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Abstract

Background: Excessive alcohol consumption is associated with reduced cortical thickness (CT) and lower cerebral metabolic
rate of glucose (CMRGIlu), but the correlation between these 2 measures has not been investigated.

Methods: We tested the association between CT and cerebral CMRGlu in 19 participants with alcohol use disorder (AUD) and
20 healthy controls. Participants underwent 2-Deoxy-2-[18F]fluoroglucose positron emission tomography to map CMRGlu and
magnetic resonance imaging to assess CT.

Results: Although performance accuracy on a broad range of cognitive domains did not differ significantly between AUD and
HC, AUD had widespread decreases in CT and CMRGlu. CMRGlu, normalized to cerebellum (rCMRGlu), showed significant
correlation with CT across participants. Although there were large group differences in CMRGlu (>17%) and CT (>6%) in medial
orbitofrontal and BA 47, the superior parietal cortex showed large reductions in CMRGlu (~17%) and minimal CT differences
(~2.2%). Though total lifetime alcohol (TLA) was associated with CT and rCMRGlu, the causal mediation analysis revealed
significant direct effects of TLA on rCMRGlu but not on CT, and there were no significant mediation effects of TLA, CT, and
rCMRGlu.

Conclusions: The significant correlation between decrements in CT and CMRGlu across AUD participants is suggestive
of alcohol-induced neurotoxicity, whereas the findings that the most metabolically affected regions in AUD had minimal
atrophy and vice versa indicates that changes in CT and CMRGlu reflect distinct responses to alcohol across brain regions.
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Introduction

Alcoholism is associated with significant brain neurotoxicity, (Zahr and Pfefferbaum, 2017). Acute alcohol consumption has
which is a consequence of concomitant co-morbidities (head been shown to transiently reduce the metabolic rate of glucose
trauma, nutrition deficits, and hepatic dysfunction) but also (CMRGlu; a surrogate for neuronal activity) in the human brain

reflects the direct effects of excessive alcohol consumption (Volkow et al., 1990, 2006, 2008; Wang et al., 2000), and chronic
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Significance Statement

native energy sources for metabolism).

Though studies have shown that alcoholics have significant cortical atrophy and lower brain glucose metabolism, which is a
marker of brain function, there is significant variability in the magnitude of these effects across brain regions. It is also unclear
whether the metabolic and morphological changes represent a common neurotoxic manifestation or distinct process in alco-
holism. By correlating the effects of alcoholism on brain glucose metabolism and cortical thickness in the same participants,
we found that whereas in some brain regions these measures are strongly correlated, consistent with alcohol neurotoxicity (i.e.,
middle cingulum), in others they are not (i.e., inferior and middle temporal gyri), suggesting distinct processes (i.e., use of alter-

N

)

excessive alcohol drinking leads to longer lasting decreases in
CMRGlu (Volkow et al., 2015, 2017). The CMRGlu decreases as-
sociated with acute and chronic alcohol consumption could re-
flect alcohol-induced reductions in brain activity (by decreasing
neuronal excitability) or the use of alternative brain energy
sources (acetate or other ketones) during intoxication (Volkow
et al.,, 2013). However, the longer lasting reduction in CMRGlu
reported in alcoholics cannot be accounted solely on the basis
of reliance on alternative brain energy substrates and might re-
flect alcohol-induced neurotoxicity due to oxidative stress or
neuroinflammation (Haorah et al., 2008; Jhala and Hazell, 2011).

