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ARTICLE INFO ABSTRACT

Keywords: Gender-related differences in the susceptibility, progression and clinical outcomes of alcohol dependence are
Alcohol well-known. However, the neurobiological substrates underlying such differences remain unclear. Therefore, this
Sex

study aimed to investigate gender differences in the neuroanatomy (i.e. regional brain volumes) of alcohol
. dependence. We examined the volume of a priori regions of interest (i.e., orbitofrontal cortex, hippocampus,
Gender differences i
Neuroimaging amygdala, nucleus accumbens, caudate, putamen, pallidum, thalamus, corpus callosum, cerebellum) and global
MRI brain measures (i.e., total grey matter (GM), total white matter (WM) and cerebrospinal fluid). Volumes were
compared between 660 people with alcohol dependence (228 women) and 326 controls (99 women) recruited
from the ENIGMA Addiction Working Group, accounting for intracranial volume, age and education years.
Compared to controls, individuals with alcohol dependence on average had (3-9%) smaller volumes of the
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hippocampus (bilateral), putamen (left), pallidum (left), thalamus (right), corpus callosum, total GM and WM,
and cerebellar GM (bilateral), the latter more prominently in women (right). Alcohol-dependent men showed
smaller amygdala volume than control men, but this effect was unclear among women. In people with alcohol
dependence, more monthly standard drinks predicted smaller amygdala and larger cerebellum GM volumes. The
neuroanatomical differences associated with alcohol dependence emerged as gross and widespread, while those
associated with a specific gender may be confined to selected brain regions. These findings warrant future
neuroscience research to account for gender differences in alcohol dependence to further understand the
neurobiological effects of alcohol dependence.

1. Introduction

Alcohol use disorders can be chronic relapsing disorders that,
together with harmful alcohol use, account for 5% of the total global
burden of disease and cause three million deaths per year (World Health
Organization, 2018). Gender differences are expressed in patterns of
alcohol consumption and related behaviours, including alcohol use
disorders (Erol and Karpyak, 2015). For instance, historically, women
consume less alcohol, start drinking later and have lower rates of alcohol
dependence than men (Brennan et al., 2011; Chung et al., 2012; World
Health Organization, 2018). However, women transition from first
alcohol use to alcohol dependence more rapidly than men, and amongst
heavy drinkers, women have a higher risk of somatic and psychiatric
comorbidities (Flensborg-Madsen et al., 2011; Mann et al., 2005, 2004).
Yet, women with alcohol dependence show less severe withdrawal
symptoms and those who enter treatment programs achieve better long-
term outcomes (e.g., lower alcohol consumption) (Bravo et al., 2013;
Deshmukh et al., 2003). Such gender differences in patterns of alcohol
use and related outcomes may derive (in part) from sex/gender-specific
neurobiological mechanisms (Erol and Karpyak, 2015, Nixon et al.,
2014, Logrip et al., 2018), but this remains to be elucidated.

Alcohol dependence has been associated with neuroanatomical dif-
ferences including smaller volumes of the medial temporal and orbito-
frontal cortices, the cerebellum, the striatum, total grey matter (GM) and
white matter (WM) and larger volume of the cerebrospinal fluid
(Mackey et al., 2019; Zahr, 2014). The contribution of gender to these
findings has been examined by a minority of studies to date (Lind et al.,
2017), which led to mixed findings (Nixon et al., 2014, Ruiz et al., 2013,
Sawyer et al., 2016, Verplaetse et al., 2021). More pronounced volume
differences have been shown in alcohol-dependent women than men
(compared to their control counterparts), including smaller hippocam-
pus (Agartz et al., 1999, 2003), corpus callosum (Hommer et al., 1996),
total GM and total WM, and larger CSF (Hommer et al., 2001). In
contrast, greater volume changes were also noted in alcohol-dependent
men than women in overlapping regions (i.e. corpus callosum, total WM,
CSF) (Pfefferbaum et al., 2001; Ruiz et al., 2013) and in total reward
network (including dorsolateral prefrontal, orbitofrontal (OFC) and
cingulate cortices, and temporal pole, insula, amygdala, hippocampus,
nucleus accumbens (NAcc) and ventral diencephalon) (Sawyer et al.,
2016). Yet, other MRI studies failed to find gender differences between
men and women with alcohol dependence in either overlapping (i.e.,
corpus callosum, total GM and WM) or other (i.e., frontal cortices,
hippocampus, insula, cerebellum, pons, thalamus) brain areas (Demi-
rakca et al., 2011; Mechtcheriakov et al., 2007; Sawyer et al., 2016).

While the literature to date suggests that neuroanatomical gender
differences in alcohol dependence may exist, the inconsistent findings
cannot be readily integrated due to methodological limitations (Nixon
et al.,, 2014, Sawyer et al., 2016). First, a systematic assessment of
gender differences in the literature thus far has been hindered by the fact
that most studies include male-only or largely male samples, the lack of
testing or reporting group-by-gender interactions and the use of small
samples (Lind et al., 2017). Second, the role of confounders in the
findings to date is poorly understood as these were inconsistently
accounted for in statistical analyses (e.g., age, education, tobacco use)
(Durazzo et al., 2014; Gilbertson et al., 2008).

The level of alcohol exposure may also drive neuroanatomical dif-
ferences in a gender-dependent fashion. Specifically, alcohol use mea-
sures (i.e., number of daily drinks, heavy drinking years or lifetime
monthly standard drinks) have been associated with the volume of
distinct brain regions in alcohol-dependent men (e.g., corpus callosum,
cerebellum, parietal lobe) and women (e.g., frontal, temporal, ventri-
cles) (Ruiz et al., 2013; Sawyer et al., 2016) or with the volume of both
men and women but with opposite direction (e.g., temporal pole,
cingulate cortex) (Sawyer et al., 2017). Thus, alcohol exposure may
drive distinct neurobiological differences in alcohol dependent men and
women.

Here we report an analysis of previously published datasets collected
at multiple sites, intended to address the limitations of the literature to
date and investigate gender differences in the neuroanatomical (brain
volumetric) correlates of alcohol dependence in a large and well-
characterized sample of 986 adults recruited from 10 distinct research
sites that participate in the ENIGMA Addiction Working Group (Www.
enigmaaddictionconsortium.com) (SI Appendix, Tables S1 and S2).
These comprised 326 people without alcohol dependence (99 women;
henceforth labelled as ‘controls’) and 660 people with alcohol depen-
dence (228 women).

We focused on 26 a-priori brain regions of interest (ROIs) in which
volumetric differences have been most consistently shown in people
with alcohol dependence compared to controls: the OFC, medial tem-
poral (i.e., hippocampus, amygdala) and striatal areas (i.e., NAcc,
caudate, putamen, pallidum, thalamus), the corpus callosum, the cere-
bellum and global brain estimates (i.e., total GM, total WM and CSF)
(Mackey et al., 2019, Nixon et al., 2014).

Based on previous structural MRI studies, we hypothesized that
people with alcohol dependence relative to controls would show smaller
volume of a priori ROISs, total GM and total WM and larger CSF volume.
Moreover, we explored whether group-by-gender interactions would
emerge in the hippocampus, corpus callosum, global estimates (Nixon
et al., 2014) or in other a priori ROIs where these effects have not been
examined (or found) so far. Lastly, in people with alcohol dependence,
we explored whether gender, monthly standard drinks (and their
interaction) or monthly standard drinks separately in men and women
would predict brain volumes of those ROIs that demonstrated significant
group-by-gender effects.

