FA ~
Age X FHD + Age x Binge), proved to be the most parsimonious
model. In this region, future binge-drinking adolescents, when
compared to controls, demonstrated greater FA in early-
adolescence (b=0.019, p<0.01, d=0.678), greater declines in
FA with age (b = —0.003, p < 0.01, AB = —0.260), and comparable
levels of FA as controls in late-adolescence. Additionally, greater
FHD was associated with reduced FA in early-adolescence (b=
—0.024, p < 0.01, B = —0.299), but not late-adolescence, regardless
of future binge-drinking status. Finally, in the right SFG, there was
a significant three-way interaction between future binge-drinking
status, FHD and age (b= 2.16E-05, p < 0.001, AB = 0.584). Early in
adolescence, greater FHD was associated with greater MD in
control adolescents (b= 2.62E-05, p < 0.01, 3 =0.346), but lower
MD in future binge-drinking adolescents (b = —3.83E-05, p < 0.01,
B =—0.507), while future binge-drinking was associated with
overall lower levels of MD (b= —1.48E-05, p<0.01, d = —0.566)
(Fig. 2e). However, by late-adolescence, there are no effects of FHD
or future binge-drinking on MD.

Fixed effects and variance estimates, for all significant clusters,
can be found in Tables S2 & S3. All fixed effects remained
significant when controlling post-hoc for sex.

DISCUSSION

This study is the first to use a longitudinal design to investigate
the combined effects of future binge drinking and FH on white
matter microstructural development. As hypothesized, future
binge drinking and FH of alcoholism were associated with altered
white matter microstructure in several frontostriatal white matter
regions that appear to coincide with tracts that originate in
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midbrain structures, such as the ventral tegmental area, substantia
nigra, and thalamus, and extend superiorly past the striatum and
nucleus accumbens to the premotor cortex and SFG (Fig. 3). These
regions are thought to include several pathways important for the
formation of addiction, including the midbrain-striatal-thalamic
pathway, important for the binge/intoxication phase, and
prefrontal pathways important for alcohol craving [43].

With regard to future binge drinking, contrary to previous
longitudinal studies [10, 11], we found that all significant
associations with future binge drinking (both persistent and
transient) were present prior to alcohol use. This is in line with
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other structural neuroimaging studies that demonstrate less gray
matter volume and thickness, and white matter volume, prior to
alcohol use in adolescents that go on to binge-drink [44, 45].
Further, we found that FA was greater in future binge-drinking
adolescents than controls. As such, greater FA in white matter
regions in the midbrain and internal capsule may represent a
predisposition to engage in future alcohol use, while the lower FA
previously observed in binge-drinking adolescents [10, 11] may be
due to the neurotoxic effects of alcohol. This suggests that as
adolescents initiate and potentially escalate use, they may
demonstrate reductions in FA later in life.
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Fig. 2 Effects of future binge-drinking status and family history density (FHD) on mean diffusivity (MD). a Regions of the brain where future
binge-drinking status was persistently (orange) and transiently (yellow) associated with altered MD, and regions where both future binge-
drinking status and FHD were associated with altered MD (green). b In the superior corona radiata and posterior limb of the internal capsule,
future binge-drinking status was associated with persistently greater MD. c In the superior frontal gyrus, precentral gyrus, and superior
longitudinal fasciculus, future binge-drinking status was associated with greater MD in early-adolescence but not late-adolescence. d In the
thalamus, future binge-drinking status was associated with greater MD throughout adolescence, while greater FHD was associated with less
MD in early-adolescence but not late-adolescence. e In the superior frontal gyrus, greater FHD was associated with lower MD in future binge-
drinking adolescence, and greater MD in control adolescence, early in adolescence; however, this effects dissipated by late-adolescence