The loss of cortical gray matter (GM) in prefrontal, motor,
and temporal cortices, insula, and anterior cingulum in al-
coholism (Cardenas et al., 2007; Makris et al., 2008; Fein et al.,
2009) has been a consistent finding in alcohol use disorder
(AUD) (Pfefferbaum et al., 1992; Hommer et al., 2001; Chanraud
et al., 2007; Demirakca et al., 2011; Le Berre et al., 2014). This
cortical GM loss in people with AUD likely reflects reversible
neurodegeneration (Crews et al., 2004; Bartsch et al., 2007), al-
though there is also evidence of long-lasting neuropathology
particularly in frontal regions (Volkow et al., 1997). Few studies
have evaluated GM atrophy and brain glucose metabolism in the
same AUD participants. In an early positron emission tomog-
raphy (PET) and MRI study, we documented decreased CMRGlu
and loss of GM volume in the frontal cortices and subcortical
structures for 10 AUD participants compared with 10 controls
(Wang et al., 1993). Another study in 31 AUD patients and 18 con-
trols found reduced cingulate metabolism in association with
atrophy as a function of increasing age (Adams et al., 1993).
However, a study found prefrontal cortex hypometabolism in
absence of cortical shrinkage in 17 AUD participants compared
with 9 controls (Dao-Castellana et al., 1998). A more recent PET-
MRI study that used voxel-based morphometry (VBM) showed
GM volume loss and reduced glucose metabolism in the cere-
bellum, thalamus, hippocampus, and parahippocampal gyrus as
well as in cingulate, dorsolateral, premotor, and parietal cortices
in 17 alcoholic patients studied during early abstinence com-
pared with 16 controls (Ritz et al., 2016). None of these studies,
however, assessed cortical thickness (CT). Whereas reduced GM
volume could reflect reductions in surface area, CT, or both, no
PET-MRI study, to our knowledge, has documented the correl-
ation between CT or surface area with CMRGlu in AUD parti-
cipants. Also, though partial volume effects (PVE) secondary
to cortical atrophy could explain the reduced CMRGlu in alco-
holics, none of these PET-MRI studies corrected glucose metab-
olism for PVE.

In the present study, we aimed to assess the association
between CMRGlu, CT, and GM volume in AUD participants
and healthy controls (HC) using PET with 2-Deoxy-2-[18F]
fluoroglucose (FDG) to measure brain glucose metabolism, after
correcting for PVE, and surface-based analyses of MRI struc-
ture to measure CT. We hypothesized that CMRGlu, CT, and GM

volume would be lower for AUD than for HC, that lower CT or
GM volume would correlate with reduced CMRGlu in AUD, and
that PVE corrections would not have a major impact in the group
differences in glucose metabolism.

Materials and Methods

Participants

A group of 19 individuals with AUD and 20 HCs participated
in the study. The 2 groups did not differ in age, gender propor-
tion, or body mass index (Table 1). Participants were screened
to exclude major medical, neurological, and psychiatric dis-
orders, head trauma (with loss of consciousness longer than
30 minutes), chronic use of psychoactive medications, current
or past diagnosis of substance use disorder (other than alcohol
abuse and/or dependence in the AUD group, or current to-
bacco smoking in either group) as assessed by the Structured
Clinical Interview for the Diagnostic and Statistical Manual
of Mental Disorders (American Psychiatric Association, 2000),
and metallic implants, which are contraindicated for MRI.
Women were neither pregnant nor breastfeeding and were
studied in the mid-follicular phase (3-10 days after the first
day of their last period). AUD participants had at least 5 years’
history of heavy drinking and were abstinent from alcohol
3.8 days at the time of the scans (range 0-7 days). All par-
ticipants had a negative urine drug screen on the days of
testing and were free of psychoactive medications within 24
hours of study procedures (except for 1 AUD participant who
used benzodiazepines [oxazepam, 15 mg] for detoxification
on the day of study). All participants provided written in-
formed consent to participate, which was in accordance with
the Declaration of Helsinki and approved by the Institutional
Review Board at the National Institutes of Health (Combined
Neurosciences White Panel).

