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Many studies have reported structural or functional brain changes in patients with alcohol-dependence (ADPs). However, there has been an insuf-
ficient number of studies that were able to identify functional changes along with structural abnormalities in ADPs. Since neuronal cell death can
lead to abnormal brain function, a multimodal approach combined with structural and functional studies is necessary to understand definitive
neural mechanisms. Here, we explored regional difference in cortical thickness and their impact on functional connection along with clinical rel-
evance. Fifteen male ADPs who have been diagnosed by the Diagnostic and Statistical Manual of Mental Disorders 5 (DSM-5) underwent high-
resolution T1 and resting-state functional magnetic resonance imaging (MRI) scans together with 15 male healthy controls (HCs). The acquired
MRI data were post-processed using the Computational Anatomy Toolbox (CAT 12) and CONN-fMRI functional connectivity (FC) toolbox with
Statistical Parametric Mapping (SPM 12). When compared with male HCs, the male ADPs showed significantly reduced cortical thickness in the
left postcentral gyrus (PoCG), an area responsible for altered resting-state FC patterns in male ADPs. Statistically higher FCs in PoCG-cerebellum
(Cb) and lower FCs in PoCG-supplementary motor area (SMA) were observed in male ADPs. In particular, the FCs with PoCG-Cb positively cor-
related with alcohol use disorders identification test (AUDIT) scores in male ADPs. Our findings suggest that the association of brain structural
abnormalities and FC changes could be a characteristic difference in male ADPs. These findings can be useful in understanding the neural mecha-

nisms associated with anatomical, functional and clinical features of individuals with alcoholism.
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INTRODUCTION

Alcohol consumption, abuse and addiction have been responsi-
ble for major health, social and economic problems worldwide [1-
3]. Treatments for alcoholism are characterized by poor treatment
outcomes and high relapse rates [3]. Treatment failures for alcohol-
ics can lead to motivational loss and worsened personal and inter-

personal health [4], which in turn can lead to brain disorders from
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changes in brain structure and function [5]. The intake of alcohol
affects a persons brain from the bloodstream. When an individual
consumes alcohol, the ethanol from the alcoholic drink travels
to the brain through the bloodstream, affecting various neuronal
functions temporarily through enhanced effects of neurotransmit-
ters along with toxic byproducts. Effects from alcohol are typically
progressively weakened in a healthy person as the liver quickly
filters out alcohol from the bloodstream, preventing alcohol
from further affecting the brain. However, when a person drinks
excessively, alcohol from the body is not filtered out fast enough,
prolonging the toxic effects of alcohol in the brain. Damage to the
brain is mainly mediated by a neurotoxic environment stemming

from increased oxidative stress and proinflammatory cytokines [6].
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Therefore, understanding the brain abnormalities related to neural
mechanisms in alcohol-dependent patients (ADPs) is very impor-
tant in improving clinical practice. Neuroimaging has been widely
used to investigate the consequences of alcoholism including at-
rophy of the gray [5, 7, 8] and white matters (GM/WM) [9], sulcal
widening [10], decreased cortical thickness [11] and ventricular
enlargement [10].

Most previous neuroanatomical studies dealing with alcoholism
have focused somewhat on WM rather than GM. More specifical-
ly, the ADPs showed shrinkages of WM in various cortical regions
including the precentral gyrus, anterior cingulate cortex, temporal
lobe [12, 13], and anterior hippocampal region [14]. However,
studies have also shown that GM structural components are
directly associated with functional components [15, 16]. Recent
studies [5, 17] showed that structural abnormalities of GM are
associated with abnormal functional connections within neural
networks of relevant brain regions in ADPs. These results could be
evidence that altered functional connectivity (FC) is influenced by
GM structural changes due to alcoholism. Until now, multimodal
neuroimaging studies that comprehensively examine the changes
in the brain associated with synchronous neurofunctional and
structural abnormalities in ADPs are still lacking.

Voxel- or surface-based morphology measurement (VBM/SBM)
methods are commonly used to analyze GM morphology changes
using MRI data. While VBM can only measure brain volumes in
voxel units, SBM is capable of probing various aspects of cortical
shape including cortical thickness, degree of gyrification, and sul-
cal depth, providing more insight than VBM [18]. Moreover, to
our knowledge, there are no previous studies that have investigated
structural and FC changes in ADPs using SBM until now.