Furthermore, this study revealed that both FA and MD were
greater in future binge-drinking adolescents than controls. While
this is consistent with studies that found binge-drinking adoles-
cents had greater FA in the internal capsule [9] and greater MD in
the thalamus, corona radiata, and superior longitudinal fasciculus
[11], it runs contrary to typical findings where FA and MD are
inversely related. However, despite altered FA and MD occurring
in some of the same white matter regions (e.g., PLIC and SFG),
they share very little overlap (Fig. 3). Further, in the internal
capsule, alterations in FA were evident primarily near subcortical
regions, coinciding with white matter tracts thought to inter-
connect midbrain and reward-relevant regions, such as the
cerebellar peduncles, substantia nigra, ventral tegmental area,
thalamus, striatum, and nucleus accumbens. Meanwhile,
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alterations in MD were limited to predominately more cortical
regions, coinciding with tracts thought to connect the aforemen-
tioned reward-relevant regions to the frontal cortex. This may
suggest that early in adolescence, over maturation (greater FA) in
striatal white matter regions surrounding reward-relevant regions
of the brain, as well as under maturation (greater MD) in frontal
white matter regions implicated in cognitive control [46], may
predict which adolescents are more likely to go on to binge-drink.

Regarding FH of alcoholism, this study replicated findings of
reduced FA in the prefrontal cortex [14] and reduced MD in the
thalamus [13] in association with FH, and further strengthens the
notion that the association between FH and FA/MD is greater in
early-adolescence than late-adolescence [16, 17]. This suggests
that adolescents may eventually age-out of some FH-related
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Fig.3 Frontostriatal regions identified in whole-brain analysis. Out of approximately 13,000 voxels shown to have associations between family
history density (FHD) and/or future binge-drinking status and fractional anisotropy (red) or mean diffusivity (blue), only 287 voxels (~2.2%;

green) had alterations in both

vulnerabilities, even if they engage in binge-drinking behavior.
This is further supported by the three-way interaction between
future binge-drinking status, FHD and age in the SFG, where
greater FHD was associated with greater MD in control
adolescents, and lower MD in future binge-drinking adolescents,
prior to alcohol use, but that all effects dissipated by late-
adolescence. Altogether, these findings suggest that future binge-
drinking adolescents demonstrate a pattern of altered white
matter microstructure prior to alcohol use, some of which is
related to familial alcoholism. However, this effect is largely
transient, with future binge-drinking adolescents and those with
familial alcoholism having developmental trajectories that lead to
white matter microstructure comparable to those that are largely
alcohol-naive in late-adolescence. This finding supports recent
hypotheses that adolescence is a period in which the brain is
highly adaptive and potentially capable of demonstrating
resilience to genetic, environmental, and neurobiological risk
phenotypes that may predispose an adolescent more likely to
engage in risky behavior such as binge drinking [47, 48].

While these findings provide novel insight into the association
between personal and familial alcohol misuse and white matter
microstructure, limitations should be considered. First, due to
sample size and the limited number of within-subject time points,
this study was not equipped to investigate other important
predictive variables, such as sex [49], or investigate the potential
of non-linear white matter microstructural development [2, 51.
Future studies will be necessary to address these questions.
Similarly, given the broad baseline age range, we were unable to
appropriately assess the association between age of onset of
alcohol use and white matter development. Given previous
findings suggesting that functional neurobiology (e.g. ventral
striatal brain response during decision making) predicts age of
onset of alcohol use [50], future investigations of white matter
microstructural predictors of age of onset of alcohol use will be
important for confirming our findings regarding neurobiological
markers of future alcohol use. Lastly, it cannot be ruled out that
control participants in this study (particularly those still in mid-
adolescence during reassessment) will not initiate alcohol use at a
later time, or that adolescents currently binge drinking may
subsequently increase in or abstain from alcohol use later in life,
possibilities that must be taken into account when considering
these findings as risk markers for future alcohol misuse.

In conclusion, these findings demonstrate that both FH of
alcoholism and future binge drinking are associated with altered
frontostriatal FA (surrounding subcortical regions), and MD (in
fronto-cortical regions), in early-adolescence, prior to alcohol use.
However, many of these alterations are transient and dissipate by
late-adolescence. This suggests that altered maturation of white
matter fibers in regions connecting midbrain, striatal and frontal
regions important for the development of addiction are present
prior to alcohol use in adolescents who later go on to binge-drink,

SPRINGERNATURE

and may be associated at least partially with familial alcoholism.
Despite this, adolescence may undergo adaptive neurodevelop-
ment in many of these same regions. These findings are
encouraging for the development of future prevention and
intervention strategies in adolescence, and may provide useful
neurobiological markers for identifying adolescents prone to
initiate alcohol use.
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