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Abstract

Background—Individuals with a family history (FH+) of alcohol use disorder (AUD) have a
higher risk for developing an AUD than those with no family history (FH-) of AUD. In addition,
FH+ individuals tend to perform worse on neuropsychological measures and show heightened
impulsivity, which may be due to underlying differences in brain structure such as cortical
thickness. The primary aim of this study was to investigate differences in cortical thickness in FH+
compared to FH- adolescents. Secondary aims were to: a) investigate differences in executive
functioning and impulsivity, and b) examine associations between brain structure and behavior.

Method—ABrain scans of 95 FH- and 93 FH+ subjects aged 13-18 were obtained using magnetic
resonance imaging (MRI). FH+ subjects were required to have at least 1 biological parent with a
history of an AUD. FH+ and FH- individuals had limited or no past alcohol use, thereby
minimizing potential effects of alcohol. Subjects were evaluated on impulsivity and executive
functioning tasks. Thicknesses of cortical lobes and subregions were analyzed using FreeSurfer.
Regions showing group differences were examined for group by age interactions and correlations
with neuropsychological and personality measures.

Results—FH+ adolescents had thinner cortices in frontal and parietal lobes, notably in the
medial orbitofrontal, lateral orbitofrontal, and superior parietal cortices. The difference in cortical
thickness between family history groups was strongest among the youngest subjects. FH+ subjects
were also more impulsive and had poorer performance on a spatial memory task.

Conclusions—These findings demonstrate frontal and parietal structural differences in FH+

adolescents that might underlie cognitive and behavioral characteristics associated with AUD risk.
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Introduction

Alcohol use disorder (AUD, defined as alcohol abuse or alcohol dependence) is a
widespread problem affecting more than 17 million adults in the United States (NIAAA,
2012). Roughly 1 in 4 children in the United States grow up with AUD in their immediate
families (Grant, 2000), and individuals who have a family history of AUD (FH+) are
approximately 4 times more likely to develop an AUD in their lifetimes compared to
individuals with no such family history (FH-) (Cotton, 1979, Goodwin et al., 1973). In
addition, the likelihood of developing alcohol dependence is correlated with the number of
affected first- and second-degree relatives (Dawson et al., 1992). One reason for this
increased risk is AUD’s genetic heritability, which has been demonstrated through twin and
adoption studies (Enoch and Goldman, 1999),

There are a number of traits that are thought to contribute to the elevated risk of AUD in FH
+ individuals. Among these, problems with behavioral and cognitive control, as manifest in
poor executive functioning and heightened impulsivity, are considered to be particularly
important (Sher, 1997, Sher et al., 1991). Furthermore, there is evidence that FH+
adolescents may show differences in brain structure compared to age-matched FH- peers.
For instance, lower amygdala volume has been reported in FH+ adolescents and emerging
adults prior to onset of AUD (Hill et al., 2001, Hill et al., 2013b, Dager et al., 2015).
Focusing on the striatum, Cservenka and colleagues found evidence for higher nucleus
accumbens volume in FH+ subjects (2015). Hill and colleagues found no differences in
caudate volume between FH+ and FH- subjects, but externalizing symptoms were correlated
with caudate volume. (Hill et al., 2013a). Furthermore, cerebellar volume has been shown to
be higher in FH+ individuals (Hill et al., 2007).

Relatively few studies, however, have focused on cortical thickness differences in FH+
subjects. Previously, Hill and colleagues conducted a region of interest (ROI) analysis
specifically on the orbitofrontal cortex in a sample of adolescents and emerging adults (mean
age = 17.6). While there were no differences between groups on orbitofrontal cortex volume,
the ratio of right to left orbitofrontal cortex volume was lower in FH+ compared to FH-
subjects (Hill et al., 2009). Recently, it was demonstrated using voxel-based morphometry
that FH+ adults show lower grey matter volume in several cortical regions, including lingual
gyrus, fusiform gyrus, and insula (Sharma and Hill, 2017).

