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Objective  The structural alteration of brain shown in patients with alcohol use disorder (AUD) can originate from both alcohol effects
and genetic or developmental processes. We compared surface-based parameters of patients with AUD with healthy controls to prove
the applicability of surface-based morphometry with head size correction and to determine the areas that were sensitive to brain altera-
tion related to AUD.

Methods Twenty-six abstinent male patients with AUD (alcohol group, mean abstinence=13.2 months) and twenty-eight age-
matched healthy participants (control group) were recruited from an inpatient mental hospital and community. All participants under-
went a 3T MRI scan. Surface-based parameters were determined by using FreeSurfer.

Results Every surface-based parameter of the alcohol group was lower than the corresponding control group parameter. There were
large group differences in the whole brain, grey and white matter volume, and the differences were more prominent after head size cor-
rection. Significant group differences were shown in cortical thicknesses in entire brain regions, especially in parietal, temporal and
frontal areas. There were no significant group differences in surface areas, but group difference trends in surface areas of the frontal and
parietal cortices were shown after head size correction.

Conclusion Most of the surface-based parameters in alcohol group were altered because of incomplete recovery from chronic alcohol

exposure and possibly genetic or developmental factors underlying the risk of AUD. Surface-based morphometry with controlling for
head size is useful in comparing the volumetric parameters and the surface area to a lesser extent in alcohol-related brain alteration.
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INTRODUCTION

Chronic and heavy alcohol drinking causes brain damage
related to cognitive and behavioral problems shown in patients
with alcohol dependence.' Regarding brain structure, not only
cerebral atrophy, such as widening of cerebral fissure or cere-
brospinal fluid (CSF) spaces, but also volume changes in areas
such as the gray and white matter, cerebellum, hippocampus,
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caudate, putamen, and nucleus accumbens have been ob-
served and discussed in many reliable reports.>* However,
there are mixed opinions about whether these structural alter-
ations are the direct effects of alcohol use or the sort of endo-
phenotype that increases the risk of alcohol-use disorders.*

Alcohol and its metabolite acetaldehyde act as neurotoxins,
and problematic drinking causes significant brain damage via
various mechanisms, such as reactive oxidative stress, mito-
chondrial damage, brain-derived neurotrophic factor altera-
tion, and excitotoxicity related to the glutamate system." An-
other important cause of alcohol-related brain damage relates
to thiamine deficiency, which can cause Wernicke-Korsakoft
syndrome (WKS).? Thiamine deficiency has been suggested as
the cause of alcohol-related dementia (ARD), and many imag-
ing studies support this assumption.®

Although white matter disease in chronic alcohol use was
evident, gray matter damage was also shown.”® Cerebral gray
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matter is classified into cortical and subcortical gray matter.
The development of computerized analytical programs makes
it possible to estimate useful imaging parameters, such as cor-
tical thickness.” The use of cortical thickness in clinical imag-
ing studies is increasing because cortical thickness relates to
various clinical indices of not only normal aging' and demen-
tia" but also major mental disorders, such as schizophrenia'
and bipolar disorder.” This measure is associated with high re-
liability and sensitivity, and it has also been used with addictive
disorders, such as alcohol dependence.”*"

Cortical thickness is estimated by calculating the difference
between the boundaries of gray and white matter resulting
from surface-based analysis. We can also determine the corti-
cal volume by using the product of thickness and surface areas
in this analysis. These volumetric values of specific areas from
surface-based analysis are the same as the values from tradi-
tional voxel-based morphometry."

Unlike cortical thickness, surface area is generally not a sig-
nificant parameter in many studies for various clinical popula-
tions, including alcohol dependence. Cortical surface area is
mainly affected by the cortical folding pattern determined
during brain development. Cortical gyrification is mostly un-
affected by synaptic pruning and cortical aging and is an im-
portant in vivo marker for neurodevelopmental processes.'®
Therefore, the size of the surface area is determined genetically
or congenitally rather than by the effects of disease or toxins. If
we could find the difference in surface areas between clinical
groups and their control populations, it would be an innate
endophenotype related to the risk of certain diseases or re-
lapse, not a direct disease effect.