In addition, there are gender-related differences in the suscepti-
bility, progression and clinical outcomes of alcohol dependence.
For instance, women consume less alcohol, start drinking later and
have lower rates of alcohol dependence than men [19]. However,

studies have shown that women transition from first alcohol use to
alcohol dependence more rapidly than men [20]. Therefore, in ad-
dition to gender-related neuroanatomical differences reported by
a recent neuroimaging study [21], only male subjects were selected
in consideration of gender differences.

Given the above, we hypothesized that there are key regions that
have distinct neuroanatomical differences, and affect the brain
functional network in male ADPs. Here, we performed a multi-
modal study employing SBM and resting-state fMRI (rs-fMRI)
analysis to investigate distinct brain alterations such as cortical
shape including cortical thickness, degree of gyrification, and sul-
cal depth across entire brain areas as well as their correlation with
FCs in male ADPs.

MATERIALS AND METHODS

Subjects

Fifteen male ADPs (mean age, 47.53+6.51 years) participated
in this study along with 15 healthy controls (HCs) (mean age,
47.60+3.91 years) (Table 1). A psychiatrist diagnosed their alcohol-
ism using the DSM-5 criteria. The Institutional Review Board of
Chungbuk National University Hospital (IRB-CNUH) in Korea
approved this study protocol. Before MRI scanning, all volunteers
received an explanation of all the experimental procedures and
provided written informed consent. Also, all the experimental
procedures and methods were performed in accordance with the

relevant guidelines and regulations approved by the IRB-CNUH.

Inclusion criteria
a. DSM-5 criteria for ADPs
b. Male patients between 20 and 60 years of age.
c. All participant have an education above middle school (more
than 9 years: middle school in Korea).
d. Right-handed.

Table 1. Demographic and clinical characteristics between male patients with alcohol-dependence (ADPs) and male healthy controls (HCs)

Alcohol-depent patients (n=15) Healthy controls (n=15) p-value
Mean are (years) 47.53+6.51 47.60+3.91 p=0.902*
Gender (male/female) 15/0 15/0 p=1.000*"
Handedness (right: left: mixed) 15:0:0 15:0:0 p=1.000**
Education (years) 12274271 14.53+2.20 p=0.023*
Duration of smoking (years) 26.87+9.25 16.87+12.69 p=0.015*
Clinical rating scales
Duration of drinking per week (days) 4.73+2.05 1.57+1.79 p<0.000*
BMAST 22.27+5.36 2.07+3.59 p<0.000*
AUDIT-K 31.47+7.17 11.87+6.83 p<0.000*

*Mann-Whitney U-test. **Chi square test.

AUDIT-K: Alcohol Use Disorder Identification Test-Korea, BMAST: Briet Michigan Alcoholism Screening Test.
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Exclusion criteria

a. Current or past psychiatric illness other than ADPs — demen-
tia, delirium and other organic disorders, mental retardation,
psychotic disorders such as schizophrenia, delusional disorder
and others, mood disorders, and anxiety disorders.

b. Substance use other than alcohol and tobacco.

c. History of head trauma.

d. History of cardiovascular or endocrine disease.

e. Current medical illness.

f. Presence of magnetically active object in the body.

Magnetic resonance imaging acquisition

All the subjects underwent MRI with a 3 Tesla Philips Achieva
scanner equipped with an 8-channel head coil. The high resolu-
tion T1-weighted images were acquired using a three dimensional
Turbo Field Echo (TFE) sequence with repetition time/echo time
(TR/TE)=6.8/3.1 ms, flip angle=9°, field-of-view (FOV)=288x288
cm’, matrix size=256x256, number of excitation (NEX)=1, slice
thickness=1.2 mm and slices=170.

Functional images were acquired using a gradient echo-echo
planner image (GRE-EPI) with the following parameters: TR/
TE=3,000/30 ms, flip angle=80°, FOV=22x22 c¢m’, matrix
size=64x64, NEX=1, number of slices=48, 3 mm isotropic voxels

and total scan time=7 min.