The relative lack of investigation into cortical thickness differences in FH+ adolescents is
surprising given that a family history of AUD is associated with higher impulsivity and poor
executive functioning, which are both thought to rely on an assemblage of cortical brain
regions (Sher et al., 1991, Kamarajan et al., 2015, Dougherty et al., 2015, Nigg et al., 2004,
Adkison et al., 2013). Imaging studies have demonstrated altered patterns of cortical
processing underlying behavioral control, decision making, and spatial working memory in
FH+ adolescents (Spadoni et al., 2008, Cservenka, 2016), and studies using diffusion
weighted imaging to measure white matter integrity also point to differences between FH+
and FH- subjects (Acheson et al., 2014, Herting et al., 2010). In addition,
neuropsychological investigations have shown that adolescent binge drinkers have impaired
spatial working memory (Squeglia et al., 2011), a difference that may in fact predate heavy
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drinking and serve as a risk factor for AUD. Thus, while previous studies of adolescents
point to altered neural activity in FH+ individuals, potential underlying structural differences
in cortical morphology—which have been extensively investigated in adults with a current or
past AUD (De Bellis et al., 2005, Pfefferbaum et al., 1998, Medina et al., 2008, Chanraud et
al., 2007)—have not been well studied in FH+ individuals prior to heavy drinking.

Neuroimaging studies have shown that cortical maturation follows an inverted U-shape
pattern over the course of development (Giedd et al., 1999). Cortical thickness increases
during childhood and then, at the onset of puberty, pruning of synaptic connections and
reductions in dendritic spines leads to steady declines in cortical thickness throughout
adolescence (Blakemore, 2008). Higher order association areas such as portions of the
prefrontal cortex (PFC) and parietal cortex are among the latest regions to mature and
continue to show significant thinning beyond the adolescent years (Gogtay et al., 2004).
Although not focusing on structural imaging measures, Hardee and colleagues found an age
x family history effect in the strength of neural activation in the prefrontal cortex on an fMRI
task designed to assess behavioral inhibition (Hardee et al., 2014). As they got older, FH-
subjects showed lower activation in the middle frontal gyrus—a component of the PFC—
while performing the task, whereas FH+ subjects had greater activation in this same region
(Hardee et al., 2014).

Building on these findings, the primary aim of this project was to investigate differences in
cortical thickness between FH+ and FH- adolescents. In order to minimize confounding
effects of alcohol exposure as opposed to pre-existing neurobiological differences, we
stipulated that all subjects must have no more than minimal past alcohol use, as measured by
the Alcohol Use Disorders Identification Test (AUDIT), and minimal prenatal alcohol
exposure. In addition, given the significant age-related differences that occur within
adolescence (Roper et al., 2014, Defoe et al., 2015), and because differences between family
history groups may interact with age, we designed the study to incorporate an equal number
of 13-14, 15-16, and 17-18 year-old adolescents in both the FH+ and FH- groups.

In conjunction with the cortical thickness findings, we also examined differences between
the two family history groups on neuropsychological tasks and a behavioral measure of
impulsivity. We hypothesized that FH+ adolescents would show poorer performance in
executive function and greater impulsivity than FH-. Also, given that impulsivity and
addictive behaviors have each been associated with lower cortical thickness in adolescents,
especially in the frontal lobes (Schilling et al., 2013, Almeida et al., 2010, Yuan et al., 2013,
Hong et al., 2013) and individual differences in frontal lobe measures have been shown to be
correlated with impulsivity related measures (Hill et al., 2009), we hypothesized that the FH
+ group would show lower cortical thickness than the FH- group in the frontal cortex. In
addition to comparing FH+ and FH- subjects on cortical thickness, neuropsychological
functioning, and impulsivity, a third aim was to identify relationships between these
cognitive/behavioral constructs and cortical thickness in FH+ adolescents. No specific
regional or direction-of-association hypotheses were made about these associations given the
limited literature on this topic.
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Materials and Methods

Participants

Neuroanatomical, neuropsychological, and behavioral data were collected for 95 FH+ (47
male, 48 female) and 96 FH- adolescents (48 male, 48 female) 13-18 years of age. Two
subjects were excluded from data analysis due to excessive motion on MRI scans, and 1 was
excluded due to abnormally large total intracranial volume (ICV). Subjects were required to
be right handed as measured by the Annett Handedness Questionnaire (Annett, 1970) and
have an 1Q of 80 or higher as measured by the brief form of the Wechsler Abbreviated Scale
of Intelligence (Wechsler, 1999). Participants were excluded if they had ever undergone
neurological surgery; had a concussion in the last 6 months; experienced severe head trauma
in the last 3 years; were diagnosed by a physician with a major mental health disorder, other
than externalizing disorders (EDs), as reported by a parent; had a serious, unstable medical
condition; had major hearing or vision issues; were pregnant; or had metal in the body that
could interfere with MRI acquisition. FH- adolescents were excluded for diagnosed EDs
including attention deficit hyperactivity disorder (ADHD), conduct disorder (CD), and
oppositional defiant disorder (ODD) based on parent and child report. FH+ subjects were
not excluded for these conditions because EDs are known to be more prevalent in FH+
adolescents and may be inextricable from relevant alcohol risk (Kuperman et al., 2001). Past
or current use of substances other than alcohol, marijuana, and tobacco was exclusionary for
FH+ and FH- groups. Problem level use (scores > 7 on the AUDIT or ASSIST) of alcohol,
marijuana, and tobacco was also exclusionary.