2. Materials and methods

The study protocol was pre-registered in the Open Science Framework
(https://osf.io/yku8j) after screening the sample as per inclusion and
exclusion criteria, and before running the statistical analysis. This is
detailed in the SI Appendix. Participants’ data including structural MRI,
gender, age, education, monthly standard drinks and monthly cigarettes
was gathered from 10 research sites in the ENIGMA Addiction Working
Group. All sites obtained local ethics approval and participants’ written
informed consent.

The original sample (N = 1348) was screened against the following
exclusion criteria (i) lifetime and/or current primary psychiatric
comorbidities and/or current substance dependence other than alcohol
(n = 191); (ii) abstinence > 30 days (n = 15); (iii) IQ < 80 (n = 15); (iv)
MRI artifacts (n = 1); (iv) missing data for key variables including
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gender (n = 68) and education (n = 72). The final sample included 986
people, consisting of 326 controls (227 men, 99 women) with a mean
age of 30.2 + 10.4 years and 660 alcohol dependent participants (432
men, 228 women) with a mean age of 33.9 + 10.5 years. Table S1
overviews each study’s assessment site, inclusion/inclusion criteria,
MRI acquisition parameters and instruments used to measure sample
characteristics of each study while Table S2 describes participants’ de-
mographic and substance use characteristics, by imaging site (see SI
Appendix).

2.1. Structural MRI data acquisition and processing

Structural T1-weighted MRI scans were prepared locally using
FreeSurfer 5.3 (http://sufrer.nmr.mgh.harvard.edu/), a fully automated
MRI processing pipeline (Dale et al., 1999; Desikan et al., 2006). Quality
control procedures (i.e., detection of outliers and data visual inspection)
were run via standardized ENIGMA protocols (http://enigma.ini.usc.
edu/protocols/imaging-protocols/). We extracted the volume of 11
bilateral ROIs (medial OFC, lateral OFC, hippocampus, amygdala, NAcc,
caudate, putamen, globus pallidus, thalamus (all GM), cerebellum GM
and cerebellum WM); five corpus callosum ROIs (anterior, middle-
anterior, central, middle-posterior, posterior) and three global brain
estimates (total GM, total WM and CSF). Left and right hemispheres
were considered separately for each bilateral ROI while the five corpus
callosum ROIs were summed in a single ROI before the statistical anal-
ysis. Therefore, a total of 26 ROIs were included in the analysis.

2.2. Statistical analyses

Chi-square tests were run to test differences between groups
(alcohol-dependent vs. controls) in gender distribution.

A series of mixed-effect models were run to examine group, gender
and group-by-gender effects for age, education, monthly standard
drinks, monthly cigarettes and brain volumes.

This technique statistically accommodates dependency between
observations in a nested design (i.e., participants within sites) (Aarts
et al., 2014). Site was treated as a random intercept to account for the
systematic site-level variation in the dependent variables expected to
occur from differences in scanners, protocols and assessments. The
extent of variation explained by site-level differences was estimated as
an intra-class correlation (ICC).

First, we examined the impact of factors including group (control,
alcohol-dependent), gender (man, woman) and group-by-gender on the
volume of a-priori ROIs as dependent variables, accounting for age,
education years and intracranial volume (ICV). Separate models were
run for each ROL. Significant group-by-gender effects were interrogated
using pairwise post-hoc comparisons. In the text, we expressed the sig-
nificant difference between two mean volumes as a percentage (%)
difference (formula: [(predicted mean 1 - predicted mean 2 / (predicted
mean 1 + predicted mean 2) / 2) *100]).

Second, in people with alcohol dependence, we explored whether
gender or monthly standard drinks (model A), gender-by-standard
drinks (model B) or monthly standard drinks separately in men and
women (models C and D) predicted the volume of those ROIs that
demonstrated significant group-by-gender effects, controlling for age,
education years and ICV.

Both analyses were replicated on a sensitivity subsample where men
and women with alcohol dependence were matched by monthly stan-
dard drinks (SI Appendix, Table S3).

Additional analyses including tobacco use (i.e., monthly cigarettes)
as a covariate, were run in a subsample where this data was also
available (465 alcohol dependent participants and 140 controls). To-
bacco use (i.e., presence versus absence) did not significantly affect the
results and was not included as a covariate in final models (SI Appendix,
Table S4).

Alcohol use was positively skewed (skewness = 2.40) and was
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square-root transformed (skewness = 1.03) prior to statistical analyses
(SI Appendix, Figure S1). Volumetric results were corrected for multiple
comparisons using Benjamini and Yekutieli’s modified False Discovery
Rate (FDR) method (Benjamini and Yekutieli, 2001; Newson, 2010) that
was applied independently to each beta coefficient (for example the P-
values for group comparisons were corrected separately from the P-
values for sex comparisons, etc.). Cohen’s d was used to estimate effect
sizes of the differences between groups, based on the marginal means
predicted by the model. All statistical analyses were performed using
STATA 14 (StataCorp; 2015).

3. Results

Table 1 shows demographic and substance use characteristics for the
pooled sample. Women were fewer than men in both the alcohol-
dependent and the control group. Specifically, the female-to-male
ratio was 35/65 and 30/70, respectively. Compared to controls, peo-
ple with alcohol dependence were (on average) three years older, had a
one-year lower education and consumed six times more standard drinks
and four times more cigarettes. Alcohol-dependent men used (on
average) almost twice as many monthly standard drinks as alcohol-
dependent women.

Volumetric measures by group and gender are shown in Table 2.
People with alcohol dependence compared to controls had 6% smaller
volume of the bilateral hippocampus, bilateral cerebellum GM and total
WM. Furthermore, volume reductions in the alcohol dependent group
amounted to 9% for the corpus callosum, 7% for the left putamen, 5%
for the right thalamus, 4% and for the left globus pallidus and 3% for
total GM.

There were group-by-gender interactions in the cerebellum GM and
amygdala volumes (Fig. 1, panels A and B). As detailed in Table 3
pairwise comparisons showed that alcohol-dependent men had 6%
smaller right amygdala volume than control men, while this effect was
unclear among women. They also showed that right cerebellum GM
volume was smaller in both alcohol-dependent men and women (4% and
9%, respectively) compared to their control counterparts, but the effect
was more marked among women. Comparable interactions emerged in
the left hemisphere of these ROIs, but at lower significance level.

Group-by-gender effects within the amygdala and the cerebellum
GM were confirmed in the sensitivity subsample where alcohol-
dependent men and women consumed the same amount of standard
drinks (Table 4 and 5). Interestingly, in this subsample the effect in the
left cerebellum GM remained significant after FDR correction.

The effect sizes of all group and group-by-gender differences were
small and ranged from d = 0.03 to d = 0.18.

Results presented in Tables 2-5 show that, regardless of significance
level, the coefficient of group-by-gender interactions for the left and
right amygdala were consistent, as were those for the left and right
cerebellum GM. As such, we took into consideration both the left and the
right volume of these two ROIs when exploring the association between
gender, monthly standard drinks and brain volume within the alcohol
dependent group (Table 6).

A greater amount of standard drinks predicted smaller amygdala
volume (Fig. 1, panel C). However, this association emerged in men only
when alcohol-dependent men and women were considered separately.
Also, a sex-by-standards drinks interaction emerged in the cerebellum
GM. Specifically, more monthly standard drinks were associated with
larger cerebellum GM volume, and this association was more marked in
women compared to men (Fig. 1, panel D).