Data pre-processing and cortical surface extraction

The high-resolution T1 images were pre-processed using an
automated program in the Computational Anatomy Toolbox
(CAT12) based on Matrix Laboratory (MATLAB) (R2016b;
MathWorks, Natick, MA, USA) to generate a cortical surface that
provided cortical thickness measurement. All of the individual
data were processed as follows: 1) bias-field correction, 2) align-
ment with the anterior and posterior commissures line on the
sagittal plane and skull dissection, 3) alignment with the Montreal
Neurological Institute standard template (MNI-152), 4) segmen-
tation into GM, WM, and cerebrospinal fluid (CSF) using tissue
probability maps based on the International Consortium of Brain
Mapping (ICBM) template for East Asian brains, and 5) smooth-
ing with a 15 mm full-width at half-maximum (FWHM) isotropic
Gaussian kernel for cortical thickness and 20 mm for gyrification
index and sulcal depth. The smoothed images were used for be-
tween group analyses. Additionally, the total intracranial volume
(TIV) was calculated for comparing the brain volume difference
in the two groups. The cortical thickness, which is the distance
between GM and WM surfaces (approximately 1.6~4.5 mm), was
calculated using a fully automated method based on the projec-
tion-based thickness (PBT) measurement [22].

https://doi.org/10.5607/en21036

Between-group differences in cortical thickness, gyrification
index, and sulcal depth were assessed with two-sample t-test
controlling for smoking and education level. Statistical maps were
thresholded at uncorrected p<0.001 (more than 70 voxels).

The clusters of significant differences in cortical thickness, gyri-
fication index and sulcal depth were considered to be the seeds for
turther FC analysis.

FC analysis

FC analysis was performed by using the CONN-fMRI FC tool-
box (ver.17e) with Statistical Parametric Mapping-12 (SPM12)
as follows: slice timing correction (interleaved), realignment
(subject-motion threshold: 2 mm), and co-registration. The co-
registered images were segmented into the GM, WM, and CSF
using standard SPM tissue probability maps. These images were
then smoothed with an 8 mm FWHM Gaussian kernel. For op-
timal functional outlier detection, the liberal setting with 97th
percentiles in normative sample and global-signal z-value thresh-
old=9 was adopted. Unwanted noises of blood-oxygenation-level-
dependent (BOLD) signals such as motion, physiologic, and other
artifacts were reduced through the use of an anatomical compo-
nent-based noise correction method (aCompCor) [23]. Band-pass
filtering was performed with a frequency window of 0.01~0.1 Hz.
Smoking and education level were controlled as covariates.

For the evaluation of FC, a region of interest (ROI)-to-voxel FC
analytical method was used. Here, we specified a spherical cluster
with 10mm diameters and peak coordinates as the ROI in the left
postcentral gyrus (PoCG) (MNI coordination: x=-48, y=-12,z=31)
based on the brain cortical thickness results. Significant connec-
tions were identified by two sample t-test calculating as voxel
threshold: uncorr. p<0.001, cluster threshold: p-FDR<0.05.

Statistical analysis of clinical measurements and FC

To analyze the correlation between brain FC and alcoholism
severity, Spearmans correlation coefficient test was performed us-
ing the Statistical Package for the Social Sciences (SPSS) statistical
software package (version 20.0, SPSS Inc., Chicago, USA).

RESULTS

Demographic and clinical measurements

There were no differences among the subjects male ADPs and
male HCs in terms of age, handedness and gender distribution
(p>0.05), but length of education (p=0.023) and duration of smok-
ing (p=0.015) were statistically different (Table 1). The duration
of drinking per week in male ADPs and male HCs was 4.73+2.05
(mean+SD) and 1.57+1.79 day, respectively. Compared to male
443
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Table 2. Comparison of brain volumes between male patients with alcohol-dependence (ADPs) and male healthy controls (HCs)

ADPs HCs p-value
Gray matter volumes (ml) 673.59+71.27 675.80+43.82 p=0.820*
White matter volumes (ml) 526.75+57.54 556.96+59.60 p=0.290*
CerebroSpinal fluid (ml) 351.32+71.39 324.69+53.30 p=0.221*
Total crenial volumes (ml) 1,551.66+148.47 1,557.45+124.41 p=0.917*

*Mann-Whitney U-test.

