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Abstract

Background.—Previous neuroimaging studies examining relations between alcohol misuse and
cortical thickness have revealed that increased drinking quantity and alcohol-related problems are
associated with thinner cortex. Although conflicting regional effects are often observed,
associations are generally localized to frontal regions (e.g., dorsolateral prefrontal cortex
(DLPFC), inferior frontal gyrus (IFG), and anterior cingulate cortex). Inconsistent findings may be
attributed to methodological differences, modest sample sizes, and limited consideration of sex
differences.

Method.—This study examined neuroanatomical correlates of drinking quantity and heavy
episodic drinking in a large sample of younger adults (M=706; M age = 28.8; 51% female) using
magnetic resonance imaging data from the Human Connectome Project. Exploratory analyses
examined neuroanatomical correlates of executive function (flanker task) and working memory
(list sorting).

Results.—Hierarchical linear regression models (controlling for age, sex, education, income,
smoking, drug use, twin status, and intracranial volume) revealed significant inverse associations
between drinks in past week and frequency of heavy drinking and cortical thickness in a majority
of regions examined. The largest effect sizes were found for frontal regions (DLPFC, IFG, and the
precentral gyrus). Follow-up regression models revealed that the left DLPFC was uniquely
associated with both drinking variables. Sex differences were also observed, with significant
effects largely specific to men.
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Conclusions.—This study adds to the understanding of brain correlates of alcohol use in a large,
gender-balanced sample of younger adults. Although the cross-sectional methodology precludes
causal inferences, these findings provide a foundation for rigorous hypothesis testing in future
longitudinal investigations.

Keywords

Alcohol; cortical thickness; dorsolateral prefrontal cortex; heavy drinking; human connectome
project; neuroanatomy

Introduction

Detrimental effects of alcohol on brain structure have been widely reported in the literature
(Oscar-Berman & Marinkovi¢, 2007; Pfefferbaum, Rosenbloom, Deshmukh, & Sullivan,
2001). These morphological effects include reductions in grey matter volume of cortical and
subcortical structures (e.g., Fein et al., 2002; Grodin, Lin, Durkee, Hommer, & Momenan,
2013) and various abnormalities in brain activation patterns revealed via functional
neuroimaging (e.g., Chanraud, Pitel, Pfefferbaum, & Sullivan, 2011; Shokri-Kojori, Tomasi,
Wiers, Wang, & Volkow, 2017; Zheng, Kong, Chen, Zhang, & Zheng, 2015). In particular,
abnormalities in areas of the frontal lobes, including the dorsolateral prefrontal cortex
(DLPFC), anterior cingulate cortex (ACC) and orbitofrontal cortex (OFC), have been
emphasized as neuroanatomical hallmarks of alcohol use disorder (AUD) (Mechtcheriakov
et al., 2007; Moselhy, Georgiou, & Kahn, 2001). Functional consequences of alcohol-related
decreases in DLPFC volume include impairments in executive functions, behavioral control,
and decision-making, among other higher-level neurocognitive processes (Crews &
Boettiger, 2009).

Previous research has also shown that lower levels of cortical thickness, most prominently in
the frontal regions of the brain, are correlated with greater levels of alcohol use and misuse.
However, these findings have not been consistent across all studies. A magnetic resonance
imaging (MRI) by Durazzo et al., (2011) compared individuals with AUD (N = 75) to
healthy controls (N = 43) and found that the predominately male (96%) AUD group
exhibited significantly thinner frontal cortices, including the DLPFC, ACC, anterior insula,
and medial and lateral OFC (see also Durazzo, Mon, Gazdzinski & Meyerhoff 2013). Fortier
et al., (2011) compared abstinent AUD participants to controls using a more sex balanced
sample (38% female). The AUD group exhibited thinner cortex in a variety of frontal
regions largely corresponding to the DLPFC, but there were no significant differences in the
additional frontal regions reported by Durazzo et al. (2011; 2013). Momenan et al. (2012)
compared cortical gray matter thickness in a large sample of individuals with AUD (N =
130) and controls (A= 69). The AUD group exhibited significantly thinner cortex in the
bilateral DLPFC, right insula, precentral gyrus, and precuneus. Significant sex differences
were also found with the AUD women exhibiting differences from control women in
precentral and postcentral gyri, but none of the classic prefrontal regions. Men with AUD,
however, exhibited differences from control men in frontal regions (anterior insula, DLPFC).
Pennington et al. (2015) reported that male participants with AUD exhibited less bilateral
ACC thickness compared to male control participants. Most recently, a ‘mega-analysis’ of
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structural MRI data pooled from 23 research laboratories (Mackey et al. 2018) found that
individuals with AUD (V= 898) had lower levels of cortical thickness compared to controls
(V= 292) in many of the same regions identified in prior studies, including DLPFC, ACC,
insula, OFC, precentral gyrus, precuneus, and posterior cingulate, among others. Sex
differences were not reported in this study.