FH+ subjects had to have at least 1 biological parent screen positive (= 3 DSM-1V abuse or
dependence items) for a history of AUD on the Semi-Structured Assessment for the Genetics
of Alcoholism IV (SSAGA) interview (Bucholz et al., 1994). If the affected parent was
unavailable for interview, the Family History Assessment Module (FHAM) was used with
the other biological parent or the adolescent subject (if he/she was 18 years of age) as the
informant. In contrast, subjects in the FH- group were required to have both biological
parents screen negative for AUD using the FHAM. Participants were excluded if their
mothers reported having more than 3 drinks of alcohol per week at any point during
pregnancy. The highest education level of the subject’s two parents was used as a proxy for
socioeconomic status (see Supplementary Information for details). Participants were
interviewed using the SSAGA (Child SSAGA for participants under the age of 18) to
measure history of alcohol, tobacco, and marijuana use as well as mental health
symptomology.

All subjects were analyzed for number of ED symptoms, regardless of ED diagnosis, using
the criterion items in the SSAGA from the Diagnostic and Statistical Manual of Mental
Disorders-Fourth Edition (DSM-1V) (First, 1994). Total ED symptoms were calculated by
summing number of inattention, hyperactivity/impulsivity, ODD, and conduct disorder
symptoms. Note that due to technical errors, data for externalizing and depression symptom
counts were properly saved only for 88 of 95 FH- and 85 of 93 FH+ subjects).

This study was reviewed and approved by the Institutional Review Board at the University
of lowa. Parents provided consent for themselves and offspring below 18; adolescents 13
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and older also provided consent. Subjects were consented after initial screening but prior to
any other testing. Parents were consented prior to parent screening and all other testing due
to the sensitive nature of the screening.

Brain image acquisition and processing

MRI scans were obtained on a Siemens Trio 3T MRI scanner equipped with a 12-channel
phased array head coil at the University of lowa Magnetic Resonance Research Facility.
High-resolution T1-weighted MP-RAGE images (TR = 2300 ms, TE = 2.82 ms, flip angle =
10 degrees, voxel size = 1.1 x 1.1 x 1.1 mm, series = interleaved), and T2-weighted images
(TR =4130 ms, TE = 11 ms, flip angle = 120 degrees, voxel size = 1.3 x 0.9 x 2.5 mm,
series = interleaved) were collected for all subjects.

T1 MP-RAGE scans were segmented into anatomical regions using FreeSurfer (version 5.3).
Image analysis in FreeSurfer has been previously described in detail (Fischl and Dale,
2000). Briefly, after basic preprocessing (including intensity correction, skull stripping, and
motion correction), the white matter and pial surfaces were identified by creating a mesh
around the white matter and pial voxels. Surface-based maps of each individual scan were
constructed by segmenting images into distinct cortical and sub-cortical regions based on
probability estimates obtained from another, manually labeled training dataset (Desikan et
al., 2006). Total ICV was calculated for each subject using BRAINS AutoWorkup (Pierson
etal., 2011) by adding all gray matter, white matter, and cerebrospinal fluid (CSF) volumes.
The anatomical accuracy of FreeSurfer’s automated parcellations were visually inspected,
and manual edits were made using standard intervention procedures (documented on the
FreeSurfer website) to correct any unacceptable parcellations deemed necessary by two
independent reviewers. Finally, cortical thickness measurements for each cortical region
were obtained through automated calculation of the distances between the cortical surface
and white matter border (See Fig. 1.B) (Fischl and Dale, 2000).

Cortical lobes (frontal, parietal, temporal, and occipital) were delineated according to
Desikan et al. (Desikan et al., 2006) by combining together the respective subregions
encompassed in each lobe (Table 1, Fig. 1.A). The cingulate (including the rostral anterior,
caudal anterior, posterior, and isthmus divisions) and insular cortices were analyzed
separately from the four lobes.