On the day of screening (first study day), participants com-
pleted the Alcohol Use Disorders Identification Test (AUDIT)
as a measure of harmful alcohol consumption, the Timeline
Follow-back to assess daily alcohol consumption in the 90 days
prior to the study, the Lifetime Drinking History to assess total
lifetime alcohol consumption (TLA), the Alcohol Dependence
Scale to assess the severity of dependence, the Wechsler
Abbreviated Scale of Intelligence subtests Matrix Reasoning
and Vocabulary as a proxy for general intelligence, the State-
Trait Anxiety Inventory, the Obsessive Compulsive Drinking
Scale to assess alcohol craving, and the Beck Depression
Inventory to assess depression symptoms. The Clinical
Institute Withdrawal Assessment for Alcohol (CIWA) was used
to assess alcohol withdrawal symptoms. The AUD participants
remained in the NIH’s clinical center overnight to ensure that
they did not ingest any alcohol and were scanned on the fol-
lowing study day with both MRI and PET.
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Table 1. Participant Characteristics

AUD (n=19) (mean+SD) HC (n=20) (mean+SD) P value®
Demographics
Age (years) 47.6 £10.1 46.8 +10.5 NS
Gender (males/females) 14/5 13/7 NS
Height (m) 1.72+0.09 1.70+0.12 NS
Weight (kg) 79+15 83+16 NS
Education (years) 12.4+2.9 15.2+2.4 0.002
Smokers/no smokers 10/9 0/20 <1E-04
Premorbid cognition and psychiatric symptoms
WASI-II Intelligence (IQ) 90+16 103+16 0.02
STAI anxiety 39+12 29+8 0.001
OCDS obsessive 44+41 0.2+0.7 2E-04
OCDS compulsive 7.7+5.1 0.7+1.3 9E-06
Depression 7.8£9.9 1.3+£1.6 0.01
Alcohol use
TLFB (average drinks per day/90 days) 10.6+6.5 0.8+1.0 4E-06
Maximum CIWA score 22+3.2 0.2+0.6 0.03
AUDIT total score 21.6+8.4 1.6+1.7 3E-09
Alcohol dependence 13+7 0.2+0.4 1E-08
Years of alcohol use 30+11 26+14 NS
Average frequency (drinking days/month) 25+7 2+3 2E-12
Average quantity (drinks/drinking day) 12+9 2+1 1E-04
Days since last drink 3.8+£2.3 2580+3880 0.006
Brain volume
Cortical GM (% of ICV) 355 37+4 NS
White matter (% of ICV) 36+5 37+5 NS
Subcortical GM (% of ICV) 4.5+0.7 4.5+0.7 NS
Ventricles (% of ICV) 2.3x0.8 1.9+0.6 NS
Cerebellum (% of ICV) 10.4+1.6 10.3+0.8 NS
ICV (mL) 1252+231 1283+228 NS

Abbreviations: AUD, alcohol use disorder; AUDIT, Alcohol Use Disorders Identification Test; CIWA, Clinical Institute Withdrawal Assessment; HC, healthy control; GM,
gray matter; ICV, intracranial volume; IQ, intelligence quotient; OCDS, Obsessive Compulsive Drinking Scale; STAI, State-Trait Anxiety Inventory; TLFB, Timeline Follow-

back; AUDIT; WASI-II, Wechsler Abbreviated Scale of Intelligence.
aP values are from unpaired t test or % test.

Cognitive Battery

The Cambridge Neuropsychological Test Automated Battery was
used to assess delay aversion, set-shifting processing, psycho-
motor speed, pattern recognition, reaction time, spatial plan-
ning, working memory capacity, response inhibition, and spatial
working memory (Robbins et al., 1994). The battery was selected to
cover a broad range of cognitive abilities within a brief time period.

PET

Participants were asked to fast (except drinking water) for at
least 4 hours prior to the PET imaging session, which was per-
formed using a high-resolution research tomograph (Siemens
AG) with a 2.5-mm isotropic point spread function. Venous cath-
eters were placed in the antecubital vein for radiotracer injec-
tion and in the dorsal hand vein for arterialized blood sampling
(arterialization was achieved by warming the hand to 44-50°C)
to measure the concentration of radioactivity in plasma (every
minute from 1-10 minutes and then at 15, 20, 30, 40, 50, 60, and 75
minutes after FDG injection). Attenuation correction was based
on a transmission scan obtained with a 137-Cesium rotating pin
source. Commercially manufactured FDG (8 mCi) was injected i.v.
over a period of 1 minute. Emission scans with approximately
2.5-mm isotropic resolution were obtained using 3D list mode
starting immediately after FDG injection and continued for 75
minutes. Fasting glucose levels were measured prior to FDG