The negative association between standard drinks and amygdala
volume was replicated in the subsample of alcohol-dependent men and
women that consumed the same amount of standard drinks. For the
cerebellum, a positive association of the standard drinks and cerebellum
GM was observed, but the significance of the sex-by-standard drinks
interaction was not replicated in this sensitivity subsample (Table 7).
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Table 1
Demographic and substance use characteristics of the sample
Control Alcohol- Group (Alcohol- Gender (Men Group-by- Site’
dependent dependent vs vs Women) Gender
Control)
Men Women Men Women B (95% CI) p B (95% CI) p B (95% CI) P Var
Gender, N (%) 227 (69.6) 99 (30.4) 432 (65.4) 228 (34.6) - - - - - - -
Age 30.44 29.76 34.43 32.78 5.52 (2.94, 8.10) <0.001** 0.74 (-1.37, 0.490 0.61 (-1.90, 0.635 0.39
(10.57); (10.15); (10.42); (10.55); 2.85) 3.12)
18-68 18-58 21-66 18-62
Education, 15.14 15.63 14.00 (2.36) 14.35 -1.80 (-2.55, <0.001** -0.26 (-0.89, 0.402 -0.09 (-0.83, 0.818 0.11
years (2.95) (2.86) (2.55) -1.05) 0.36) 0.66)
Alcohol use, 28.66 17.51 189.29 107.08 205.24 (160.39, <0.001** 10.28 0.560 40.75 0.047** 0.37
StDr/mo (30.15) (22.05) (181.42) (107.31) 250.09) (-24.32, (-0.53,
44.90) 80.97)
Tobacco use, 25.07 42.85 178.50 141.96 253.76 (157.84, <0.001** -23.56 0.549 45.39 0.297 0.19
Cig/mo (91.27) (101.39) (235.98) (232.88) 349.66) (-100.63, (-39.86,
53.52) 130.64)

Note: Cig = cigarettes, mo = monthly, StDr = standard drink, Var = variance. Differences in sex distribution measured with chi? test (;(2 =1.72,p = 0.190). Values for
age are mean (SD) and range. Values for education, alcohol use and tobacco use are mean (SD). § Site-level variation estimated as an intraclass correlation (ICC). ?
Alcohol dependent men > Alcohol dependent women (f = 51.04, p < .001). * p < .05, ** p < .001.

4. Discussion

We examined the impact of alcohol dependence, alcohol dosage and
gender on a set of a priori ROIs in a composed sample of 660 alcohol-
dependent individuals from ENIGMA addiction workgroup studies.
First, we confirmed prior evidence of widespread smaller volumes in
people with alcohol dependence versus controls in the hippocampus
(Agartz et al., 1999; Beresford et al., 2006), striatum (Boutte et al., 2012;
Chanraud et al., 2007; Sullivan et al., 2005), corpus callosum (Pfeffer-
baum et al., 1996; Ruiz et al., 2013), cerebellum GM (Boutte et al., 2012;
Chanraud et al., 2007; Sullivan et al., 2005) and global brain estimates
(total GM and WM) (Hommer et al., 2001; Pfefferbaum et al., 2001).
Second, we found group-by-gender interactions in selected brain regions
i.e., the cerebellum GM and the amygdala. Third, we showed that a
higher number of monthly standard drinks predicted smaller amygdala
volume (Mackey et al., 2019) and larger cerebellum GM volume of
people with alcohol dependence.

Our findings suggest that alcohol dependence is associated with
gross alteration of the mesolimbic pathway that encompasses the
midbrain, striatum and basal ganglia and mediates learning, stress and
reward processing (Koob and Volkow, 2010). However, to date, it re-
mains to be clarified whether such differences are the results of neuro-
adaptations associated with the development of addiction (Koob, 2014)
or due to neurotoxicity related to chronic exposure to ethanol (Volkow
et al., 2017).

Yet, shrinkage of global estimates (i.e. total GM and WM volumes)
resemble those observed in ageing, suggesting that alcohol may accel-
erate brain ageing (Pfefferbaum et al., 2018; Sullivan et al., 2018).
Future longitudinal studies are warranted to test the ageing hypothesis.

To our knowledge, we are the first to report group-by-gender effects
in the cerebellum GM of people with alcohol dependence. Specifically,
smaller volumes were found in both men and women with alcohol
dependence (compared to their control counterparts) but these were
more marked in women. Our findings are in line with those from pre-
vious studies where gender differences were not examined (Boutte et al.,
2012; Chanraud et al., 2007) and corroborate neuroscientific theories of
addiction that have recently reconsidered the cerebellum as a key
modulator between motor and reward, motivation and cognitive control
(Miquel et al., 2016; Moulton et al., 2014).

More pronounced cerebellar GM reductions in alcohol-dependent
women than men is consistent with previous evidence of women being
more vulnerable to the neurotoxic effect of alcohol (Agartz et al., 1999;
Hommer et al., 1996, 2001; Mann et al., 2005). The results of the
sensitivity analysis corroborate this hypothesis. Specifically, when
comparing alcohol dependent men and women that consumed the same

amount of standard drinks with their same-gender control counterparts,
the effect in alcohol-dependent females was replicated whereas the ef-
fect in alcohol-dependent men become unclear.

However, our data does not support that cerebellar GM reductions
were driven by alcohol dosage. Indeed, smaller cerebellum GM volume
was predicted by lower (not higher) numbers of monthly standard
drinks. Smaller volumes in our sample might be driven by chronic
alcohol exposure, such as years of heavy drinking and age at first
drinking, as demonstrated in previous work (Chanraud et al., 2007;
Sawyer et al., 2016), which we were not able to consistently obtain in
this multi-site study.

Preclinical and clinical studies show that y-aminobutyric acid
(GABA) dependent neurotransmission is a potential mechanism for
ethanol-induced cerebellar toxicity (Ravindran et al., 2007; Rossi and
Richardson, 2018). Interestingly, gender differences emerged in the
GABAergic signalling of the cerebellum following prolonged alcohol
exposure (Devaud et al., 1998; Lingford-Hughes et al., 2000). However,
results are controversial suggesting greater ethanol-related sensitivity
either in men or women.

Within the amygdala, we found that men with alcohol dependence
had smaller volumes than control men, an effect that was not clear
among women. Our results are in line with those of a previous study
showing smaller total reward network volume (including amygdala) in
alcohol-dependent men versus control men (Sawyer et al, 2017).
However, our findings contrast with other works showing group (but not
group-by-gender) differences in amygdala volume between people with
alcohol dependence and controls (Mackey et al., 2019; Makris et al.,
2008; Wrase et al., 2008). Possibly, this is due to the fact that previous
work had only male samples (Makris et al., 2008) and those including
both men and women had small sample sizes (i.e., n < 43 participants
with alcohol dependence) (Fein et al., 2006) or used gender as a co-
variate rather than testing group-by-gender interactions in their analysis
(Mackey et al., 2019; Wrase et al., 2008). Smaller amygdala volumes
have been associated with behaviours that characterize alcohol depen-
dence, such as increased alcohol seeking (Chaudhri et al., 2013), greater
alcohol craving and relapse risk (Wrase et al., 2008). As our study design
was cross-sectional, one could speculate that either greater alcohol
consumption implicates excessive drinking as contributing to the
smaller size of the amygdala, or that gender differences in the volume of
the amygdala could be a vulnerability factor for men drinking about a
double amount alcohol dosage than women (World Health Organiza-
tion, 2018).