Studies have also investigated sub-clinical samples of drinkers. For example, Mashhoon et
al., (2014) examined cortical thickness in a sample of 23 (48% female) emerging adult binge
drinkers vs. 31 (48% female) emerging adult light drinkers. In a priori region of interest
analyses, they found that the rostral ACC and left dorsal posterior cingulate cortex were
significantly thinner in the binge drinking group than the light drinking group. Within the
binge drinking group, thickness of the rostral ACC was negatively correlated with alcohol
consumption over the last three months, the average number of drinks consumed per
drinking period, and the number of drinks consumed per day.

Taken together these studies generally suggest that alcohol misuse, possibly even at levels
below clinical threshold for AUD, is associated with less cortical thickness than is typical;
however, the specific regions implicated differ widely across studies (see summary of
significant findings in Table 1). A number of methodological differences across previous
studies may explain these inconsistent results. First, studies have not consistently considered
sex effects or included samples that were highly unbalanced between male and female
participants (e.g., <10% females; (Durazzo et al., 2011; Pennington et al., 2015). Second,
previous research has varied widely in level of alcohol misuse, presence of AUD, and
whether participants were currently or in treatment or recovery from AUD. Third, previous
studies included relatively small sample sizes, with a few notable exceptions (Mackey et al.,
2018; Momenan et al., 2012). Fourth, ages of participants varied widely across studies, from
young adults ages 18-24 (e.g., Mashhoon et al., 2014) to adults in their 40-50s (e.g.,
Durazzo et al., 2011; Pennington et al., 2015). Finally, studies differed widely in the analytic
approach used, including conducting whole-brain analyses (Durazzo et al., 2011; Fortier et
al., 2011; Momenan et al., 2012) or restricting to a small number of ROIs (Bae et al., 2016;
Durazzo et al., 2011; Fortier et al., 2011; Momenan et al., 2012; Pennington et al., 2015).
Even within latter group, the specific ROIs examined varied widely (see Table 1). This
variation across sample characteristics and analytic methods leads to a lack of consensus and
limits direct comparison across studies.

As a result of inconsistent findings and limitations in the current literature, the aims of the
current study were two-fold. First, to clarify the inconsistency across studies, we sought to
examine cortical thickness in a comprehensive list of ROIs to determine which regions were
associated with drinking quantity and heavy drinking. Second, we sought to explore these
variables within a sample that was significantly larger, and more sex balanced than samples
in previously published work. The current study examined T1-weighted structural MRI data
from active drinkers in the open-source Human Connectome Project (HCP) dataset. The
HCP is a multi-site neuroimaging research study that is systematically mapping the structure
and function of the human brain and its clinical and neurocognitive correlates (see Van
Essen et al. 2013 for an overview of the HCP). We capitalized on this unique resource to
examine associations between cortical thickness and two indices of alcohol use—drinking
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quantity in the past week and frequency of heavy episodic drinking—in the largest sample of
participants in a single study to date. Two exploratory aims were also investigated. First, we
also examined sex differences in the patterns of association between cortical thickness and
the alcohol variables. Second, we explored neuroanatomical correlates of two domains of
cognitive functioning from the HCP behavioral assessment that are consistently linked to
frontal cortical structures: executive function and working memory. Based on the general
trends in previous studies, we hypothesized that cortical thickness would be negatively
associated with alcohol consumption and frequency of heavy drinking, particularly in frontal
regions (e.g., DLPFC, OFC, ACC, and anterior insula). Given the limited research
examining sex differences in the associations between cortical thickness and alcohol use, no
specific hypotheses regarding sex effects were made. For the analyses of cognitive
processing, we predicted positive associations between cortical thickness and executive
function and working memory.