injection, 30 minutes after injection, and at the end of the PET
scan. During the PET imaging procedures, the participants rested
quietly under dim illumination and minimal acoustic noise.
Participants were asked to keep their eyes open and were moni-
tored throughout the procedure. During the PET scan, a cap with
small light reflectors was placed on the participant’s head to
monitor head position with a Polaris Vicra head tracking system
(Northern Digital Inc.). Information about the head movement
was used in the PET image reconstruction process to correct for
motion-related image blurring (Olesen et al., 2013). The PET raw
data were reconstructed with a 3D-ordered subset expectation
maximization algorithm to generate 45 frames of data for each
participant (temporal resolution for all 45 frames=100 seconds).

Voxelwise CMRGlu was computed in PMOD v3.4 (PMOD
Technologies, Zurich, Switzerland) based on an autoradio-
graphic solution for the 2-tissue compartment model up to the
mid-time of the summary image (55 minutes). The CMRGlu maps
in pmol/100 mL/min were aligned to the participant’s structural
MRI and then normalized to the Montreal Neurological Institute
template with 2-mm isotropic resolution using the linear image
registration tool (FLIRT) of the FSL software library (version 5.0;
http://www.fmrib.ox.ac.uk/fsl) (Jenkinson et al., 2002). CMRGlu
was corrected for PVE with a voxel-wise approach using the
Miiller-Gartner method (Miller-Gartner et al, 1992) imple-
mented in the PETPVE12 toolbox (Gonzalez-Escamilla et al.,
2017). The statistical parametric mapping software (SPM12;
Wellcome Trust Centre for Neuroimaging, London, UK) was used
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to segment the MP-RAGE images into GM, white matter, and
cerebrospinal fluid, which were used to correct the PET images
for PVE.

Regions-Of-Interest (ROI) Analyses

The CMRGlu values were averaged within each of the 68 cortical
and 18 subcortical GM parcels from FreeSurfer (see below).

Pharmacokinetic Modelling

A 2-tissue compartment model with k,=0 (i.e., neglecting FDG-
6-PO dephosphorylation) was used to assess the average rates
of uptake, K, clearance, k,, and phosphorylation, k,, within
each of the 68 cortical GM partitions in the Desikan-Killiany
atlas (Desikan et al.,, 2006) and 18 subcortical GM partitions
(Fischl et al., 2002). We assumed a blood volume fraction, v=4%
(Leenders et al., 1990), and that the activity at each voxel,

C(t) = (1= 1)(Ca(t) + Ca(t)) + 1Cp(t) )
reflects the concentrations of FDG in arterial plasma, C,(t), and

in the reversible, C,(t), and irreversible, C,(t), compartments that
are given by the system of differential equations:

dCdzt(t) — ksCa(t)

The Levenberg-Marquardt algorithm for nonlinear least squares
fitting (Press et al., 1992) was used to fit Eq. (1) to the experi-
mental data (C, and C) with 3 adjustable parameters (K,, k,, and
k). The Livermore solver for ordinary differential equations
(Hindmarsh, 1980) was used to solve Eq. (2) in terms of C (t) and
calculate C,(t) and C,(t). The 2-tissue compartment modeling
described above (Tomasi et al., 2017) was implemented using
the Interactive Data Language (IDL, ITT Visual Information
Solutions, Boulder, CO).

MRI

Immediately after the PET scans the participants underwent
MRI on a 3.0T Magnetom Prisma scanner (Siemens Medical
Solutions USA, Inc., Malvern, PA) equipped with a 20-channel
head coil. T1-weighted 3D magnetization-prepared gradient-
echo (MP-RAGE, TR/TE=2200/4.25 ms; FA=9°, 1-mm iso-
tropic resolution) and T2-weighted spin-echo multi-slice (TR/
TE=8000/72 ms; 1.1 mm in-plane resolution; 94 slices, 1.7-mm
slice thickness; matrix=192) pulse sequences were used to ac-
quire high-resolution anatomical brain images.