We also showed that amygdala volumes were significantly smaller in
alcohol-dependent people who reported the highest numbers of monthly
standard drinks. Thus, ethanol exposure may drive amygdala volume



Table 2
Brain volumes of a-priori regions of interest in people with alcohol dependence versus controls
Control Alcohol-dependent Group Gender Group-by-Gender Site’
(Alcohol-dependent vs Control) (Men vs Women)
Men Women Men Women B (95% CI) p d B (95% CI) P d B (95% CI) p Var
(n =227) (n=99) (n = 432) (n = 228)
Brain region
OFC 5246.85 4701.97 5110.90 4604.22 22.19 (-147.48, 0.798 0.02 147.21 (3.76, 0.044* 0.03 -123.71 (-286.34, 0.136 0.23
medial (751.08) (680.31) (653.54) (658.99) 191.86) 290.65) 38.91)
5322.67 5006.09 5068.84 4680.69 -149.38 (-317.89, 0.082 0.07 25.14 (-17.70, 0.730 0.01 -1.83 (-160.21, 0.982 0.19
(743.46) (644.98) (645.96) (624.30) 19.13) 167.98) 163.88)
lateral 7982.47 7303.38 7488.18 7035.66 -119.43 (-330.60, 0.268 0.09 166.98 (-11.28, 0.066 0.01 -277.37 (-479.41, 0.007* 0.26
(992.69) (862.22) (883.58) (853.90) 91.73) 345.23) -75.33)
7640.83 6998.46 6972.16 6510.53 -153.02 (-378.43, 0.183 0.08 89.15 (-101.09, 0.358 0.01 -180.13 (-395.74, 0.102 0.27
(1074.53) (989.36) (857.41) (819.16) 72.38) 279.38) 35.48)
Hippocampus 4349.54 4053.65 4160.07 3981.50 -199.39 (-326.64, 0.002%* 0.14 71.66 (-36.33, 0.193 0.01 -89.92 (-212.31, 0.150 0.23
(517.54) (450.20) (511.82) (447.46) -72.14) 179.65) 32.47)
4453.53 4162.94 4278.94 4042.30 -212.91 (-340.10, 0.001** 0.12 55.69 (-52.41, 0.313 0.02 -44.69 (-167.25, 0.475 0.21
(544.65) (446.34) (499.62) (427.36) -85.72) 163.78) 77.86)
Amygdala 1737.01 1547.13 1595.45 1490.99 -14.83 (-77.10, 0.641 0.06 116.40 (63.80, <0.001** 0.05 -86.45 (146.00, 0.004* 0.37
(272.17) (261.50) (220.39) (188.20) 47.43) 169.00) -26.89)
1833.44 1600.01 1609.28 1492.73 7.59 (-55.74, 70.92) 0.814 0.05 129.71 (76.24, <0.001** 0.04 -113.98 (-174.51, <0.001** 0.40
(296.25) (230.75) (216.01) (210.90) 183.17) -53.45)
Nucleus 690.10 647.63 532.40 480.09 -15.84 (-49.02, 0.350 0.04 40.03 (13.00, 0.005 0.02 -31.84 (-63.45, 0.048* 0.63
Accumbens (200.32) (169.96) (127.78) (125.29) 17.35) 67.97) -0.24)
684.93 625.70 609.55 567.78 -23.36 (-54.25, 7.53) 0.138 0.02 42.82 (16.81, 0.001** 0.02 -34.81 (-64.24, 0.020* 0.56
(161.57) (147.35) (127.06) (118.14) 68.83) -5.37)
Caudate 3929.38 3631.15 3817.82 3505.09 -14.69 (-139.84, 0.818 0.02 17.72 (-88.44, 0.744 0.00 -26.54 (-146.84, 0.665 0.24
(478.33) (443.44) (504.10) (471.41) 110.47) 123.87) 93.76)
4094.54 3735.19 3887.83 3543.45 -19.93 (-153.74, 0.770 0.02 57.13 (-55.80, 0.321 0.01 -50.39 (-178.23, 0.440 0.41
(542.91) (501.98) (519.70) (516.76) 113.88) 170.05) 77.45)
Putamen 6315.64 5851.62 5729.71 5250.93 -363.18 (-567.16, <0.001** 0.08 173.54 (1.40, 0.048 0.04 -18.95 (213.81, 0.849 0.41
(933.10) (864.67) (784.46) (685.07) -159.19) 345.67) 175.91)
6037.24 5527.51 5483.38 5010.99 -191.89 (-377.17, 0.042* 0.06 226.13 (69.83, 0.005 0.05 -70.92 (-247.84, 0.432 0.43
(874.82) (779.47) (723.77) (681.49) -6.61) 382.43) 106.01)
Globus Pallidus 1683.30 1537.25 1704.88 1500.54 -105.59 (177.30, 0.004** 0.04 36.39 (-24.15, 0.239 0.06 72.38 (3.84, 0.038* 0.39
(290.45) (304.76) (296.07) (268.04) -33.88) 96.93) 140.93)
1682.90 1557.33 1543.72 1379.71 -58.54 (-116.95, 0.050* 0.06 59.53 (10.16, 0.018* 0.05 -15.17 (-71.08, 0.595 0.35
(228.64) (210.71) (219.07) (193.51) -0.12) 108.90) 40.74)
Thalamus 8324.35 7688.46 8297.12 7715.98 -138.63 (-352.99, 0.205 0.06 190.77 (9.90, 0.039* 0.01 -219.93 (-424.68, 0.035* 0.42
(1059.85) (950.51) (885.16) (870.11) 75.72) 371.64) -15.18)
7704.08 7085.12 7690.73 7038.23 -349.85 (-535.57 <0.001** 0.11 161.19 (4.06, 0.044 0.05 -13.75 (-191.72, 0.880 0.31
(749.21) (623.99) (831.02) (775.77) -164.14) 318.32) 164.22)
Corpus 3377.26 3214.01 3254.95 3172.03 -259.58 (-411.98, 0.001** 0.14 -75.07 (-204.23, 0.255 0.06 -47.64 (-194.14, 0.524 0.19
Callosum (598.73) (478.03) (554.98) (534.12) -107.18) 54.08) 98.87)
Cerebellum
GM 49748.97 45350.75 49700.22 47046.38 -4860.64 <0.001** 0.07 -3029.93 <0.001** 0.03 2584.59 (949.00, 0.002* 0.53
(12223.38) (10674.25) (10184.27) (5347.57) (-6581.92, (-4474.17, 4219.50)
-3139.35) -1585.69)
50681.09 46880.50 51297.01 48469.18 -4881.83 <0.001** 0.06 -3314.29 <0.001** 0.03 2968.63 (1305.35, <0.001** 0.53
(12255.99) (10597.60) (10320.89) (5571.48) (-6633.11, (-4783.61, 4631.92)
-3130.55) -1844.96)
wM 14762.27 14037.49 15479.50 15526.19 -542.28 (-1320.94, 0.172 0.03 -1326.91 <0.001** 0.08 235.24 (-506.70, 0.534 0.37
(3327.16) (3261.05) (3233.58) (3301.02) 236.38) (-1981.97, 977.18)
-671.85)
14917.15 14031.98 15777.43 15845.76 -675.26 (-1431.84, 0.080 0.04 <0.001** 0.07 178.05 (-542.33, 0.628 0.40
(3477.19) (3071.54) (3419.94) (2880.35) 81.32) 898.42)

(continued on next page)
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Table 2 (continued)

Site®

Group-by-Gender

Gender

Group

Alcohol-dependent

Control

(Men vs Women)

B (95% CI)

(Alcohol-dependent vs Control)

B (95% CI)

Var

B (95% CI)

d

d

Women

Men

Women

(n =99)

Men

(n = 228)

(n = 432)

(n = 227)

-1178.86

(-1814.96,
-542.76)
6160.45

0.40

0.020*

0.01 -10852.99

0.135

0.11

0.004**

587412.59 627384.45 580684.82 -14172.81
(65861.02)

645538.63
(69823.91)

Total GM

(-19989.47,
-1716.50)
-11894.12

(-1907.42,

(-23770.19,
-4575.44)
-22379.95

(58709.93)

(63758.74)

14228.32)

0.59

0.030*

0.00

0.071

8726.59 (-755.27,
18208.44)