HCs, male ADPs showed higher scores in the Brief Michigan
Alcohol screening test (BMAST) and alcohol use disorders iden-
tification test (AUDIT) (p<0.000) (Table 1). The mean scores
for BMAST and AUDIT of the male ADPs were 22.27+2.71 and
31.47+7.17, respectively (Table 1).

Comparison of brain volumes

The GM volumes of male ADPs and male HCs were
673.59+71.27 ml and 675.80+43.82 ml, respectively (p=0.820),
whereas their WM volumes were 526.75+57.54 ml and
556.96+59.60 ml, respectively (p=0.290). There were no sta-
tistically significant differences in total brain volumes (TIV:
GM+WM+CSF) between the two groups with 1551.66+148.47 ml
and 1557.45+124.41 ml (p=0.917) (Table 2).

Cortical thickness reduction in male ADPs

Significant differences in gyrification index and sulcal depth be-
tween the two groups were not observed.

In cortical thickness, Fig. 1 shows patterns of mean cerebral
cortical thickness for male HCs (Fig. 1A) and male ADPs (Fig. 1B)
(uncorr. p<0.001). Compared to male HCs, the male ADPs showed
decreased cortical surface thickness in the left postcentral gyrus
(PoCG) (uncorr. p<0.001cluster size: 74 voxels) (Fig. 2). However,

there was no increased cortical surface thickness in patients.

Differentiated FC between male ADPs and male HCs

The results of FC using seed-to-voxel analysis between male
ADPs and male HCs are shown in Fig. 3, 4 and Table 3. In the
comparison of FCs with and without structural results, large FC
patterns were observed in the whole left PoCG rather than strictly
at the localized PoCG originating from coordinates linked with re-
duced cortical thickness. (voxel level uncorr. p<0.001, uncorrected;
cluster level p<0.05, FDR corrected) (Fig. 3).

There were similar FC patterns in both groups. The male ADPs
showed PoCG with a large FC cluster extending frontally, but rela-
tively weaker and more restricted. Additionally, male HCs showed
FCs linked with the inferior and middle occipital gyrus, lingual
gyrus,and fusiform gyrus.
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In the group comparison (Fig. 4), there was no significant dif-
ference between the two groups in the results of whole left PoCG.
On the other hand, distinct differences were observed in localized
PoCG which showed reduced cortical thickness.

Significantly lower FC in the supplementary motor area (SMA)
(Fig. 4A) and higher FC in the cerebellum (Cb) (Fig. 4B) were ob-
served in male ADPs compared to male HCs (Table 4) (two sample
t-test, voxel level uncorr. p<0.001, uncorrected; cluster level p<0.05,
FDR corrected).

Correlation between FC and alcoholism severity

Fig. 4 shows a significantly positive correlation between AUDIT
scores and FC of Cb linked to PoCG where there was reduced
local cortical thickness in male ADPs Spearmans correlation
(r)=0.579, p=0.024) (Fig. 5). However, there was no significant cor-
relation with BMAST.

DISCUSSION

In this study, we applied a multimodal approach to assess wheth-
er if there were brain structural alterations causing functional
abnormalities in male ADPs, and subsequently assess any correla-
tions between alterations in brain structures and clinical severity.
Here, we hypothesized that there are distinct brain structural and
functional alteration patterns that are affected by alcoholism in
the male ADPs. In addition, these findings can provide valuable
knowledge regarding abnormalities in neural pathways and other
related pathophysiological mechanisms that can occur in male
ADPs.

ADPs had significantly lower levels of education and smoking
duration compared to HC in our study. To account for their influ-
ences on significant brain structure alterations, education level and
smoking duration were set as coefficients for significant groups
analysis. A previous study [5] evaluated potential effects of educa-
tion on functional and structural results by comparing brain struc-
tures of cohorts with and without matching education years. The
results showed that the patterns of rs-FC and structural difference
were very similar between the two groups. Also, several studies

https://doi.org/10.5607/en21036
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Fig. 2. Significantly reduced local cortical thickness in male patients with
alcohol-dependence compared to male healthy controls (two sample t-
test, uncorr. p<0.001, cluster size: 74 voxels). L, left; R, right; PoCG, post-
central gyrus (x,y,z=-48,-12,31).

https://doi.org/10.5607/en21036

Fig. 1. Cerebral thickness pat-
terns in male healthy controls
(HCs) (A) and male patients with
Alcohol-dependence (ADPs)
(B) (one smaple t-test, uncorr.
p<0.001). The color bar indicates
thickness degree (thinner: blue -
thicker: red). LH, left hemisphere;
RH, right hemisphere.