Comparing groups in a structural imaging study, we should
consider the various parameters, such as age and gender. It is
necessary to correct for head size, especially in a volume study.
As neuroimaging techniques have developed, it has become
possible to use automated values, such as estimated total intra-
cranial volume (eTTIV), for the head size. In contrast to volume
studies, there are mixed opinions about whether it is necessary
to correct for head size in thickness studies.” " The thickness
is distance as a one-dimensional value, and surface area is a
two-dimensional value. The head-size correction is necessary
in comparing group differences of the volume representing the
product of surface area and thickness, but it is not clear how
the head size acts on these two parameters separately. To en-
sure accuracy, we need to compare the brains of patients with
alcohol dependence whose brain structure alteration has been
established in previous research with controlled brains before
and after controlling for head size.

We investigated the differences in brain structures of mid-
dle-aged male patients with alcohol dependence and age-
matched healthy male controls based on similar backgrounds.
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Surface-based parameters, such as volume, thickness, and sur-
face area of the alcohol-dependent patients’ brains, were as-
sessed using an automated program and compared with brains
of the healthy controls. We tried to ascertain the significant
parameters differentiating the clinical groups and compare the
effect size of each parameter difference. At the same time, we
conducted this study to verify the effect of head-size correction
for comparing surface-based parameters between groups.

METHODS

Participants

Participants were enrolled male patients admitted to a men-
tal hospital specializing in alcohol dependence in Cheongju,
South Korea, from March 1, 2014, to August 31, 2014. Age-
matched healthy male controls ranging from 40 to 65 years of
age were recruited by advertisement. Diagnosis of alcohol de-
pendence according to the Diagnostic and Statistical Manual,
4th edition (DSM-IV), was confirmed using structured inter-
views.”® All participants received ongoing treatment for AUD
for a minimum of 3 months with complete abstinence. Their
mean abstinence period was 13.2+16.1 months. Participants
who had a major mental disorder, neurologic disease, severe
systemic disease, or other substance use disorder, except nico-
tine and caffeine use disorder, were excluded from the study.
Finally, 26 patients with alcohol dependence and 28 healthy
male controls were selected for the study. The Bioethics Com-
mittee Board of Chungbuk National University approved all of
this study’s processes.

MRI acquisition

All magnetic resonance imaging (MRI) tests were collected
on a 3T Philips Achieva scanner (Philips Medical System, Best,
Netherlands) at the Ochang campus of the Korean Basic Sci-
ence Institute. All participants were scanned with the same
32-channel head coil and the same pulse sequence. MRI T1
parameters were referenced from ADNI protocol [TR=6.8 ms,
TE=3.1 ms, flip angle=9 degrees, 256256 (1X1 mm) in-plane
resolution, 170 1.2-mm slices without gaps].

Image processing

All images were processed using FreeSurfer (v. 5.3.0) with
the default settings (http://surfernmr.mgh.harvard.edu) on a
Mac Pro 64-bit OS X platform. The methods of surface-based
analysis using FreeSurfer are described previously.” In brief, a
T1-weighted magnetization-prepared rapid gradient-echo
(MPRAGE) scan was acquired from each participant and was
aligned. Processing involved a surface-based method that cal-
culated the distance between gray and white matter outlines
after segmentation of gray matter, white matter, and cerebro-



spinal fluid (CSF) space. All images were aligned to a common
surface template using a surface-based averaging technique
that aligned cortical folding patterns.”**

Several manual quality-control measures and reprocessing
were performed to increase reliability. Cortical thickness esti-
mates were computed for lobar regions of interest (ROI) and
point by point across the cortical surface. The lobar ROIs were
derived from an automated labeling system that parcellated
the cortical surface into 34 regions per hemisphere.”*> Mean
thickness for each lobe was determined as the weighted aver-
age of each label in that lobe (frontal, parietal, temporal, occip-
ital, cingulate, or insula) on the basis of the surface area of each
label and combined across hemispheres, resulting in one value
of thickness for each lobe per subject.® Similarly, the sum of
each lobar surface area in both hemispheres was used as the
value of the surface area. At the same time, whole-brain corti-
cal thickness was calculated using the weighted average of each
label in each hemisphere, resulting in one value that represent-
ed the mean thickness of the entire cortical mantle per subject.