0.09

<0.001**

436520.55

445501.06 489192.50
(57031.89)

509147.64
(53259.68)

Total WM

(-22626.19,
-1162.07)

(-33688.79,
-1071.10)

(48983.21)

(44096.16)

0.17

0.381

28.32 (-35.00,

91.65)

0.01

0.638

-13.38 (-69.17,

42.41)

0.10

0.063

62.21 (-3.46,

947.42 1131.61 991.96
127.88)

984.87

CSF

(243.35) (240.76) (210.11)

(278.31)

0.58

0.049*

0.043 (0.00, 0.09)

0.17

<0.001**

0.19 (0.15, 0.22)

0.00

0.169

-0.03 (-0.075, 0.013)

1.24 (0.23) 1.62 (0.21) 1.42 (0.17)

1.44 (0.25)

ICV (109

white matter. Values for brain volumes are mean (SD). Bolded

values are 8 (95% CI), p and d of the significant effects (FDR-corrected). ® Site-level variation estimated as an intraclass correlation (ICC). * p(uncorrected) < 0.05, ** p(FDR) < 0.05.

grey matter, L = left, OFC = orbitofrontal cortex, R = right, Var = variance, WM

Cerebrospinal fluid, GM =

beta, CI = confidence interval, CSF =

Note: B
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reduction (Mackey et al., 2019), but this needs to be elucidated by future
longitudinal studies examining the neural correlates of the gender-
specific effect of alcohol consumption over time. The robustness of
this finding was demonstrated by the fact that it was replicated in both
the original sample and in the alcohol-dependent subsample where men
and women consumed an equal amount of standard drinks. Of note,
when alcohol-dependent men and women were considered separately,
the association between higher numbers of standard drinks and smaller
amygdala volume emerged only in men (both in the original sample and
the sensitivity subsample). This suggests that men may be more sensitive
than women to amygdala neurotoxicity induced by prolonged alcohol
exposure, as previously shown in other brain regions (e.g., corpus cal-
losum, cerebellum, parietal lobe) (Fein et al., 2009; Ruiz et al., 2013;
Sawyer et al., 2016). Moreover, this is also in line with preclinical
studies suggesting a greater alcohol-related amygdala neuroadaptation
for males than females (see Logrip et al., 2018 for a recent review).

Overall, we could not determine whether the group-by-gender effects
in selected brain regions (i.e., cerebellum GM and amygdala) reflect
either a (partly) gender-dependent neurobiology of alcohol dependence
or phenotype differences between men and women of our sample.
Indeed, variables such as distinct drinking behaviours (Erol and Kar-
pyak, 2015) or sex hormones (Erol et al., 2019) may have driven the
observed group-by-gender interactions. Of note, we found that alcohol-
dependent men consumed more monthly standard drinks than their fe-
male counterparts. To mitigate for gender differences in alcohol con-
sumption we ran a sensitivity analysis using a subsample of men and
women with alcohol dependence matched for alcohol standard drinks,
and we replicated the findings. Yet, we cannot exclude that other
drinking patterns that are systematically different between men and
women (e.g., age of onset of alcohol use, lifetime alcohol dosage, years
of heavy drinking, severity of alcohol dependence) (Erol and Karpyak,
2015) could have driven the observed effects.

The influence of sex hormones may also contribute to the differences
in the brains of men and women with alcohol dependence (Erol et al.,
2019), especially within the reward circuitry (Witt, 2007). For instance,
preclinical studies show that estrogens (i.e., estradiol) might modulate
ethanol-induced cerebellar toxicity (Hedges et al., 2012) and protect
against the alteration of endocannabinoid signalling induced by alcohol
withdrawal within the amygdala (Henricks et al., 2017). Future clinical
studies are warranted to study the interaction between alcohol and sex
hormones and alcohol dependence on brain outcomes.

Alternatively, group and group-by-gender effects observed in our
study may reflect a vulnerability predating alcohol dependence (Hill
et al., 2011; Squeglia et al., 2017) or driven by other factors influencing
the development of alcohol dependence (e.g. personality characteristics,
family history, psychiatric symptoms, high stress levels, early-life
adverse events) (Benegal et al., 2007; Gilbertson et al., 2008; Gondré-
Lewis et al., 2016; Ramchandani et al., 2018; Schulte et al., 2009).

Lastly, the results of the pairwise comparisons show that group-by-
gender interactions observed in this study could have been driven by
gender differences within the control group. Gender differences in brain
volumes of normative samples have been widely shown in large-scale
MRI studies, above and beyond the effect of differences in brain size
(Liu et al., 2020; Lotze et al., 2019). However, there is also evidence
showing that gender differences diminish (Ritchie et al., 2018) or
disappear (Jancke et al 2015) when adjusting for overall brain size. This
discrepancy raise question about the adequacy of adjusting for ICV to
control for the effect of overall brain size in gender-related analysis
(Sanchis-Segura et al, 2020). Future studies applying different ICV
correction methods may help disentangle this issue.

In contrast with our hypothesis, we failed to replicate group differ-
ences for the volumes of selected ROIs (i.e. OFC, amygdala, NAcc,
cerebellar WM and CSF) (Boutte et al., 2012; Cardenas et al., 2007; Fein
et al., 2006). However, we do realize that p values threshold is arbitrary
and non-significant effect should not be over-interpreted as they could
indicate very different things (e.g., a true null result, an underpowered
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Fig. 1. Overview of significant group-by-gender effects. Plots of the A Amygdala and B Cerebellum GM volumes comprising individual data stratified by group
(Control, Alcohol) and gender (M = males; F = females). The group average of the estimated marginal means predicted by the models is indicated by the solid
horizontal black line, with a vertical bar representing 95% confidence interval. The bottom panel shows regression plots for the volume of the C Amygdala and D
Cerebellum GM by monthly standard drinks (square root-transformed) in alcohol dependent women (Alcohol F) and men (Alcohol M), adjusted for intracranial
volume, age and education years. Only the gender-by-standard drinks interaction in the Cerebellum GM was significant. Volumes have been averaged across
hemispheres.

Table 3
Results of the pairwise comparisons of significant group-by-gender interactions in people with alcohol dependence versus controls
Brain regions p (95% CI) P d $ (95% CI) p d
Amygdala R HC men Vs HC women 129.71 (76.24, 183.17 <0.001*** 0.16 L 116.40 (63.79, 169.00) <0.001 *** 0.17
ALC women Vs HC women 7.59 (-55.74, 70.92) 0.814 0.01 -14.83 (-77.10, 47.43) 0.641 0.02
ALC men Vs HC women 23.32 (-39.22, 85.86) 0.465 0.02 15.11 (-46.38, 76.61) 0.630 0.02
ALC women Vs HC men -122.12 (-180.16,-64.07) <0.001%** 0.15 -131.23 (-188.27, -74.19) <0.001*** 0.17
ALC men Vs HC men -106.39 (-156.77,-56.00) <0.001%** 0.13 -101.28 (-150.80, -51.77) <0.001%** 0.10
ALC men Vs ALC women 15.73 (-23.45, 54.91) 0.431 0.01 29.95 (-8.5915, 68.49) 0.128 0.03
Cerebellum GM R HC men Vs HC women -3314.29 (-4783.61, -1844.96) <0.001%** 0.13 L -3029.93 (-4474.17, -1585.69) <0.001*** 0.12
ALC women Vs HC women -4881.83 (-6633.11, -3130.55) <0.001%** 0.18 -4860.64 (-6581.92, -3139.35) <0.001*** 0.18
ALC men Vs HC women -5227.49 (-6951.98, -3503) <0.001%** 0.14 -5305.98 (-7000.94, -3611.02) <0.001%** 0.15
ALC women Vs HC men -1567.55 (-3180.63, 45.54) 0.57 0.05 -1830.71 (-3416.08, -245.33) 0.024* 0.06
ALC men Vs HC men -1913.20 (-3309.66, -516.75) 0.007** 0.05 -2276.05 (-3648.52, -903.58) 0.001** 0.06
ALC men Vs ALC women -345.65 (-1425.67, 734.36) 0.530 0.01 -445.34 (-1506.90, 616.21) 0.411 0.01

Note: ALC = alcohol dependent, § = beta, CI = confidence interval, GM = grey matter, HC = controls, L = left, R = right. Only the right amygdala and the right
cerebellum GM demonstrated significant group-by-gender effects after FDR correction however, we present both the right and the left hemispheres of these brain
regions as the coefficients of their interaction effect are very similar (see Table 2). * p < 0.05; ** p < 0.01; *** p < 0.001.