Neuropsychological test battery

Neuropsychological tests assessing spatial working memory and executive functioning were
administered using the Computerized Multiphasic Interactive Neuropsychological
DualDisplay System (CMINDS) (http://www.neurocomp.com/Solutions/Cminds). The
following computerized tests were administered: Trails A and B (Trail Making Test Parts A
and B), Digit Span (Forward and Backward), Letter Fluency, Category Fluency, and
Visuospatial Sequencing Test (Forward and Reverse) (O’Halloran et al., 2008). The
Visuospatial Sequencing Test was added after data collection had already begun, so these
data are available for only 89 FH- and 81 FH+ subjects.
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We examined group differences on a behavioral measure of impulsivity, the Delay
Discounting Task (DDT) (Mitchell, 1999). The DDT assesses impulsivity and reward
valuation by requiring subjects to choose between a smaller hypothetical monetary reward
available immediately or a larger hypothetical monetary reward available at a later time. This
task measures a subject’s rate of discounting (k) where larger gains at a later time become
valued as preferable to smaller gains with no delay (future value discounting). A logarithmic
(base 10) transformation was applied to the & values of the DDT to normalize the
distributions for analysis (Reynolds et al., 2004). Note that 1 FH+ subject scored a k& value of
0.0000, so that value was adjusted to 0.0001 in order to apply a logarithmic transform.

Statistical analyses

Results

Participants

A similar number of 13-14, 15-16, and 17-18 year-old subjects were deliberately recruited,
with an equal numbers of males and females in each family history group. Measurements of
cortical thickness were imported from FreeSurfer into PASW Statistics (SPSS) version 23.
Full factorial univariate analysis of variance (UNIANOVA) was conducted for cortical
thickness in regions of interest using SPSS with age bin and FH group as fixed factors of
primary interest and gender and total ICV as covariates. Given that FH+ and FH- groups
differed significantly on parental education, analyses were re-run with highest parental
education level as an additional covariate, and patterns of results remained highly similar
(Table S1). Differences in cortical thickness between the left and right hemispheres of the
frontal and parietal lobes within each FH group were investigated using paired T-tests.
Group differences in hemispheric asymmetry were analyzed using an independent samples
T-test comparing the groups on differences in thickness between the left and right
hemispheres of each lobe.

Regional analyses first targeted the individual cortical lobes (frontal, parietal, occipital, and
temporal), cingulate cortex, and insula. Lobes showing group effects of p<0.05 were then
broken down into smaller FreeSurfer subregions for further analysis. Main effects of group
on neuropsychological and impulsivity test scores were analyzed using UNIANOVA with
group and age bin included as fixed factors and gender as a covariate. Two-tailed partial
correlations controlling for age, total ICV and gender were calculated between DDT and
neuropsychological performance for regions showing significant group differences.

FH groups did not differ significantly in age or gender (by design). Parents of FH+ subjects
had significantly lower levels of education than parents of FH- (p=0.001) (Table 2).
Relatively few FH+ had been diagnosed with an ED (ADHD: N=3, ODD: N=1, CD: N=0;
EDs were exclusionary for FH-). Both groups reported relatively few externalizing
symptoms, though the FH+ group did score higher on this externalizing composite measure
(p<0.001). FH+ subjects also had more symptoms of depression than FH- as obtained from
the SSAGA (p=0.008). FH+ and FH- adolescents did not significantly differ on lifetime use
of alcohol, tobacco or marijuana. Among those adolescents that had used substances,
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AUDIT and ASSIST scores showed that the severity of alcohol use did not differ between
groups, though it differed marginally for tobacco (p=0.061) and significantly for marijuana
use (p=0.024), with FH+ subjects exhibiting greater severity overall. Of the FH+ subjects in
this study, 63 had a father affected with AUD, 22 had a mother affected with AUD, and 8
had both parents affected with AUD.

Group differences in cortical thickness

Analyses were conducted with FH status and age group as fixed factors in the same model
and with gender as a covariate. Here, we first report the main effects of FH group. Lobe level
analyses revealed that FH+ subjects had significantly thinner cortices in the right frontal
(p=0.038), left parietal (p=0.050), and right parietal (p=0.047) lobes (Fig. 2.A,B). No
differences were found for the temporal or occipital lobes (ps>0.10, Fig. 2.C,D). Each group
did show significant hemispheric asymmetry in the frontal and parietal lobes (see
supplementary Table S1 for values), but these asymmetries did not differ significantly
between the groups. (ps>0.10). Since there were no group differences in hemispheric
asymmetry, all further analyses were simply conducted on regions in the right or left
hemispheres individually. Analysis of the cingulate cortex and insula revealed no differences
between groups (ps>0.10). Cortical thickness values for each FH group are provided in
supplementary Table S1. Since groups differed on measures of alcohol, tobacco, and
marijuana use (Table 2), analyses of cortical thickness at the lobe level were re-run
excluding all subjects who reported any use of alcohol, tobacco, or marijuana. Patterns of
group differences were highly similar when focusing on alcohol and drug naive subjects.