The minimal preprocessing pipelines (Glasser et al., 2013) of
the Human Connectome Project were used for spatial normal-
ization of the structural scans to the stereotactic space of the
Montreal Neurological Institute. The FreeSurfer pipeline imple-
mented by the Human Connectome Project was used to compute
the pial and white matter surfaces, segment the anatomical MRI
scans into 68 cortical and 18 subcortical GM ROIs, and estimate
the average CT and surface area for each of the cortical partitions
in the Desikan-Killiany atlas (Desikan et al., 2006).

Statistical Analyses

CMRGlu values had considerable intersubject variability, which
decreased the sensitivity for detecting group differences in
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CMRGlu. Since the cerebellum did not show significant group
differences in CMRGlu (see Results), relative CMRGlu (rCMRGlu)
maps, normalized to the average CMRGlu in cerebellum, were
computed to reduce the coefficient of variation (C,) of the meta-
bolic measures across participants.

Voxelwise ANCOVA, implemented in SPM12 with group
membership as a factor and age and education as covariates
of no interest, was used to test for group differences in GM
volume and rCMRGlu. Voxelwise ANCOVA was also used to as-
sess the effects of group and CT on rCMRGlu using age and edu-
cation as covariates of no interest. Statistical inference based
on a familywise error (FWE) rate was implemented to control
for false positives in voxelwise analyses. Specifically, clusters
were considered statistically significant if they had an FWE-
corrected P,,.<.05, using a cluster-defining threshold P=.005
and a minimum cluster size of 100 voxels.

ANCOVA was also used to assess main effects and inter-
actions effects on rCMRGlu for the ROI analyses. The ANCOVA
model included 2 groups (HC and AUD), CT as a covariate of
interest, and 2 covariates of no interest to control for group
differences in education- and age-related declines in rCMRGlu
and CT (Volkow et al., 2000; Raz, 2006). In addition, ANCOVA
was used to control for the effects of gender, education, and to-
bacco smoking while preserving an adequate level of statistical
power for the small sample in this study. The statistical group
differences in CT and the correlations between rCMRGlu and
CT across participants were corrected for multiple comparisons
using a false discovery rate (FDR) correction for 86 (rCMRGlu) or
68 (CT) ROIs. To highlight regional differences for group compari-
sons in rTCMRGlu, we set more stringent criteria using Bonferroni
correction for 86 ROIs.

Mediation Analysis

We tested if the effect of excessive alcohol use on CT was mediated
by the changes in rtCMRGlu or whether the decreases in rCMRGlu
were mediated by the changes in CT using causal mediation ana-
lysis implemented in R (http://CRAN.R-project.org/package =me-
diation). We first fitted a mediator model where the average CT
across all cortical ROIs was modeled as a function of the average
rCMRGlu in cortical ROIs, or vice versa, and included age and
education as covariates in the model. One-thousand simulations
with a quasi-Bayesian Monte Carlo method based on a normal
approximation (Imai et al, 2010) and a heteroskedasticity-
consistent estimator for the covariance matrix (Zeileis, 2006)
were used to calculate the uncertainty estimates.

Results

Demographic and Alcohol Use Variables

Ten AUD participants but none of the HC participants were cur-
rent tobacco smokers (y2=13.9, P<.0001; Table 1). On average,
AUD participants consumed 136 g/d alcohol during the last
90 days. Conversely, 8 of the HC participants had no alcohol in-
take during the last 90 days, and the remainder consumed an
average of 27 g/d alcohol. On the study day, AUD participants
had an average CIWA score of 2.2+3.3. The AUDIT score was <6
for all HCs and >6 for all AUD participants (Table 1). AUD partici-
pants had a lower intelligence quotient (P=.03) and fewer years
of education (P<.001) than HCs. Depression (Beck Depression
Inventory score) and anxiety (State-Trait Anxiety Inventory
score) symptom ratings and alcohol craving (obsessive and
compulsive Obsessive Compulsive Drinking Scale scores) and
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withdrawal (CIWA score) were higher for AUD than for HCs
(Table 1). For 1 AUD participant who presented with severe with-
drawal symptoms (i.e., nausea, vomiting, tremor, severe head-
ache, disorientation, etc.; CIWA=12) at arrival, oxazepam 15 mg
was administerd during 2 days and discontinued 2 hours prior
to the PET scan study.