Materials and Methods

Participants

Structural MRI brain scans were drawn from the 1200 Subjects HCP dataset (released
March 1, 2017; available at http://www.humanconnectome.org/). The primary HCP
participant pool consisted of community adults between the ages of 22-37. Participants were
excluded from the HCP study if they had a history of neurodevelopmental, neuropsychiatric,
or neurological disorders, as well as significant medical conditions such as diabetes or high
blood pressure. The use of drugs or tobacco were not exclusionary and these variables were
included as covariates in all analyses (see below). The current study sample consisted of
HCP participants who reported consuming at least one alcoholic drink in the past-week
retrospective alcohol assessment (details below), resulting in a sample of 711 participants.
An additional 5 participants were excluded due to incomplete data (3 did not complete the
drinking assessments, and 2 did not provide full demographic information). The final sample
consisted of 706 participants.

Assessments

Access to restricted participant demographic and clinical data was granted via written
authorization from the HCP Connectome Coordination Facility. Participants completed the
Semi-Structured Assessment for the Genetics of Alcoholism (SSAGA, Bucholz et al., 1994).
The SSAGA assesses physical, psychological, and social symptoms of alcohol abuse and
dependence as well as other psychiatric disorders using DSM-111-R and DSM-IV criteria.
The SSAGA also covers general demographic information, medical history, information
about tobacco and drug use, and other mental health variables. Participants also completed a
seven-day retrospective report of alcohol and tobacco use. Participants provided a
commercially available urine drug screen for biochemical testing of recent drug use. Two
neurocognitive measures from the HCP behavioral assessment battery were assessed here.
These measures were drawn from the NIH Toolbox (http://www.healthmeasures.net/
exploremeasurement-systems/nih-toolbox), including a measure of executive function/
inhibition (flanker task) and a measure of working memory (list sorting). Full details of the
HCP behavioral measures are provided elsewhere (Barch et al., 2013).
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Alcohol Variables

Two alcohol variables from the HCP dataset were examined in the current study. The first,
“Total drinks in past 7 days”, was taken from the retrospective alcohol use assessment. The
second, “Frequency of drinking 5+ drinks in past 12 months”, was taken from the SSAGA
assessment. This variable was coded categorically in the HCP dataset, but the coding for the
highest frequency differed for males and females (i.e., the maximum response of 3+ days/
week was coded as 1 for males, but 2 for females). The next lowest value (1-2 days/week)
was coded as 2 for both males and females. Therefore, no distinction could be made between
1-2 vs. 3+ days/week for females. To standardize the maximum response, the data were
recoded as follows (and reverse-scored such that higher values reflect greater frequency): 1 =
never; 1-11 days/year = 2; 13 days/month = 3; weekly or greater = 4. Selection of these two
alcohol variables was based on previous research examining continuous associations
between recent drinking quantity and cortical thickness (e.g., Mashhoon et al. 2014) and
prior research that focused specifically on structural brain correlates of binge drinking as a
unique predictor of cortical thickness differences (e.g., Mashhoon et al. 2014).

MRI Data Acquisition and Data Quality Control

High-resolution T1-weighted structural images were collected on a 3T Siemens Skyra
scanner (Siemens AG, Erlanger, Germany) with a 32-channel head coil (for full acquisition
protocol, see Van Essen et al. 2013). Briefly, images were acquired with a 0.7 mm3 isotropic
resolution (FOV = 224 x 240, matrix = 320 x 320, 256 sagittal slices; TR = 2400 ms and TE
= 2.14 ms). Following MRI, each structural scan was examined by a trained rater to assess
the overall quality of the scan’s contrast, blurring, ringing, and other possible artifacts. Only
the scans rated as excellent were released as part of the HCP dataset. For full explanation of
HCP quality control procedures, see Marcus et al., 2013.