Table 4
Brain volumes of people with alcohol dependence versus controls from the sensitivity subsample where alcohol-dependent men and women were matched by standard drinks
Control Alcohol-dependent Group Gender Group-by-Gender Site’
(Alcohol-dependent vs Control) (Men vs Women)
Men Women Men Women B (95% CI) P d B (95% CI) P d B (95% CI) p Var
n = 227) (n=99) (n = 298) (n = 228)
Brain region
OFC L 5246.85(751.08) 4701.97 (680.31) 5149.45(658.21) 4604.22 (658.99) 75.14 (-108.08, 258.39) 0.422 0.00 171.14 (25.16, 316.96) 0.022*  0.04 -129.14 (-296.20, 37.91) 0.130 0.243
medial R 5322.67 (743.46) 5006.09 (644.98) 5130.29 (662.65) 4680.69 (624.30) -88.73 (-270.60, 93.14) 0.339 0.04 49.21 (-96.17, 194.59) 0.507 0.03 9.89 (-156.69, 176.46) 0.907 0.20
lateral L 7982.47 (992.69) 7303.38 (862.22) 7578.05 7035.66 (853.90) -140.17 (-365.49, 85.15) 0.223 0.11 186.48 (7.04, 365.91) 0.042*  0.01 -273.62 (-479.08, -68.16 0.009* 0.24
(872.0047)
R 7640.83 6998.46 (989.36) 7022.96 (885.40) 6510.53 (819.16) -209.29 (-451.53, 32.98) 0.090 0.10 93.61 (-99.28, 286.52) 0.342 0.01 -189.36 (-410.23, 31.51) 0.093 0.24
(1074.53)
Hippocampus L 4349.54 (517.54) 4053.65 (450.20) 4208.25 (479.66) 3981.50 (447.46) -164.97 (-296.66,-33.29)  0.014* 0.00 53.67 (-51.61, 158.95) 0.318 0.00 -85.21 (-205.68, 35.22)  0.165 0.27
R 4453.53 (544.65) 4162.94 (446.34) 4331.36 (486.84) 4042.30 (427.36) -169.44 (-304.58, -34.30) 0.014* 0.11 45.33 0.412 0.02 -27.84 0.660 0.24
(-63.03, 153.69) (-151.88, 96.19)
Amygdala L 1737.01 (272.17) 1547.13 (261.50) 1608.40 (212.72) 1490.99 (188.20) -9.67 (-76.17, 56.83) 0.776 0.07 120.40 <0.001** 0.07 -83.65 (-144.14,-23.16) 0.007* 0.36
(67.49, 173.31)
R 1833.44 (296.25) 1600.01 (230.75) 1625.36 (215.71) 1492.73 (210.90) 6.67 (-62.22, 75.55) 0.850 0.00 127.47 <0.001** 0.05 -104.11 (-166.68, 0.001** 0.41
(72.72, 182.21) -41.53)
Nucleus L 690.10 (200.32) 647.63 (169.96) 527.41 (119.16) 480.09 (125.29) -4.70 (-40.31, 30.92) 0.796 0.03 41.28 0.004** 0.02 -32.36 (-64.51, -0.20) 0.049*  0.64
accumbens (13.12, 69.44)
R 684.93 (161.57) 625.70 (147.35) 613.37 (121.91) 567.78 (118.14) -18.45 (-50.68, 13.77) 0.262 0.05 44.98 (19.48, 70.48) 0.001** 0.03 -34.37 (-63.49, -5.25) 0.021*  0.56
Caudate L 3929.38 (478.33) 3631.15 (443.44) 3849.49 (493.42) 3505.09 (471.41) -21.95 (-153.71, 109.81) 0.744 0.02 22.56 (-83.10, 128.21) 0.676 0.01 -16.20 (-137.15, 104.74) 0.793 0.23
R 4094.54 (542.91) 3735.19(501.98) 3901.28 (515.46) 3543.45(516.76) -18.55 (-162.43, 125.34) 0.801 0.02 64.75 (-49.59, 179.10) 0.267 0.01 -51.56 (-182.26, 79.12) 0.439 0.40
Putamen L 6315.64 (933.10) 5851.62 (864.67) 5757.26 (739.00) 5250.93 (685.07) -319.53 (-531.52, <0.003* 0.10 162.92 (-5.31, 331.14) 0.058 0.04 -32.32(-224.54, 159.91) 0.742 0.44
-107.55)
R 6037.24 (874.82) 5527.51 (779.47) 5497.12(692.21) 5010.99 (681.49) -179.80 (-374.44,-14.83) 0.070 0.06 222.43 (-265.78, 87.14) 0.005* 0.05 -89.32(-265.78,87.14) 0.321 0.45
Globus Pallidus L 1683.30 (290.45) 1537.25(304.76) 1740.77 (286.21) 1500.54 (268.04) -93.16 (-168.69, 17.63) 0.016* 0.03 38.36 0.210 0.07 84.16 (15.57, 152.75) 0.016*  0.40
(-21.65, 98.38)
R 1682.90 (228.64) 1557.33 (210.71) 1554.24 (206.50) 1379.71 (193.51) -48.54 (-110.00, -12.90) 0.122 0.05 62.48 (13.55, 111.40 0.012*  0.06 -1.96 (-57.90, 53.97) 0.945 0.35
Thalamus L 8324.35 7688.46 (950.51) 8368.97 (840.83) 7715.98 (870.11) -63.67 (-291.62, 164.27) 0.584 0.05 214.41 (33.45, 395.36) 0.020* 0.00 -226.66 (-433.44,-19.86 0.032* 0.43
(1059.85)
R 7704.08 (749.21) 7085.12(623.99) 7776.97 (777.07) 7038.23 (775.77) -290.04 (-481.24,-98.84) <0.003* 0.10 176.81 (24.42, 329.20) 0.023* 0.06 -11.23(-185.49, 163.03) 0.899 0.33
Corpus Callosum 3377.26 (598.73) 3214.01 (478.03) 3321.33 (543.45) 3172.03 (534.12) -230.75(-392.35,-69.14) 0.005* 0.12 -75.05 (-204.42, 54.32) 0.256 0.05 -12.13 (-160.39, 0.873 0.19
136.812)
Cerebellum
GM L 49748.97 45350.75 51033.07 47046.38 -4143.84 (-5989.08, <0.001** 0.07 -2811.73 (-4263.04, <0.001** 0.04 2719.10 (1060.74, 0.001** 0.53
(12223.38) (10674.25) (9298.11) (5347.57) -2298.61) -1360.42) 4377.46)
R 50681.09 46880.50 52635.32 48469.18 -4247.65 <0.001** 0.08 -3133.30 (4620.48, <0.001** 3085.40 (1386.05, 0.001** 0.53
(12255.99) (10597.60) (9567.45) (5571.48) (-6138.42, -2356.88) -1646.12) 4784.76)
WM L 14762.27 14037.49 15761.19 15526.19 -488.42 (-1340.27, 0.261 0.02 -1245.57 (-1919.25, <0.001** 0.08 304.99 (-465.49, 0.438 0.35
(3327.16) (3261.05) (3147.76) (3301.02) 363.43) -571.89) 1075.47)
R 14917.15 14031.98 16035.98 15845.76 -684.87 (-1497.42, 0.099 0.00 -1157.45 (-1799.12, <0.001** 0.08 183.46 (-550.23,917.15) 0.624 0.39
(3477.19) (3071.54) (3326.17) (2880.35) 127.68) -515.78)
Total GM 645538.63 587412.59 635692.40 580684.82 -9923.09 (-20151.40, 0.057 0.09 8210.167 (137.94, 0.046* 0.00 -10866.91 (-20095.91, 0.021* 0.41
(69823.91) (63758.74) (64282.99) (58709.93) 16304.97) 16282.41) -1637.93)
Total WM 509147.64 445501.06 491191.73 436520.55 -19547.76 (-31944.64, 0.002*  0.09 9775.49 (33.20, 0.049* 0.01 -10222.08 (-21352.75, 0.072 0.57
(53259.68) (44096.16) (56801.08) (48983.21) -7150.88) 19517.78) 908.59)
CSF 984.87 (278.31) 947.42 (243.35) 1114.05 (232.64) 991.96 (210.11) 30.12 (-39.11, 99.34) 0.394 0.07 -18.28 (-74.21, 37.65) 0.522 0.00 30.36 (-33.84, 94.56) 0.354 0.14
(0 ASE 1.44 (0.25) 1.24 (0.23) 1.63 (0.20) 1.42 (0.17) -0.00 (-0.04, 0.05) 0.904 0.02 0.19 (0.16, 0.23) <0.001** 0.18 0.04 (0.00, 0.08) 0.082 0.58