[5, 24] were able to account for differences in education level and
duration of smoking by using them as covariates in neuroimaging
analysis. Based on these previous studies, we used education and
duration of smoking as covariates during imaging processing to
account for significant differences. However, compared to previous
studies, the current study found decreased cortical thickness only
in the PoCG despite the uncorrected thresholds. This discrepancy
may stem from various factors such as the small sample size and/
or significant differences in education between two groups. Al-
though the effects of education on cortical thickness are expected
to be smaller than those of alcohol dependence, the addition of
covariates to between-group differences into the statistical model
may have reduced the statistical power to detect group effects on
cortical thickness.

In the between-group comparison of total brain volumes, there
were no differences in GM, WM, and CSF between the two groups.

However, in the comparison of cortical thickness, the male ADPs
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FC patterns from PoCG founded in SBM

FC patterns from Lt. PoCG

Fig. 3. The A and B panels showed FC patterns starting from localized regions with reduced cortical thickness in PoCG. The C and D panels showed FC
patterns starting from the entire area of left PoGC (one sample t-test, voxel threshold: uncorr. p<0.001, cluster threshold: p-FDR<0.05). The color bars
mean FC intensity. L, left; R, right; HCs, male healthy controls; ADPs, male patients with alcohol-dependence.

exhibited significantly reduced cortical thickness in PoCG. The
PoCG, which contains the primary somatosensory cortex, is a
significant brain region responsible for proprioception [25]. This
region perceives various somatic sensations from the body, in-
cluding touch, pressure, temperature, and pain [26]. Furthermore,
neuroimaging studies were able to report various abnormalities
in brain activation patterns [27, 28] and structures [29] in PoCG
of ADPs. Morris et al. [29] reported decrease in PoCG neurite
density of binge drinkers through perfusion studies. Furthermore,
our findings confirmed reduced GM density of PoCG in terms of
cortical thickness as our SBM analysis showed decrease in the dis-
tance from WM to GM. Since neuronal cell death may cause loss
of function, this area was established as a seed area for assessing
FC differences with reference to a previous neuroimaging study
[30]. Our structural results showed limited brain area with signifi-
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cant differences despite a liberal threshold (uncorrected p<0.001).
This could be the result of various factors such as small sample size
and/or significant differences in education level, which was used as
a covariate with between-group differences in the statistical model.
These fundamental issues of insufficient statistical power and/or
other confounding factors may lead to substantial discrepancies
compared to previous study [5] which showed widespread cortical
thinning and GM volume loss with stringent statistical threshold
(family-wide error).

In the assessment of brain FCs between male ADPs and male
HCs, the results identified weaker and more restricted interre-
gional activation synchrony within the connectivity network in
addition to unique local areas in male ADPs compared to male
HCs. These lower network-specific FCs have been generally asso-
ciated with poorer performance and/or mood states in ADPs [31].

https://doi.org/10.5607/en21036
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FC from Lt. PoCG

ADPs < HCs ADPs < HCs

Fig. 4. The A and B panels
shows significantly different FCs
starting from localized regions
with reduced cortical thickness
in PoCG. C and D are panels
with no significant differences in
FC starting from the entire area
of left PoGC. (two sample t-test,
voxel threshold: uncorr. p<0.001,
cluster threshold: p-FDR<0.05).
L, left; R, right; HCs, male healthy
controls; ADPs, male patients

ADPs > HCs

with alcohol-dependence; SMA,
supplementary motor area; Cb,

cerebellum.