FreeSurfer Processing Pipelines

Cortical thickness data were generated using the HCP minimal preprocessing pipeline
described in Glasser et al., 2013. In the first part of the pipeline, PreFreeSurfer is used to
produce a clear structural volume space for each subject, align the images, perform a B1
correction, and register the subject’s structural volume space to the MNI space. The second
part of the pipeline is based on FreeSurfer version 5.2 (http://surfer.nmr.mgh.harvard.edu)
(Fischl, 2012). This pipeline ensures that the volume is segmented into predefined structures,
that the white and pial surfaces are reconstructed, and that FreeSurfer’s folding based
surface registration (to the surface atlas fsaverage) is performed. Structural data analyzed for
the current study came from this second step. This pipeline generates 34 anatomical regions
of interest (ROIs) per cortical hemisphere. The mean cortical thickness in each of the 68
ROIs was provided per person in the HCP public dataset.

Selection of Regions of Interest

We examined cortical thickness in a series of a prioriregions that were chosen based on
previous studies on cortical thickness in alcohol use samples (Bae et al., 2016; Durazzo et
al., 2013, 2011; Fortier et al., 2011; Mashhoon et al., 2014; Momenan et al., 2012;
Pennington et al., 2015). Specifically, we identified 18 bilateral ROIs that have shown
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significant differences in at least one of these prior studies. Following conventions used in
prior studies (e.g., Durazzo et al., 2013, 2011; Pennington et al., 2015), a subset of these
regions were combined into composite regions corresponding to the ACC, OFC, IFG, and
DLPFC, reducing the number of regions from 18 to 12. The ACC composite region was
created by combining the caudal and rostral ACC segments. The DLPFC composite was
created by combining the caudal MFG, rostral MFG, and the SFG segments. Lastly, the OFC
composite was created by combining the lateral and medial OFC segments. The only
previous study to observe significant results for the IFG (Momenan et al., 2012) did not
indicate a specific sub-component of the IFG (pars opercularis, pars orbitalis, pars
triangularis), so these three regions were combined into a single IFG composite region. The
final list of 12 a priori ROIs and the studies reporting differences in these areas is provided
in Table 1. The anatomical locations of individual ROIs and composite regions are depicted
in Figure 1. These ROIs were examined separately for the left and right hemispheres using
the average cortical thickness values for each region provided in the HCP dataset.

Data Analytic Plan

Selection of the covariates was based on previous work that has shown that age (e.g., Peters,
2006), sex (e.g., Taki et al., 2011), socioeconomic status (e.g., Piccolo, Merz, He, Sowell, &
Noble, 2016), education (e.g., Boller, Mellah, Ducharme-Laliberté, & Belleville, 2017), use
of tobacco (e.g., Durazzo et al., 2013) and cannabis and other drug use (e.g., Li et al., 2014;
Lopez-Larson et al., 2011) are significantly associated with variation in cortical thickness.
Twin status (i.e., monozygotic or not; dizygotic or not) was included given the twin
enrichment of the HCP dataset. Estimated total intracranial volume was included to control
for differences in overall head size.

Hierarchical multiple linear regression models were conducted to examine associations
between cortical thickness indices and alcohol variables. Separate regression models were
calculated for each of the ROIls. Step one of the models included age, sex, education,
income, twin status, total intracranial volume, tobacco use, cannabis use, and other drug use
as covariates. On the SSAGA, tobacco use was defined as total tobacco use in the past 7
days, cannabis use was defined as the total times participants reported using marijuana on
the SSAGA; and other illicit drug use was defined as the total times participants reporting
cocaine, hallucinogens, opiates, sedatives or other drugs on the SSAGA. In addition to the
selfreport drug use variables, a binary variable was calculated based on any positive screen
on the urine drug test (1 = any positive; 0 = all negative). Each cortical thickness ROl was
added in the second step of the model and change in /22 was examined. Separate regression
models were calculated for drinks in past week and frequency of heavy drinking. Given the
relatively large number of ROls, we applied a two-tailed False Discovery Rate (FDR;
Benjamini & Hochberg, 1995) correction of g < .05 to reduce inflation of type | error rate in
the individual regression analyses.