Because the FH+ group was found to have lower cortical thickness in the right frontal lobe
and bilateral parietal lobes than the FH- group, sub-regions within those lobes were
investigated to determine which specific regions accounted for these differences. Within the
right frontal lobe, significantly thinner cortices were found in FH+ adolescents in the pars
triangularis (p=0.010), lateral orbitofrontal cortex (p=0.016), and medial orbitofrontal cortex
(p=0.014); and trending effects in the same direction were found in the rostral middle frontal
gyrus (p=0.086) and paracentral lobule (p=0.070, Fig. 3.A). Within the left parietal lobe, FH
+ subjects showed significantly thinner superior parietal cortices (p=0.047), and evidence of
thinner precuneus cortices at a trend level (p=0.082) in FH+ (Fig. 3.B). In the right parietal
lobe, the postcentral gyrus was significantly thinner (p=0.036) in FH+ adolescents, and the
superior parietal cortex and inferior parietal cortex were marginally thinner (p=0.083 and
p=0.077, respectively) in FH+ adolescents (Fig. 3.C). Note that some of these regions
showed age by FH group interactions as described in the next section.

Age effects on cortical thickness

Beyond main effects of FH group on cortical thickness, 3 cortical regions showed group by
age interaction effects (Fig. 4). The right postcentral gyrus, right lateral orbitofrontal cortex,
and right medial orbitofrontal cortex showed significant group by age interactions (p=0.010,
p=0.012, and p=0.008, respectively). Breaking groups down by age bin demonstrated that
the effect in these regions is largely driven by the 13-14 year old subjects (values are
provided in Supplemental Table S2). There were, however, no age by FH group interaction
effects at the lobe level. See supplemental Figure S1 for main effects of age group.
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Group differences in neuropsychological and impulsivity tasks

Analyses of group differences on neuropsychological tasks (Table 3) indicate that FH+
adolescents took significantly longer (p=0.042) to complete the Trails B task (but did not
differ on Trails A), and performed worse than their FH- peers on both VST Forward
(p=0.017) and Reverse (p=0.027). FH+ adolescents also demonstrated significantly higher
scores on the DDT (p=0.033), indicating greater impulsivity. There were no significant
group by age interactions on any of these tasks (ps>0.10).

Correlations of cortical thickness with impulsivity and executive functioning

The 3 lobes (right frontal, left parietal, right parietal) showing group main effects on cortical
thickness (Fig. 2) were analyzed for correlations with DDT score to identify associations
between regional structural differences and impulsivity. Among FH- subjects, a marginally
significant negative correlation was found between impulsivity and left parietal lobe
thickness (r=—0.18, p=0.082), but no significant correlations were found for FH+ subjects
(see Supplemental Table S3). Correlations were also calculated between cortical thicknesses
in these 3 lobes and neuropsychological tests that showed main effects of group (Table 2):
Trails B, VST Forward, and VST Reverse. Because VST Forward and Reverse were
significantly correlated (r=0.32, p=0.001), the two measures were summed to create one
“VST” variable. In the FH- group, right frontal lobe thickness showed a significant positive
correlation with time to complete Trails B (worse performance) (r=0.24, p=0.022). The left
parietal lobe showed a significant negative correlation with VST score (r=—0.28 p=0.009) in
the FH- group, and the right parietal lobe showed a weak negative correlation with VST
score (r=—0.19, p=0.075) in the FH- group. No significant correlations were found for FH+
subjects (ps>0.10). When the entire sample was analyzed as a whole, no significant
correlations were found between cortical thickness and neuropsychological performance or
impulsivity. The left frontal and parietal lobes of all subjects grouped together did show
trend-level correlations with VST performance (r=—0.14, p=0.064; and r=-0.136, p=0.080,
respectively).

Discussion

The purpose of this study was to identify differences in cortical thickness, executive
functioning, and impulsivity between FH+ and FH- adolescents. FH+ subjects showed lower
cortical thickness relative to their FH- peers in the right frontal and bilateral parietal lobes.
We controlled for total ICV in our sample to eliminate confounds of differences in overall
head size. These findings remained even when subjects reporting alcohol, tobacco, and/or
marijuana use were excluded from the analysis, indicating that the effect is likely not driven
by the subject’s prior substance use.