Cognitive Measures

Cognitive performance did not differ significantly between AUD
and HCs for any of the cognitive domains assessed with the
Cambridge Neuropsychological Test Automated Battery.

Brain Morphometry

The intracranial volume (ICV) and the volumes of white matter
and GM estimated from FreeSurfer ROI's tended to be smaller
and the ventricles larger in AUD than HCs, but these differences
were not significant (Table 1). In contrast, measures of CT were
significantly lower for AUD (average 2.39+0.10 mm) than for HCs
(average 2.50+0.12 mm; P=.005, t test). CT decreases encom-
passed the whole cortex, reaching a maximum of 5% in dorso-
lateral prefrontal cortex, superior motor cortex, and temporal
pole. Smaller CT decreases were found in the insula, occipital,
and posterior parietal regions (<3%; Figure 1A).

The ROI analyses revealed lower CT for AUD than for HCs
in frontal regions (paracentral, lateral, and medial orbitofrontal;
rostral middle frontal; and pars orbitalis), supramarginal,
entorhinal, and fusiform gyri (P<.004, FDR-corrected; Figure 1B;
supplementary Table 1). In contrast, group differences in surface
area were not significant for any ROL

A B

AUD <
2NN TN 5%
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The VBM analysis in this study (see supplementaty informa-
tion for the VBM methodology and results) showed lower GM
volume for AUD than for HCs, predominately in prefrontal and
parietal cortices, which did not reach statistical significance in
any brain region after FWE corrections for multiple comparisons
(supplementary Figure 1). ICV did not show significant correl-
ation with CT or GM volume in any brain region.

Pharmacokinetics and Glucose Metabolism

FDG plasma concentration did not differ between groups (P>.05;
Figure 2A). The group difference in blood glucose level was not
significant (AUD: 87+10 mg/dL; HC: 84+5 mg/dL; P=.2). The re-
gional time-activity curves differed significantly between the
groups. Specifically, in cortical ROIs, AUD showed lower ac-
tivity than HCs (Figure 2B) for t>20 minutes after tracer injec-
tion (P<.05). Compared with HCs, the AUD’s lower time-activity
in cerebellum did not reach significance at any time point. The
2-tissue compartment model accurately fitted the data in all
ROIs (supplementary Figure 2) and revealed lower phosphor-
ylation rate (k,) in 53/86 cortical and subcortical ROIs in AUD
compared to HC (P<.05, FDR-corrected; Figure 2C). The group dif-
ferences in the rates of uptake (K,) and clearance (k,), however,
did not differ for any ROL

The whole-brain average CMRGlu was lower for AUD
(33.7+4.3 pmol/100g/min) than for HCs (39.1+6.0 pmol/100g/
min; P=.002, t test). The CMRGlu in cerebellar cortex did not
differ between groups (AUD: 27.3+3.9 pmol/100g/min; HC:
27.2+5.0 pymol/100g/min; P=.93). The C, of the whole-brain
average CMRGlu was 0.15 for HCs and 0.13 for AUD. Since group
differences in CMRGlu were not significant in any cerebellar
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Figure 1. Cortical thickness (CT). (A) FreeSurfer regions of interest (ROI) analyses showing average group differences in CT superimposed on the medial (top) and lat-
eral (bottom) surface views of the PALS-B12. (B) Bar plots showing ROI-averages of CT across alcohol use disorder (AUD) and healthy control (HC) participants. Model:

ANCOVA. Significance: P<.05, FDR-corrected. Sample size: 19 AUDs and 20 HCs.
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Figure 2. FDG-Pharmacokinetics. (A) Comparison of the arterial plasma samples, interpolated to 100-s intervals, showing that differences in plasma activity between
alcohol use disorder (AUD) and healthy control (HC) were not statistically significant. (B) Average time-activity curves in left cerebellum and a cortical region (left su-
perior frontal gyrus) for AUD and HC participants. (C) Bilateral regions of interest (ROIs) showing statistically significant group differences in the phosphorilation rate
of 2-Deoxy-2-[18F]fluoroglucose (FDG) (k,) (P<.05, FDR-corrected) computed using the 2-tissue compartment model (see text).