We then conducted an iterative regression analysis to determine the unique contributions of
the ROIs that were significantly associated with the drinking variables in the individual
regression models, after correcting for multiple comparisons (similar to the approach used in
(Owens, Duda, Sweet, & MacKillop, 2018). In these models, individual ROIs that were
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found to be associated with alcohol use at FDR ¢ < .05 in the previous step were entered
sequentially starting with the largest effect size and proceeding to the smallest effect size. At
each iteration, ROIs that significantly increased the variance explained by the model (i.e.,
had a significant AR) were retained in the model. The iterative regression analysis used a
conventional significance level of p < .05 and 95% confidence intervals are reported for
regression coefficients.

Finally, we conducted two exploratory analyses. First, we examined potential sex difference
associations between cortical thickness and the alcohol variables by repeating the primary
analyses (i.e., the hierarchical multiple linear regression models) including an interaction
term that was calculated by standardizing each region and sex, then multiplying each region
by sex. All 24 ROIs were examined and an FDR of g < .05 was used. Continuous
associations between cortical thickness in the 24 ROIs and cognitive performance on the
flanker and list sorting tasks were explored using Pearson correlations with an FDR of g <.
05 applied.

Preliminary Analyses

Complete sample characteristics are provided in Table 2. Participants consumed an average
of 7.2 drinks in the past week, and 44.5% engaged in heavy drinking (5+ drinks on an
occasion) on a monthly or greater basis. Compared to females, males consumed significantly
more drinks in the past week, A1,705) = 86.11, p< .0001, n2 = .11, and reported
significantly higher frequency of heavy drinking, A1, 705) = 92.60, p < .0001, n2 = .12. See
Table 2 for full comparisons between male and female participants.

We examined bivariate correlations among mean cortical thickness values for the 24 ROIs
included in the primary analyses. The complete correlation matrix is provided in
Supplementary Table 2. The magnitude of the associations between ROIs within the same
hemisphere varied widely, with slightly smaller magnitude correlations in the right (s = .15
-.79) compared to left (rs = .30 - .79) hemisphere. Magnitude of correlations between the
hemispheric homologues of bilateral ROIs also varied (s = .37 - .85), with the largest
magnitude associations between left and right DLPFC (r=.85), IFG (r=.73), precentral
gyrus (r=.77), postcentral gyrus (r=.77), precuneus (r=.75), and superior temporal gyrus
(r=.75).

Cortical thickness and drinking quantity

Multiple regression analyses examining drinking quantity (drinks in past week) are
presented in Table 3 (the covariate-only model is presented in Supplementary Table 2). After
applying FDR correction, these analyses revealed statistically significant effects for 18 out
of 24 ROIs. In each case, lower cortical thickness was associated with greater drinking
quantity. Among the significant ROIs, effect sizes were generally small in magnitude, with
the largest found for left DLPFC, the left precentral gyrus, and the right superior temporal
gyrus. The iterative regression to determine incremental associations of each ROI with
alcohol use began with the ROI that had the largest effect size (left DLPFC). Subsequently,
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we added the remaining significant ROls individually in order of effect size to determine
which ROIs would account for significant variance in drinking quantity. This analysis
revealed that after including left DLPFC, no additional ROIs were associated with a
statistically significant change in /2 (s > .05). To explore whether the observed significant
associations were driven by negative impact of other substance use on cortical thickness
(e.g., Battistella et al., 2014; Karama et al., 2015; Mackey et al., 2018), we conducted a
follow-up regression analysis with cortical thickness in each ROI as the dependent variable
and alcohol, cannabis, nicotine, and illicit drug use variables as predictors (along with the
same covariates as above). The same regions had significant R2 change as the original
analysis that examined alcohol alone (data not shown), suggesting that the primary results
are not solely attributed to effects of other substance use.

Cortical thickness and heavy drinking frequency

Regression results for the heavy drinking frequency variable are presented in Table 4.
Compared to the drinking quantity results above, these analyses generally revealed smaller
magnitude effects in fewer ROIs following FDR correction (14 out of 24 ROIs). In each
case, higher frequency of heavy drinking was associated with lower cortical thickness. The
largest effect sizes were found for the left DLPFC and the left precentral gyrus. Results of
the iterative regression analysis were similar to drinking quantity. Beyond left DLPFC, no
other ROIs accounted for a significant change in RZ (ps > .05). Similar to the drinking
quantity analyses, we conducted a follow-up analysis with cortical thickness as the
dependent variable. Once again, the results were identical with the exception of left IFG
which was no longer significant in the follow-up model (data not shown).