Note: p = beta; CI = confidence interval; CSF = Cerebrospinal fluid; GM = grey matter; L = left;

OFC = orbitofrontal cortex; R = right; Var = variance; WM = white matter. Values for brain volumes are mean (SD). Bolded

values are f (95% CI), p and d of the significant effects (FDR-corrected). § Site-level variation estimated as an intraclass correlation (ICC). * p(uncorrected) < 0.05, ** p(FDR) < 0.05.
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genuine effect or an ambiguous effect) (Makin and de Xivry, 2019). For
instance, this discrepancy may be due to methodological differences
between the present and previous studies. Previous works had small
sample size, as such, their findings may have been false positive (Button
et al., 2013; loannidis, 2008). Yet, we used a more stringent statistical
approach. This issue may have limited the power to detect group dif-
ferences with small effect sizes in our but not previous work (i.e., range
from d = 0.04 to d = 0.14). Unlike previous work, we (i) controlled for
multiple comparisons and thereby used a more stringent statistical
threshold, (ii) accounted for gender differences and controlled for
multiple confounders (i.e., age, education years and ICV), thus reducing
the power to detect existing effects; (iii) we screened for major con-
founders and excluded 191 participants for major psychiatric and sub-
stance use disorders to mitigate the impact of confounders that may
affect brain volumes independent or in interaction with alcohol
dependence.

Of note, methodological differences (e.g., distinct sample sizes and
ROIs, brain indices and confounders considered) may also account for
discrepancies between our results and those of recent work from the
ENIGMA addiction workgroup where people with alcohol dependence
showed smaller volumes of the hippocampus, globus pallidus, putamen
and thalamus but also of the amygdala and NAcc, and the OFC thickness
(Mackey et al., 2019).

This study has a number of limitations. First, the cross-sectional
study design precluded the understanding of whether neuroanatomical
differences predated or followed the onset of alcohol dependence and
exacerbated with its course. Second, we had limited measures of alcohol
exposure (i.e., monthly standard drinks). The role of drinking patterns
on volumetric reductions in alcohol dependence remains unclear and is
to be examined by future work e.g., age of onset of alcohol use and
dependence, cumulative lifetime exposure to alcohol, number of binge
episodes, number of detoxifications, length of abstinence prior to MRI
and severity of alcohol dependence (Ruiz et al., 2013; Sawyer et al.,
2016). Third, we lack data on additional variables that also may influ-
ence the neuroanatomy of people with alcohol dependence (e.g., per-
sonality characteristics, mental health symptoms, sex hormones, other
substances used, nutrition status). The limited data available was due to
heterogeneous testing protocols between sites and warrants the devel-
opment of a minimum set of standardized tools to assess alcohol
dependence, related psychosocial outcomes and comorbid drug use, so
that future (including multi-site) studies can measure the specificity and
the functional significance of the findings. Also, our findings may have
been confounded by noise due to inter-site heterogeneity in MRI
methodology (e.g., MR strength, manufacturer, acquisition parameters
that lead to distinct MRI image quality), behavioural testing protocols,
samples’ demographic (e.g., age) and mental health characteristics.
These were mitigated using standardized MR quality check protocols
(Thompson et al., 2014; van Erp et al., 2016) and a multilevel statistical
approach that accounts for dependency between observations in nested
designs (Aarts et al., 2014). Also, we controlled for differences in de-
mographics (i.e. age, education) in all analyses. As such, we are confi-
dent that we accounted for the impact of these variables in estimating
the results. Of note, large-scale longitudinal brain imaging studies report
that adults’ brain volume is relatively stable until 35-40 years and de-
creases thereafter, with mean percentage changes per year between
0.2% and 0.8% (Hedman et al., 2012; Ritchie et al., 2015). If we consider
that alcohol-dependent individuals and controls in our sample were (on
average) under their 35s, it is unlikely that a 2-years age differences may
have driven the observed effects. Lastly, previous evidence shows that
cerebellum’s close proximity to the base of the skull causes image
contrast nonuniformity, resulting in inferior GM/WM discrimination
(Carass et al., 2018; Price et al., 2014). As such, we cannot exclude that
differences in head/brain size between men and women in our sample
may have influenced the segmentation of the cerebellum GM and WM.
Yet, this was the largest structural neuroimaging study to date to
examine gender differences in a sample of participants with current
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alcohol dependence confirmed with standardized clinical tools i.e.,
DSM-1V, screened for comorbid psychopathologies and substance
dependence.

5. Conclusions

Our findings validate and advance existing knowledge on the role of
alcohol dependence, gender differences, and alcohol dosage on neuro-
anatomy using a large-scale multi-site structural neuroimaging study, in
a carefully selected sample screened for major psychiatric comorbidities
and using a robust statistical design. Alcohol dependence was associated
with widespread smaller volumetric brain regions encompassing medial
temporal (hippocampus), striatal (putamen, pallidum, thalamus),
corpus callosum, and global brain volumes (total GM and WM). Gender
differences in people with alcohol dependence emerged in the volumes
of specific brain regions. These include the cerebellar GM, which was
reduced more prominently in women, and the amygdala, which showed
a significant reduction only in dependent men. The effects size of our
findings was small. As such, communicating the nature of this study’s
findings will inform the work of future researchers’ on the neurotology
of gender differences in alcohol dependence, with estimates for power
for sample size calculations. This is particularly true for studies that
address novel research questions, such as that the study of group-by-
gender differences in substance dependence hereby conducted.