region, we used the whole cerebellum as a control region to nor-
malize CMRGlu for subsequent analyses. The relative CMRGlu
(rCMRGlu) had lower variability than CMRGlu (C,=0.09 for HC
and 0.11 for AUD), which enhanced the statistical power for
detecting group differences in glucose metabolism.

Figure 3A shows the average pattern of rtCMRGlu for represen-
tative AUD and HC participants. Anatomical ROI analyses based
on average rCMRGIu values within the GM partitions showed
lower rCMRGlu in 23/86 ROIs (Figure 3B-C; supplemental Table 2)
for AUD than for HCs. Specifically, compared with HCs, cortical
rCMRGlu reductions in AUD participants were most pronounced
in primary and association auditory areas (banks of the superior
temporal sulcus [“bankssts”], transverse and superior temporal
gyri); language (supramarginal gyrus, pars opercularis, and
orbitalis); motor and premotor areas (precentral and postcentral
gyri); lateral orbitofrontal, rostral middle frontal, isthmus, and
rostral anterior cingulate; inferior and superior parietal; and
entorhinal cortices and cuneus (P<7E-04, Bonferroni-corrected;
ANCOVA1 and ANCOVA?2), with group differences as high as 18%.
Compared with uncorrected images, PVEc increased 4.6+1.0%
the rCMRGlu across participants and ROIs, an effect that did
not differ between HCs and AUD (P=.8; t test) and did not alter
the group differences in rtCMRGlu (supplementary Figure 2). The
whole-brain average CMRGlu did not differ significantly for the
AUD participant imaged under the effect of benzodiazepines
(CMRGlu=31pmol/100g/min) and the rest of the AUD partici-
pants (23 <CMRGlu <43pmol/100g/min). The removal of this par-
ticipant from the analysis did not alter the group differences in
rCMRGlu.

Voxelwise ANCOVA revealed lower rCMRGlu for AUD than
HCs. These group differences were overall greater for lateral
than for midline regions and most prominent in temporal and
occipital cortices, pars triangularis, and Rolandic operculum
(P<.05, FWE-corrected; Figure 3D; Table 2).

Cortical Thickness vs Glucose Metabolism

Among ROIs that showed large group differences in CT (>6%), the
right medial orbitofrontal, and pars orbitalis (BA 47) also showed
the largest group differences in CMRGlu (>17%), whereas, the left
entorhinal and right transverse temporal ROIs demonstrated
the smaller group differences in CMRGlu (<12%). Similarly the
superior parietal region, which showed one of the largest group

differences in CMRGlu (~17%) had minimal differences in CT
(~2.2%).

The voxelwise analyses showed significant correlations be-
tween rCMRGlu and CT across AUD participants (R=0.6; P=.006)
and a trend across HC participants (R=0.42; P=.06). Specifically,
ANCOVA revealed that decreases in CT were associated with
decreases in rCMRGlu in inferior and middle occipital, fusi-
form, and inferior frontal gyri, superior temporal pole, inferior
frontal operculum, precuneus, and middle cingulum (P<.05,
FWE-corrected; Figure 4A; Table 2) and a CT x group interaction
on rCMRGlu such that the slope of the CT-related increases in
rCMRGlu in superior medial frontal gyrus was steeper for AUD
than for HCs (P<.05, FWE-corrected; Table 2).