Exploratory Analyses of Sex Effects

We explored potential sex differences in the relationship between cortical thickness and
alcohol variables. In the case of drinks in past week, we found significant region x sex
interactions (after FDR correction) in 10 of the 24 ROIs examined (Table 5), including left
ACC, left DLPFC, left insula, left OFC, left posterior cingulate, left MTG, and bilateral IFG
and STG. In each case, male participants showed a significant negative association between
cortical thickness and drinks in the past week which was not observed in female participants.
None of region x sex interactions were significant for heavy drinking frequency.

Exploratory Analyses of Cognitive Performance

Results of the exploratory correlations between cognitive performance on flanker and list
sorting tasks and the alcohol and cortical thickness variables are presented in Supplementary
Table 2. Neither drinks in the past week nor heavy drinking frequency were correlated with
flanker or list sorting performance (ps > .17). Flanker task performance was not significantly
correlated with cortical thickness in any of the 24 ROIs. Working memory performance on
the list sorting task was significantly (after FDR correction) positively correlated with
cortical thickness in 9 ROIs, including bilateral middle temporal cortex and posterior
cingulate and right precentral gyrus, insula, precuneus, superior temporal gyrus, and lateral
occipital gyrus. However, the magnitude of the correlations was generally small (s5.09 - .
12).
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Discussion

The current study examined neuroanatomical correlates of alcohol use and heavy episodic
drinking in one of the largest sex-balanced samples to date. Consistent with previous studies,
we found that thinner cortex in a number of regions was associated with greater alcohol
consumption and more frequent heavy drinking. These findings make three important
contributions to the literature: 1) they empirically demonstrate the unique association of the
left DLPFC with alcohol use compared to other regions, 2) they demonstrate sex differences
in associations of cortical thickness with alcohol use, and 3) they indicate significant
associations between cortical morphometry and drinking in a relatively young and typical
sample of drinkers. These contributions are discussed below.

The first main contribution of these findings is the robust association between the left
DLPFC and drinking quantity and frequency of heavy drinking. This finding is consistent
with several prior cortical thickness studies showing significantly thinner cortex in DLPFC
among individuals with AUD or those who report binge drinking (Bae et al., 2016; Durazzo
et al., 2013, 2011; Fortier et al., 2011; Mackey et al., 2018; Pennington et al., 2015). The
DLPFC findings are particularly important given the role of this region in cognitive control
and other executive functions that contribute to drinking decisions (Niendam et al., 2012).
The DLPFC is also commonly targeted via neuromodulation interventions using non-
invasive brain stimulation techniques (e.g., Boggio et al., 2008; Coles, Kozak, & George,
2018; Lupi et al., 2017; Mishra, Nizamie, Das, & Praharaj, 2010) and cognitive interventions
such as executive function or working memory training (Duda and Sweet, /n1 Press; Olesen,
Westerberg and Klingberg, 2004; Takeuchi et al., 2011). Furthermore, by demonstrating that
no regions are associated with alcohol use beyond their shared correlations with the DLPFC,
the current study highlights the importance of DLPFC in understanding how cortical
thickness is linked with alcohol use. There are several possible interpretations of this
finding. One interpretation is that reduced DLFPC thickness is causing more problematic
alcohol use (perhaps through impaired executive control or other DLPFC-mediated cognitive
mechanisms) and all other regional cortical thickness associations with alcohol are solely the
result of their association with DLFPC thickness. This would suggest cortical thickness in
the DLFPC is a key driver of alcohol use. Another interpretation is that alcohol use is
causing cortical thinning across the whole brain through a single mechanism, with the most
severe atrophy occurring in the DLPFC. This would suggest that the hierarchical regression
results are indicative only of the high magnitude of the correlations between the DLFPC and
alcohol. However, the cross-sectional nature of the HCP data does not permit conclusions
about causality, and future longitudinal research is needed to tease apart such interpretations.