Controlling for head size

Estimated total intracranial volume (eTIV) was derived us-
ing the atlas scaling factor (ASF) method, producing an auto-
mated total intracranial volume estimate that was robust to
brain atrophy and equivalent to a manually traced TIV.”

Head-size correction of structural parameters was derived
using a procedure commonly described in the literature. Stan-
dardized structural values were calculated using the covariance
approach.”?® Specifically, head-size-corrected brain parame-
ters were estimated using the formula:

SBP,4j=SBPp.-b (€TIV-mean eTTV)

where SBP,q is the corrected value, SBP, is the surface-
based parameter in native space, and b is the slope of the pa-
rameter regression on eTTV. The mean eTIV is the sample
mean of the eTIV.

Statistical analysis

Analyses were conducted using the R statistical package v.
2.15.3 as described in the website (http://r-project.org) with
appropriate packages. Participant characteristics were exam-
ined using Student’s t-test, Pearson correlation test, and non-
parametric statistics where appropriate. The differences in sur-
face-based parameters between groups were tested by Student’s
t-test, and the effect sizes of group differences were estimated
using Cohen’s d value.

RESULTS

Participants’ characteristics
All 54 participants (26 alcohol group, 28 control group)

Simetal.

were males ages 40-65. There were no differences in age distri-
bution, education level, or socioeconomic status between
groups. The mean weight of the control group was higher than
that of the alcohol group (76.9£10.2 kg in control, 64.8+7.6 kg
in alcohol group, chi-square=4.80, p<0.001). There were more
divorced persons in the alcohol group (9/26 vs. 1/28, chi-
square=17.5, p<0.01).

Volumetric parameters

There was no group difference in eTIV. However, there were
significant group differences in total gray matter volume, total
white matter volume, and whole brain volume. Those mea-
sures in the alcohol group were significantly lower than those
of the control group. The group differences in volumes were
robust after correcting for head size. The cortical gray matter
volumes in whole, frontal, parietal, temporal, occipital, and in-
sula brain of the alcohol group were significantly lower than
those of the control group. These group differences were also
robust after controlling for head size. The volumes of cerebel-
lum, thalamus, caudate, putamen, hippocampus, amygdala,
and accumbens in the alcohol group were significantly lower
than those in the control group. These group differences were
slightly increased after controlling for head size. The effect siz-
es of group differences in total gray matter (TGM) volume, to-
tal white matter volume (TWM), whole brain volume (WBV),
and putamen were relatively large (Table 1).

Surface area and thickness

The cortical thicknesses of whole, frontal, parietal, temporal,
occipital, and insula brain in the alcohol group were signifi-
cantly lower than cortical thicknesses in those areas of the con-
trol group’s brains. There was no group difference in thickness
of cingulate. These patterns of differences were not affected by
head-size correction. Effect sizes of group differences in the
parietal and temporal lobes were relatively larger than those of
the frontal, occipital, and insular lobes.

There were no group differences in surface areas in the whole
brain and each lobe. However, some trends of group differenc-
es were shown in whole, frontal, and parietal brain after con-
trolling for head size (Table 2).

DISCUSSION

We took brain magnetic resonance images to gather data for
more than 25 middle-aged male patients with AUD and a
similar number of age-matched healthy male controls who
consumed alcohol at a social level, expecting significant group
differences. We investigated imaging data, such as the volume
of subcortical structures and 1-D thickness, 2-D area, and 3-D
volume of cortical structures, systematically by using surface-
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based analysis to ascertain the pattern of group differences. Fi-
nally, we compared all data before and after controlling for
head size to estimate the effect of head size on each surface-
based parameter.

WBYV, TGM, and TWM of patients with AUD were lower
than those of healthy controls. The group differences were
more significant after controlling for head size.

The group differences in TGM were more marked than the
differences in TWM. Although there have been consistent re-
ports about white-matter disease and decreased functional
connectivity in AUD,”* gray-matter change was more robust
in our data.