Cortical thickness was chosen as the primary measure of interest since previous work has
shown cortical thickness to be more sensitive to group differences than grey matter volume,
a composite of cortical thickness and surface area, in imaging studies (Winkler et al., 2010).
Future work may be useful to disentangle the contributions of area, thickness, and volume to
meaningful differences in brain structure, but that is beyond the scope of this study and
would be particularly well suited for a longitudinal design.
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Several regions within the frontal and parietal lobes showed differences in cortical thickness
between groups: the right medial orbitofrontal cortex, right lateral orbitofrontal cortex, right
pars triangularis, left superior parietal cortex, and right postcentral gyrus were significantly
thinner in FH+ adolescents (p<0.05). The right rostral middle frontal gyrus, right paracentral
lobule, left precuneus cortex, right superior parietal cortex, and right inferior parietal cortex
also showed some evidence of thinner cortices in FH+ adolescents (.05<p<0.10). These
findings demonstrate hemispheric specificity of group differences and are supported by the
within-group differences in cortical thickness found between the left and right hemispheres
of the frontal and parietal lobes. Because there were no between-group differences in
hemispheric asymmetry, it is unlikely that overall differences in lateralization between FH+
and FH- groups are responsible for these results.

The orbitofrontal cortex has been previously implicated in impulsivity, decision-making, and
reward monitoring (Elliott et al., 2000, Berlin et al., 2004), and the parietal cortex has been
associated with executive functions such as spatial working memory and attention allocation
(Koenigs et al., 2009, Corbetta et al., 1995, Fein et al., 2009). A recent report found
thickness in part of the left parietal lobe to be an important neural predictor of adolescent
onset alcohol use (Squeglia et al., 2016). That the right, but not left, frontal lobe showed
group differences is in line with previous research that has implicated reduced volume in
regions of the right frontal lobe corresponding to both impulse control (Boes et al., 2009)
and risk for addiction (Benegal et al., 2007). The present findings further support previous
work showing alterations in the orbitofrontal cortex of individuals at high familial risk for
alcohol dependence (Hill et al., 2009) and major depression (Peterson and Weissman, 2011).

FH+ adolescents did perform more poorly than FH- on neuropsychological tasks of
executive functions including visual attention and spatial working memory and demonstrated
greater behavioral impulsivity on the DDT. Based on our findings that there were significant
differences in the cortical thickness of the frontal and parietal lobes between groups, we
conducted additional analyses to determine if those structural differences were associated
with the variability in impulsivity and executive functioning. Although there were a small
number of significant correlations in the FH- group, there were no significant correlations
between cortical thickness and executive functioning or impulsivity (as measured by DDT)
in the FH+ group.

The negative correlations found between frontal and parietal cortical thickness and spatial
working memory performance scores in FH- adolescents align with previous work in healthy
adolescents demonstrating an association between regional cortical thinning and
neuropsychological performance (Tamnes et al., 2010, Squeglia et al., 2013). Absence of
this finding in FH+ adolescents suggests that they may have an altered structure-function
association relative to FH-.

Interestingly, we did not find the patterns of correlation expected between structural and
neuropsychological or impulsivity measures. There are many possible explanations for this
apparent inconsistency in brain-behavior correlations. For instance, it is possible that the FH
+ group was not representative of subjects at highest risk for AUD and thus could not be
distinguished from FH- subjects as completely as possible. Additionally, we may not have
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used the potential measures with the greatest sensitivity to detect the behavioral alterations
associated with differences in cortical thickness in the frontal and parietal lobes. For
example, selective attention and interference from distraction, such as that measured by
Stroop (Stroop, 1935), was not explicitly measured for this study but may be more highly
correlated with cortical thickness differences between groups. Future research will be
necessary to resolve these open questions.

Thus, while our results, in addition to earlier studies, point to altered brain morphology (Hill
et al., 2001, Hill et al., 2013b, Dager et al., 2015), greater impulsivity (Sher, 1997, Sher et
al., 1991, Kamarajan et al., 2015, Dougherty et al., 2015), and poorer executive functioning
(Nigg et al., 2004, Adkison et al., 2013, Spadoni et al., 2008), reduced cortical thickness in
the frontal and parietal lobes does not appear to strongly relate to impulsivity and
neuropsychological performance in FH+ adolescents. It will be important for future studies
to investigate both factors that contribute to altered cortical thickness in FH+ subjects and
the impact that reduced cortical thickness has on cognitive and behavioral functioning.