The significant sex differences are also notable. Studies examining differences in the
influence of alcohol on the brain between men and women are sparse and discrepant
(Hommer, 2003). Some studies of AUD samples have reported greater brain shrinkage in
women compared to men (e.g., Hommer, Momenan, Kaiser, & Rawlings, 2001), others have
reported effects in the reverse direction (Pfefferbaum et al., 2001) or no sex differences
(Gescuk, Woods, Mello, Weiss & Mendelson; Pfefferbaum & Sullivan 2002). Although
several previous studies examined cortical thickness in relation to alcohol misuse, only one
study by Momenan et al. (2012) reported sex effects. The large sample size and relatively
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equal sex distribution of the HCP dataset provided us the opportunity to test sex effects
sufficient statistical power. Our results suggest that the associations between reduced cortical
thickness and drinking in this sample of younger adult drinkers may be driven by effects in
the men which differs somewhat from findings in the previous AUD studies (with the
exception of Pfefferbaum et al., 2001). The regions implicated were predominately localized
in the DLPFC and other frontal regions (e.g, OFC, IFG, ACC), again supporting the
important role of frontal regions in drinking behavior. However, associations between
drinking quantity and regions of temporal cortex (e.g., MTG, STG) and the posterior
cingulate also differed between males and females.

A final important contribution of the current study relates to the nature of the HCP sample,
which was notable in its relatively younger age and lack of neurodevelopmental disorders,
neuropsychiatric disorders, and neurologic disorders (Van Essen et al., 2013) which may
negatively impact cortical thickness. Significant negative associations between reduced
cortical thickness and alcohol variables in a sample of young adults without an extensive
life-long history of alcohol misuse suggests that low levels of cortical thickness may be a
risk factor for engagement in alcohol misuse. However, we emphasize that conclusions
regarding causation are outside the scope of a cross-sectional study.

These findings should be considered within the context of several potential limitations. One
notable limitation concerns the alcohol measures, which were based on retrospective self-
report and, as such, may have been subject to recall bias or demand characteristics. Of note,
since the HCP was not primarily focused on alcohol use, the measurement resolution for
some of the alcohol variables was somewhat coarse. This is particularly true in the case of
lifetime alcohol use and AUD severity which are important variables to consider.
Unfortunately, the variables provided in the HCP dataset do not permit accurate calculation
of a continuous measure of AUD severity or an accurate index of lifetime alcohol exposure.
Another consideration is that the sample was comprised of adults between the ages of 22—
35. Although the younger age range allowed us to infer relationships with brain structure
that are presumably independent of extensive neurotoxicity from chronic alcohol misuse,
these findings may not generalize to other age groups or individuals with comorbid
psychiatric or other health conditions. Additionally, it is possible that effect sizes were
smaller in the current results than would be the case if a clinical sample were used with more
severe AUD (e.g., Mackey et al., 2018).

In summary, this study further clarifies the structural brain correlates of alcohol use in a
large sample of drinkers. The large HCP cohort provided high statistical power and we
observed significant effects in a majority of regions reported in prior studies. When
considered together, however, the DLPFC was the region most robustly and uniquely
associated with the alcohol variables. Our findings are also consistent with the recent ‘mega-
analysis’ of cortical thickness deficits in people with AUD compared to healthy controls
(Mackey et al., 2018), but also provide an important extension by demonstrating significant
associations in a comparatively younger sample of drinkers. Moreover, our sex balanced
sample allowed for the investigation of sex differences in relation to cortical thickness and
alcohol misuse; findings demonstrated that male participants exhibited significant negative
associations between cortical thickness and drinking quantity in several regions which were
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not observed in female participants. The consistency between our results and prior studies is
an important finding in the context of prominent concerns about reproducibility in addictions
(Munafo, 2017) and neuroimaging (Gorgolewski & Poldrack, 2016) research. Although the
current study cannot speak to disentangling cause from consequence, these findings provide
a foundation for rigorous hypothesis testing in future longitudinal investigations. Another
potentially important future direction is to examine the cognitive and neuropsychological
correlates of these associations between cortical thickness and alcohol use. The HCP dataset
includes a wide array of cognitive, emotional, and neuropsychological measures that would
permit such analyses in future studies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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