Total gray matter consists of cortical and subcortical gray
matter. Subcortical gray matter volume, measured by Free-
Surfer, showed significant group differences. Thalamus and
putamen showed the largest group differences, and hippocam-
pus, amygdala, and accumbens showed moderate and signif-
icant group differences. All of these regions have been shown
to be compromised in chronic alcoholics.*** There are reports
that subcortical volume decrement in these areas is not shown
in long-term abstinent alcoholics (LTAA, mean abstinence=6.3
years), suggesting the recovery of subcortical volume with sus-

tained abstinence in cases without psychiatric comorbidity.”
In this study, all participants were in an abstinence period of
about 1 year; thus, they did not meet the criteria for LTAA.
Additionally, we excluded subject volunteers with other psy-
chiatric disorders from this study. Therefore, our finding that
subcortical structures of short-term abstinent alcoholics
(STAA) without psychiatric comorbidity were still not nor-
malized is consistent with previous study reports.” The differ-
ences in effect sizes of subcortical structures may originate
from differences in structural size.

We found group differences in the volume of all cortical
gray matter except cingulate. The volume of cortical gray mat-
ter was determined by the product of surface area and thick-
ness (surface areaxthickness) in surface-based analysis. There
were significant group differences in cortical volume and
thickness but not in surface area. Therefore, group differences
in cortical volume mainly originated from group differences in
cortical thickness.

Durazzo et al.” reported significant thickness decrement in
patients with AUD compared with healthy controls, and in
those who relapsed within a 1-year follow-up period, further
reduction of cortical thickness related to the brain reward sys-

Table 1. Group differences of volumetric parameters (mm?®) before and after head size correction

Raw Controlling for eTTV

Alcohol Control t ES Alcohol Control t ES
eTIV 1620084.7£127225.9 1627331.5£159458.1 -0.19 -0.05 - - - -
TGM 598144.2+56087.3 638315+38498.7  -3.05** -0.83 599034+39281.3 637489+27676.4  -4.13*** -1.12
TWM 466943.8150916.2  504151.6+53903.9  -2.61* -0.71 467998.71£30696.52  503172.1+36336.5 -3.85*** -1.05
WBV 1130977.9+101835.5 1198866.7+87897.0  -2.61* -0.71 1133046.8+53642.0 1196945.7+51649.8 -4.45*** -1.21
Whole 449556.6141678.6  477007.9+32314.4  -2.69** -0.73  450276.4+27768.2 476339.5122179.86 -3.79*** -1.03
Frontal 160825.0116665.5 170281.6+11438.8  -2.41* -0.66 161089.9111792.2 170035.7£7938.33 -3.25** -0.88
Parietal 107989.919492.8 115414.919673.4 -2.85** -0.78 108170.1+6917.9 115247.616501.196 -3.87*** -1.05
Temporal 104765.819489.4 110699.8+7881.4 -2.49*%  -0.68 104921.7+6635.7 110555.0+6071.0  -3.25** -0.88
Occipital 42460.6+5001.4 45458.3614806.7 -2.24*%  -0.61 42539.0+3593.1 45385.614141.1  -2.70** -0.74
Cingulate 20308+2750.3 21099.11£2056.9 -1.19 -0.32  20333.98+2283.814 21075.0+2123.8 -1.23 -0.34
Insula 13207.5£1318.5 14054.21£1093.8 -2.56*  -0.7 13222.0+£1049.0 14040.8+1099.4  -2.80** -0.76
Cerebellum 127183.1£17718.7  136030.3£10904.2  -2.19* -0.6 127337.6115832.3 135886.9£10569.7 -2.32*  -0.63
Thalamus 13699.5+£1720.8 15785+1445.0 -4.80*** -1.31 13727.211222.6 15759.211164.9  -6.24*** -1.70
Caudate 6948.1+721.0 7304.168+587.2 -1.98 -0.54 6956.1+636.6 7296.81+523.6 -2.14*  -0.58
Putamen 9768.8+1544.3  11079.4751994.1 -3.68*** -1.00 9775.0+1486.7 11073.7£1027.1  -3.71*** -1.01
Pallidum 2939.4+505.5 3087.1+400.6 -1.18 -0.32 2941.9+489.4 3084.7+396.7 -1.17 -0.32
Hippocampus 8267.8+1155.3 9274.607+939.9 -3.50%*  -0.95 8277.81982.4 9265.3+978.3 -3.70%** -1.01
Amygdala 3293.3+473.2 3639.604+381.7 -2.95%*  -0.80 3298.1+413.4 3635.21+363.6 -3.17**  -0.86
Accumbens 991.3+174.2 1139.9321+218.9 -2.77%  -0.75 991.3+174.1 1139.9+219.0 -2.77% -0.75