The findings of this study have implications to advance neuroscien-
tific theories that implicate the amygdala and cerebellum in addiction
but do not account for gender differences. Our results highlight the need
to account for gender differences in neuroscientific studies of alcohol
dependence using samples carefully matched on gender and other
important demographic characteristics (e.g., age), multimodal imaging
techniques that map distinct properties of neural integrity (e.g., brain
anatomy, function and neurotransmitters), longitudinal designs and
comprehensive standardized assessments of alcohol dependence and
relevant psychosocial outcomes. This work will be necessary to shed
some light on the mechanisms underlying gender differences in trajec-
tories in and out of alcohol dependence related psychosocial/treatment
outcomes and to match the treatment demands posed by increasing rates
of substance use disorders in women (Greenfield et al., 2010; Heidari
et al., 2016).
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Table 5
Results of the pairwise comparisons of significant group-by-gender interactions in people with alcohol dependence versus controls from the sensitivity subsample
where alcohol-dependent men and women were matched by standard drinks

Brain regions B (95% CI) P d p (95% CI) p d

Amygdala R HC men Vs HC women 127.47 (72.72, 182.21) <0.001** 0.17 L 120.40 (67.49, 173.31) <0.001** 0.14
ALC women Vs HC women 6.67 (-62.22, 75.55) 0.850 0.01 -9.67 (-76.170, 56.83) 0.776 0.01
ALC men vs  HC women 30.02 (-40.26, 100.31) 0.402 0.03 27.08 (-40.78, 94.95) 0.434 0.04
ALCwomen vs HC men -120.80 (-184.49, -57.11) <0.001**  0.14 -130.07 (-191.51, -68.63) <0.001**  0.17
ALC men vs  HC men -97.44 (-155.55, -39.34) 0.001* 0.11 -93.31 (-149.39, -37.25) 0.001**  0.11
ALC men vs  ALCwomen  23.36 (-18.99, 65.70) 0.280 0.03 36.75 (-4.16, 77.67) 0.078 0.04

Cerebellum GM R HCmen Vs HC women -3133.30 (-4620.476, -1646.119) <0.001** 0.12 L -2811.73 (-4263.04, -1360.42) <0.001** 0.11
ALCwomen vs HC women -4247.65 (-6138.42, -2356.88) <0.001**  0.16 -4143.84 (-5989.08, -2298.61) ©0.16
ALC men vs  HC women -4295.55 (-6217.30, -2373.79) <0.001**  0.14 -4236.47 (-6111.93, -2361.01) 0.14
ALCwomen vs HCmen -1114.35 (-2873.91, 645.20) 0.215 0.04 -1332.12 (-3049.35, 385.11) 0.04
ALC men Vs HC men -1162.25 (-2762.20, 437.70) 0.155 0.04 -1424.74 (-2986.19, 136.71) 0.05
ALC men vs ALCwomen  -47.894 (-1201.34, 1105.55) 0.935 0.00 -92.62 (-1218.26, 1033.01) 0.00

Note: ALC = alcohol dependent, p = beta, CI = confidence interval, GM = grey matter, HC = controls, L = left, R = right. Only the right amygdala and the left and right
cerebellum GM demonstrated significant group-by-gender differences after FDR correction however, both the right and the left amygdala are presented as the co-
efficients of the interaction effect were very similar across the two hemispheres (see Table 4). * p < 0.01; ** p < 0.001.

Table 6
Associations between gender, monthly standard drinks and brain volumes that demonstrated significant group-by-gender interactions in people with alcohol
dependence

Mixed-effect model adjusted Alcohol-dependent (n = 484, 36% women)
for age, education and ICV R Amygdala L Amygdala R Cerebellum GM L cerebellum GM
B (95% CI) P B (95% CI) p B (95% CI) p B (95% CI) p
Model A Gender® 47.78 (0.28, 0.049* 58.19 (9.92, 0.018* -1255.93 0.040 -1453.91 0.017*
95.28) 106.45) (-2455.24, -56.62) (-2648.76,
-259.06)
StDr/mo -7.66 (-11.79,  <0.001**  -7.139 0.001**  89.84 (-14.52, 0.092 82.34 (-21.63, 0.121
-3.52) (-11.33, 194.20) 186.32)
-2.95)
Model B Gender-by- 0.84 (-6.78, 0.829 -1.06 (-8.88, 0.790 -267.73 (-458.04,  0.006**  -262.53 (-452.18, 0.007**
StDr/mo 8.47) 6.75) -77.43) -72.89)
Model C StDr/mo -8.92(-13.67, <0.001** -8.66 (-13.61, 0.001** 70.80 (-53.69, 0.265 69.62 (-55.88, 0.277
(men only) -4.17) -3.71) 195.29) 195.12)
Model D StDr/mo -7.28 (-15.40, 0.079 -8.01 (-15.63, 0.039 148.6 (-36.38, 0.115 20.05 (-142.87, 0.809
(women only) 0.85) -0.39) 333.58) 182.97)

Note: three separate models were run to explore the association between ROIs volume and gender, standard drinks (model A), gender-by-standard drinks (model B) or
standard drinks separately in men and women (model C, D). Only the right amygdala and the right cerebellum GM demonstrated significant group-by-gender in-
teractions after FDR correction however, both the right and the left hemisphere of these regions are presented as the coefficient of their interaction effects was very
similar (see table 2). § = beta, CI = confidence interval, GM = grey matter, L = left, R = right, StDr/mo = monthly standard drinks. * Me(FDR-corrected).

Bolded values are 8 (95% CI), p and d of the significant effects (FDR-corrected). * p(uncorrected) < 0.05; ** p(FDR) < 0.05.

Table 7
Associations between gender, monthly standard drinks and brain volumes that demonstrated significant group-by-gender interactions in alcohol-dependent men and
women matched by standard drinks (sensitivity subsample)

Mixed-effect model adjusted Alcohol-dependent (n = 350, 50% women)
for age, education and ICV R Amygdala L Amygdala R Cerebellum GM L cerebellum GM
P (95% CI) p B (95% CI) p p (95% CI) p P (95% CI) p
Model A Gender 47.19 (-6.46, 0.085 60.37 (7.92, 0.024* -844.52 0.183 -916.08 0.140
100.83) 112.81) (-2087.74, (-2133.65,
398.71) 301.49)
StDr/mo -10.37 <0.001**  -9.21 (-14.84,  0.001**  194.65 (63.46, 0.004**  198.81 (70.35, 0.002%*
(-16.07, -3.58) 325.84) 327.28)
-4.67)
Model B Gender -by- -5.61 (-15.31, 0.256 -6.11 (-15.76, 0.215 -216.76 (-438.94, 0.056 -170.76 (-388.71, 0.125
StDr/mo 4.07) 3.55) 5.42) 47.18)
Model C StDr/mo -14.30 <0.001**  -12.81 0.002%*  31.99 (-134.11, 0.707 179.08 (-5.62, 0.057
(men only) (-22.25, (-20.94, 198.79) 363.78)
-6.35) -4.67)
Model D StDr/mo -7.28 (-15.40, 0.079 -8.01 (-15.63, 0.039* 148.61 (-36.38, 0.115 20.05 (-142.87, 0.809
(women only) 0.85) -0.39) 333.58) 182.97)

Note: Three separate models were run to explore the association between ROIs volume and gender or standard drinks (model A); gender-by-standard drinks (model B) or
standard drinks separately in men and women (model C, D). Only the right amygdala and the right and left cerebellum GM demonstrated significant group-by-gender
effects after FDR correction however, both the right and the left amygdala are presented as the coefficient of their interaction effects was very similar (see Table 2). p =
beta, CI = confidence interval, GM = grey matter, L = left, R = right, StDr/mo = monthly standard drinks. ® Men = 1, Women = 0. Bolded values are 8 (95% CI), p and
d of the significant effects (FDR-corrected). * p(uncorrected) < 0.05, ** p(FDR) < 0.05.
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