Three regions of the frontal and parietal lobes - the right postcentral gyrus, right lateral
orbitofrontal cortex, and left lateral orbitofrontal cortex - showed group by age interactions.
As shown in Fig. 4, the largest differences between FH+ and FH- was in the 13-14 year old
age group. There are several possible explanations for this finding. One intriguing possibility
is that gray matter cortical maturation may be disrupted prior to adolescence in FH+
individuals, leading to lower cortical thickness in our youngest age groups. Cortical thinning
may then occur at different rates across groups, ultimately leading to similar levels of
cortical thickness in both groups by mid- to late-adolescence. This possibility for
developmental delay in FH+ subjects is supported by previous longitudinal research using
event-related potentials to measure developmental changes in children ages 8-18 at high risk
for developing alcoholism (Hill et al., 1999). Another possibility for the major differences
occurring in 13-14 year olds is that our study captured those 13-14 year olds at highest risk
for AUD who will begin using alcohol in the next few years but excluded older subjects who
already started using alcohol. Thus, FH+ subjects may not be homogeneous across age
groups.

The results presented here should be considered in light of some possible limitations. First, it
is known that early age of onset of alcohol use is associated with AUD (Grant, 1998), so it is
possible, as noted above, that older adolescents who had already begun drinking and were
thus excluded might have otherwise contributed to group differences in this study. This
explanation could be best examined by a longitudinal design with initial assessments
occurring prior to adolescence. In general, the age by group interactions do suggest a
developmental trajectory as a meaningful factor in cortical maturation of FH+ subjects.
Additionally, it is possible that since the FH- subjects in our sample came from homes with
higher parental education levels, structural differences between groups were driven by above
average cortical thickness in the FH- group, as opposed to below average cortical thickness
in the FH+ group. However, if this were the case, we would have expected parental
education levels, as a proxy indicator for potential genetic and environmental factors, to
impact the effect sizes of the structural differences much more than it did (see Supplemental
Table S1). Family history of AUD is also known to be associated with externalizing
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disorders (EDs) (Kuperman et al., 2001). Since FH+ subjects with EDs were not excluded,
though few had formal diagnoses, it is difficult to disentangle FH status and EDs as causal
for our findings. It may, then, be valuable to include FH- subjects with EDs in order to better
isolate differences between family history groups that are a result of externalizing
symptomatology specifically versus familial risk more generally. An additional limitation of
this study is that age of puberty was not obtained for subjects. Because the trajectory of
brain development changes around the time of puberty (Blakemore, 2008), and the age of
puberty can vary widely across individuals, further research should be done to disentangle
the effects of age and puberty on FH+ brains.

On the whole, these findings lead to a broader understanding of addiction, adolescent brain
development, and neurobiological correlates of behavior. Differences in cortical thickness of
regions underlying impulsivity, working memory, and attention may mediate personality
traits and neuropsychological functions associated with addiction. Future research is
necessary to continue parsing neurobiological and neuropsychological differences either
predating or resulting from substance use disorders, as well as to continue identifying
differences that predate substance use disorders. From a clinical perspective, this study may
benefit future diagnostic and preventative measures for AUD by elucidating those parts of
the brain systematically affected by a family history of AUD.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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A

Figure 1.
(A) FreeSurfer subregion parcellations of a representative subject brain (see Table 1 for

regions included in each lobe). (B) FreeSurfer white and grey matter surface labels used to
assess cortical thickness in a coronal slice of a representative subject brain.
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Figure 2.
Main effects of cortical lobe gray matter thickness (mm) across groups were found using

UNIANOVA with family history group and age bin as fixed factors and gender and total
intracranial volume as covariates. Left and right hemisphere measures are shown for (A)
frontal lobe, (B) parietal lobe, (C) temporal lobe, and (D) occipital lobe. Mean values with
SEM bars displayed. * p<0.05.
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Figure 3.

Main effects of regional cortical thickness (mm) in (A) right frontal, and (B) left parietal,
and (C) right parietal regions across groups were found using UNIANOVA with family
history group and age bin as fixed factors and gender and total intracranial volume as
covariates. Mean values with SEM bars shown. * p<0.05, 1 p<0.10.
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Breakdown of cortical thickness (mm) by age bin in regions showing family history (FH)
group by age interaction effects. (A) Right lateral orbitofrontal cortex in the frontal lobe, (B)
right medial orbitofrontal cortex in the frontal lobe, (C) right postcentral gyrus in the parietal
lobe. Effects are evident primarily in the youngest age bin (13-14 years) where FH+
adolescents show lower cortical thickness than FH- controls. * p<0.05. See Supplemental
Table S2 for group by age interaction values.
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Table 1

FreeSurfer Lobe Parcellation.