*p<0.05, **p<0.01, ***p<0.001. eTIV: estimated total intracranial volume, ES: effect size (Cohen’s d), TGM: total grey matter volume, TWM:
total white matter volume, WBV: whole brain volume, Whole: whole cortical volume, Frontal: frontal cortical volume, Parietal: parietal corti-
cal volume, Temporal: temporal cortical volume, Occipital: occipital cortical volume, Cingulate: cingulate cortical volume, Insula: insula cor-

tical volume
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tem (BRS) and its top-down mechanism. Furthermore, they
observed subtle differences in surface areas between relapsers
and abstinent patients. They found group differences in total
BRS surface area but not in each ROI area. These findings sug-
gest that reduction of surface area in AUD indicates the endo-
phenotype related to relapse or poor treatment outcome. Con-
sidering that the cortical gyrification that is closely related to
surface area was determined genetically or developmentally
before age two,'® the insignificant group differences in surface
areas in this study suggest that there should be no group dif-
ferences in genetic or developmental backgrounds. Consider-
ing the finding that predetermined lower surface areas, espe-
cially in specific regions, were related to AUD relapse risk, the
surface area need not be different between AUD patients and
healthy controls. We could not classify the relapser and the ab-
stainer because of the short follow-up period. Further study is
needed to determine the effect of surface area on the relapse
risk of participants with AUD.

Our finding that the group differences of cortical thickness
in the parietal and temporal lobes were more prominent than
in the frontal and insula lobes differs from previous reports
that thickness reduction was shown in the structure consisting
of BRS.” We discovered group differences in cortical thickness
in areas not only limited to BRS, such as frontal or insula areas,
but also in almost the entire cortical mantle, with differences
being especially marked in the parietal and temporal areas.

Simetal.

With regard to cortical volume, group differences were
more robust in the parietal lobe. Fein et al.”® reported that pa-
rietal gray matter volume loss related to cognitive impairments
that are known to persist in spite of long-term abstinence, such
as spatial processing deficit, could not completely recover
through long-term abstinence. Therefore, the regional differ-
ences in volume changes shown in this study were concordant
with their results and could originate from the differences of
recovery rate from alcohol-induced brain shrinkage. The dif-
ferences of structural change patterns among studies, includ-
ing this study, may be affected by the demographic or clinical
characteristics of the subjects. Our participants’ characteristics
were more in line with those in Fein et al’'s report that showed
parietal volume reduction and associated spatial processing
difficulty in middle-aged abstinent alcoholics.

Cortical volume is affected by cortical thickness and surface
area independently."” With regard to brain structure, however,
cortical volume is affected more by surface area than by corti-
cal thickness. The regional area is measured on the surface be-
tween adjacent landmarks, giving a higher quadratic weight to
tangential (horizontal) than to vertical (radial) distances, ex-
plaining why volume is more related to area. In our data, re-
gression analyses showed 70-80% of volume variances could
be explained by surface area and the remaining 20-30% could
be explained by cortical thickness. We could not observe sig-
nificant group differences in surface area. Statistical trends,

Table 2. Group differences of cortical thicknesses (mm) and surface areas (mm?) before and after head size correction