Table 3. Regions showing thickness-related functional connectivity differences between male patients with alcohol-dependence (ADPs) and male
healthy controls (HCs) (voxel threshold : uncorr. p<0.001, cluster threshold : p-FDR<0.05)

MNI coordinates Maximum
Brain area Cluster size
X y z t-value
Seed: postcentral gyrus (PoCQ) -48 -12 31
ADPs
Right postcentral gyrus (Rt. PoCG) 60 -4 32 17,647 19.12
HCs
Right inferior occipital gyrus (Rt. I0OG) 54 -76 -2 223 459
Left middle occipital gyrus (Lt. MOG) -54 -76 2 186 481
Left lingual gyrus (Lt. LiG) -22 -52 -2 184 542
Right lingual gyrus (Lt. LiG) 22 -46 -2 153 4.69
Left fusiform gyrus (Lt. FuG) -38 -40 22 154 5.99

We found reduced cortical thickness and weak FCs in male ADPs, Male ADPs showed significantly lower and higher FCs in PoCG-
demonstrating that neuronal cell death may cause neurofunctional ~ SMA and PoCG-Cb, respectively, compared to male HCs.
abnormalities [30]. This finding could play a potential role in the The SMA is embedded in motor circuits through its connections

pathophysiological understanding of alcoholism. with the primary motor cortex, premotor cortex and cingulate

https://doi.org/10.5607/en21036 www.enjournal.org 447



Shin-Eui Park, et al.

en

Table 4. Distinct functional connectivity areas between male patients with alcohol-dependence (ADPs) and male healthy controls (HC) (voxel thresh-

old : uncorr. p<0.001, cluster threshold : p-FDR<0.05)

MNI coordinates Maximum
Cluster size
X y z t-value
ADPs<HCs
Right supplementary motor area (Rt. SMA) 4 -14 60 424 495
ADPs>HCs
Right cerebellum (Rt. Cb) 26 -56 -32 752 6.59
alcoholism [43]. A neuroimaging study reported that the FC of
0.407 R*=0.317 PoCG-Cb was significantly greater in alcoholics than controls [31].

Connectivity of Cb -PoCG

-0.207

15.00 2000 25.00 3000 35.00 40,00 45.00

AUDIT scores

Fig. 5. The correlation between AUDIT scores and functional con-
nectivities of Cerebellum (Cb) linked to postcentral gyrus (PoCG) with
reduced local cortical thickness in male patients with alcohol-dependence
(Spearmans correlation, r=0.579, p=0.024). The curved line bands mean
95% confidence intervals. AUDIT, alcohol use disorders identification test.

cortex [32]. A large body of literature demonstrates [33-35] that
processes involving the motor system may also contribute to in-
hibitory control, with successful inhibition entailing a decrease in
motor system excitability. Additionally, a study showed that heavy
drinking is related to higher impulsivity due to reduced response
inhibition [36]. In a neuroimaging study [37], AUDIT scores were
negatively related to functional network connectivity between the
inferior occipital gyrus and the SMA.

The Cb has been considered to play an important role in the ac-
quisition of motor coordination and the cognitive processes that
control movement [38]. The Cb may also help augment cognitive
processes originating in the cerebrum [39], such as memory [40],
language production [41] and mental imagery [42]. Deficits of
motor control and cognitive processes associated with abnormali-
ties in cerebellar structure and function have been reported in
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Interestingly, in our results, the increased FCs of PoCG-Cb had a
positive correlation with AUDIT scores in male ADPs.

In summary, the abnormal FC of PoCG-Cb in male ADPs may
arise from incoordination between the cognition and motor sys-
tems, as well as from poor adaptations to changes in sensory and
motor input from alcohol-related Cb impairment.

There are some limitations in this study. First, the population
of subjects consisted of only males with 15 ADMs and HCs each.
Therefore, future studies with a larger population and sex control
are needed to increase the statistic power. Second, we could not
rule out the potential effects of confounding factors of smoking
and educational levels on the brain. However, we controlled for
such factors as covariates to avoid confounding when we per-
formed imaging processing for significant differences. Addition-
ally, alcoholism may still be the dominant factor contributing to
brain abnormalities between male ADPs and male HCs according
to previous studies [42,43].

This study demonstrated that the distinct brain cortical thick-
ness reduction in PoCG and its association with FC changes cor-
related with clinical severities in male ADPs. Our results suggest
that alcoholism may cause structural and functional network
changes in the relevant brain regions. Our findings could be help-
ful for understanding the neural mechanisms of alcoholism and
provide a new direction for its clinical treatment. In addition, these
findings, along with previous multimodal neuroimaging studies [5,
44], provides additional information on structural and functional
association in alcoholism.
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