Lobe Subregions

Frontal frontal pole, superior frontal gyrus, rostral middle frontal gyrus, caudal middle frontal gyrus, pars opercularis, pars triangularis,
pars orbitalis, lateral orbitofrontal cortex, medial orbitofrontal cortex, precentral gyrus, paracentral lobule

Parietal postcentral gyrus, supramarginal gyrus, superior parietal cortex, inferior parietal cortex, and precuneus

Temporal | entorhinal cortex, parahippocampal gyrus, temporal pole, fusiform gyrus, superior temporal gyrus, middle temporal gyrus, inferior
temporal gyrus, transverse temporal cortex, banks of the superior temporal sulcus

Occipital | lingual gyrus, pericalcarine cortex, cuneus cortex, lateral occipital cortex

Subregions involved in each of the four major lobes according to FreeSurfer parcellation (Desikan et al., 2006).
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Table 2
Participant Demographics.
FH- FH+ Statistic p

N 95 93
Age (years) 15.45(1.74) 1551 (1.70) t=-021 0.834
Female 48 48 XZ =0.02 0.882
1Q 115.31(9.00) 108.85(10.05) t=4.64  <0.001
Highest parent education level 5.75 (1.45) 4.91 (1.96) t=3.33 0.001
Number of externalizing symptoms 1.16 (2.67) 3.50 (4.87) t=-3.89 <0.001
Number of depressive symptoms 0.33 (1.42) 1.19 (2.58) t=-2.70  0.008
Alcohol Use

Subjects reporting any alcohol use N=11 N=20 x%>=336 0.067

AUDIT total score 2.73(2.20) 350(154) t=-1.15 0.260
Tobacco Use

Subjects reporting any tobacco use N=7 N=10 x>=065 0419

ASSIST tobacco total score 1.86 (0.38) 4.60 (4.03) t=-214 0.061
Marijuana Use

Subjects reporting any marijuana use N=7 N=10 x2=0.65 0419

ASSIST marijuana total score 1.86 (2.27) 6.60 (4.60) t=-251 0.024

Page 21

Demographic, mental health, and substance use breakdown of the 189 subjects analyzed for this study. Group values are mean(SD). Parental
education levels were coded as follows: 0=less than high school, 1=high school GED, 2=high school diploma, 3=some college, 4=trade technical
training certification, 5=associates (2 year), 6=bachelors (4 year), 7=masters, 8=doctorate. This scale was treated as continuous for purposes of data
analysis. Independent samples t-tests for each ordinal variable of interest were run by family history (FH) group to obtain t statistic. Pearson chi-

square tests were run for each categorical variable of interest by FH group to obtain the -y

for Highest parent education level, Number of externalizing symptoms, Number of depressive symptoms, and ASSIST tobacco total score.
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statistic. Two-tailed p-values for all findings reported.
Equal variances were assumed whenever Levene’s Test did not reject the assumption of Equality of Variances (p>0.05). Where equal variances
could not be assumed, the degrees of freedom were adjusted using the Welch-Satterthwaite method in SPSS. Equal variances could not be assumed
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Table 3
Neuropsychological and Delay Discounting Tasks.
FH- FH+ Statistic p

Neuropsychological Tests

Trails A (seconds) 25.88(7.49) 27.62(8.11) F=260 0.108

Trails B (seconds) 53.14 (20.45) 60.58 (32.18) F=420 0.042

Digit Span Forward (sequence length) 6.57 (0.99) 6.33 (1.13) F=248 0.117

Digit Span Backward (sequence length) 4.74 (1.19) 4.63 (1.23) F=026 0.611

Category Fluency (total correct) 53.65(12.50) 52.31(14.09) F=0.60 0.444

Letter Fluency (total correct) 41.17 (11.30) 39.25(12.52) F=1.69 0.195

VST Forward (sequence span) 6.35(0.91) 5.81(1.02) F=579 0.017

VST Reverse (sequence span) 6.02 (0.85) 5.46 (1.01) F=5.00 0.027
Impulsivity

Delay Discounting Task (Log A) -2.32(0.83) -2.06(0.82) F=4.60 0.033

Main effects of group on neuropsychological (Trails A and B, Digit Span (Forward and Backward), Category Fluency, Letter Fluency, and
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Visuospatial Sequencing Test (VST, Forward and Reverse)) and impulsivity (Delay Discounting Task) test scores were analyzed using UNIANOVA

with group and age bin included as fixed factors and gender as a covariate. Group values are mean(SD).
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