Raw Controlling for eTTV
Alcohol Control t ES Alcohol Control t ES
Thickness
Whole 2.401+0.10 2.4810.07 -3.45%%  -0.94 2.4010.10 2.481+0.07 -3.45%  -0.94
Frontal 2.52+0.12 2.60£0.08 -2.85*  -0.78 2.5210.12 2.6010.08 -2.85**% -0.78
Parietal 2.18%+0.09 2.251+0.07 -3.40%*  -0.92 2.1840.09 2.251+0.07 -3.39%  -0.92
Temporal 2.7610.11 2.86+0.10 -3.41*%*  -0.93 2.761+0.11 2.8610.10 -3.40%*  -0.93
Occipital 1.88+0.09 1.94+0.07 -2.82%%  -0.77 1.88+0.09 1.94+0.07 -2.82%  -0.77
Cingulate 2.561+0.11 2.5910.11 -1.21 -0.33 2.5610.11 2.5910.11 -1.22 -0.33
Insula 3.01£0.14 3.1010.13 -2.69*  -0.73 3.01£0.13 3.10£0.13 -2.69**%  -0.73
Area
Whole 168433.5£14587.96  173372.2+£11681.07 -1.37 -0.37  168693.5+9771.80 173130.8£7339.71 -1.88 -0.51
Frontal 57281.12+5181.16 59063.07+3784.84 -1.43 -0.39  57368.991+3461.55 58981.47+2501.17 -1.95 -0.53
Parietal 45126.19+3982.56 46587.57+£3813.43 -1.38 -0.37  45199.451+2964.32 46519.5412432.23 -1.78 -0.49
Temporal 32598.811+2740.85 33303.43+2416.64 -1.00 -0.27  32647.67+1984.13 33258.05+1540.55 -1.26 -0.34
Occipital 21429.77+2457.78 22200.43+2084.86 -1.24 -0.34  21464.791+1888.41 22167.91£1781.97 -1.40 -0.38
Cingulate 7481.271957.59 7578.361+661.14 -0.43 -0.12 7491.821+769.38 7568.561648.86  -0.39 -0.11
Insula 4516.35+401.42 4639.5+362.56 -1.18 -0.32 4520.73£336.11 463543134944  -1.23 -0.33

*p<0.05, **p<0.01, ***p<0.001. eTIV: estimated total intracranial volume, ES: effect size (Cohen’s d)
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however, were shown only in frontal and parietal areas. There-
fore, parietal area, which showed relatively large group differ-
ences in cortical volume and surface area, can be the most
prominent area showing volume differences concordant with
previous reports using voxel-based analysis.”

Furthermore, the decrement of gray matter density and vol-
ume located in the parietal and temporal lobes and some areas
of the frontal lobes in boys with AUD were shown in another
study."* The authors argued that the gray matter structural al-
teration was not the result of alcohol effect per se. Our findings
showed much more marked group differences in the same ar-
eas compared to those in other areas. We assume that the re-
duction of the areas in middle-aged males was due to both
trait markers and alcohol effect. On this basis, we postulate
that the marked reduction of parietal and temporal cortical
thickness is due to incomplete normalization with short-term
abstinence, plus structural alteration due to genetic or devel-
opmental causes.

Regarding volumetric structure, there were group differenc-
es in WBV, TGM, TWM, cortical volume, and the volume of
subcortical structures, including structures consisting of BRS,
and these differences were more prominent after controlling
eTIV.

Although it is clear that head-size correction is necessary in
volume studies, there were mixed results in controlling for
head size in surface-based analysis. There was no change in
comparing group differences in cortical thickness before and
after head-size control with eTIV. Considering the lessened ef-
fect of cortical thickness on cortical volume, it is not meaning-
ful to control for head size in a cortical thickness study. Mean-
while, the group differences trend in surface area developed
after controlling for head size. Considering the close relation-
ship between volume and surface area, it is reliable to control
for head size when comparing the surface areas.

This study had several limitations. The first is the accuracy
of the automated segmentation system. Segmentation using
FreeSurfer showed good agreement with a semi-automated,
supervised system such as the Center for Morphometric Anal-
ysis. Some discrepancies were found between these two meth-
ods in smaller regions of the brain, however, especially with
male alcoholics.* Therefore, we should consider this limitation
in interpreting the results from FreeSurfer. It is, however, a
good, clinically applicable tool to segment brain areas with
minimal time and effort.

All participants in the alcohol group received different treat-
ments, such as naltrexone, acamprosate medication, and cog-
nitive-behavioral therapy, and we could not control for the
treatment methods. We expect, however, that the effect of
short-term medication on brain structure is limited. Further-
more, because the group was admitted to the same hospital
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within the same approximate time period, the treatment regi-
men was not varied. We could not compare imaging data with
neurocognitive data. It remains a subject for further study. In
addition, our data and a meaningtul body of previous evidence
support our conclusion, but it is still not fully proven. It will be
necessary to follow up with each group with an expanded
number of participants to prove our conclusions in this study.
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