The ROI analyses confirmed the voxelwise analyses.
Specifically, across all participants, the correlation between
rCMRGlu and CT was strongest in superior temporal sulcus
(R=0.7) and also significant in parietal, temporal, and frontal cor-
tices and in fusiform gyrus (R>0.5; P<.05, FDR-corrected; Figure
4B-C). In AUD participants, the correlation between rCMRGlu
and CT was strongest bilaterally in caudal middle frontal gyrus
(R=0.73; P=4E-04) and also significant in precentral, superior,
and rostral middle frontal gyri, pars triangularis, and superior
temporal sulcus (R>0.57; P<.05, FDR-corrected). In controls, the
correlation between rCMRGlu and CT was strongest bilaterally in
the superior temporal sulcus (R=0.68; P=0.001) and also signifi-
cant in fusiform, superior, and inferior parietal, inferior, middle,
and superior temporal gyri (R>0.57; P<.05, FDR-corrected). The
scatter plots in Figure 4C highlight the correlations between CT
and rCMRGlu in prefrontal regions for AUD and HC participants.
PVEc did not change the associations between CT and rCMRGlu
(supplementary Figure 3). The regression plots on Figure 4C also
revealed that for an equivalent CT value, rtCMRGlu were lower
for AUD participants than for HC.

Alcohol Usage Variables vs Cortical Thickness
and CMRGlu

ANCOVA with the logarithm of TLA as a covariate of interest
revealed significant decreases in CT and rCMRGlu with greater
TLA (F>8.3; P<.007) such that the group differences in CT and
rCMRGlu were explained by group differences in TLA (F=8.0,
P=.008). Other alcohol use variables (i.e., Timeline Follow-back:
total drinks in past 90 days, AUDIT total score, lifetime drinking
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Figure 3. Relative glucose metabolism (rCMRGlu). (A) Mean cerebral metabolic rate of glucose, relative the cerebellum, in 19 alcohol use disorder (AUD) and 20 healthy
control (HC) participants. (B) Average group differences in rCMRGlu within cortical FreeSurfer regions of interest (ROIs) rendered on lateral and medial surface views of
the PALS_B12 template. (C) Bar plots showing statistically significant group differences in rCMRGlu within ROIs (Bonferroni corrected). (D) Statistical significance of the
group differences in rCMRGlu overlaid on axial views of a brain template. Sample size: 19 AUDs and 20 HC. Statistical imaging threshold P<.005.

history: average number of drinks per occasion) had similar ef-
fects on rCMRGlu (P<.003) and CT (P<.02).

Mediation

The direct effects of the logarithm(TLA) on rCMRGlu (cortical
mean) were significant (P<.01) but those on average CT were not
(P>.53). The causal effects of TLA, CT, or rCMRGlu as mediators
were not significant.

Discussion

This is the first study to assess the relationships between
alcohol-drinking history, CT, and brain glucose metabolism
in AUD participants. Compared with HCs, AUD participants
without cognitive deficits had reduced CT and lower rCMRGlu,
which was driven by a slower rate of phosphorylation (k,) that
was most prominent in frontal regions. Group comparisons also
revealed brain regions with small changes in CT but marked re-
ductions in rCMRGlu, such as the superior parietal lobes, as well
as regions with small reductions in rCMRGlu but large changes
in CT, such as the left paracentral gyrus. Across participants,
rCMRGlu was significantly correlated with CT, independently
for HCs and AUD. However, for regions with similar CT in both

groups, the CMRGlu tended to be lower in AUD participants than
in HC participants. Alcohol use history and AUD symptom se-
verity explained 25% of the variance in CT and cortical r*CMRGlu
but without rCMRGlu-mediation effects on CT or without
CT-mediation effects on CMRGlu, which suggests that distinct
factors contribute to the decreases in CT and rCMRGlu in AUD.
The AUD group showed lower CMRGlu in widespread cor-
tical regions compared with HC, and the history of alcohol use
was associated with decreased glucose metabolism such that
increased TLA was associated with decreased rCMRGlu. These
findings are consistent with prior studies showing reductions
in brain glucose metabolism in alcoholism (Adams et al., 1993;
Wang et al., 1993; Dao-Castellana et al., 1998; Wang et al., 2000,
2003; Volkow et al., 2006, 2008, 2013, 2015; Ritz et al., 2016). We
have previously interpreted the CMRGlu decreases in AUD as
reflecting alcohol-induced reductions in neuronal activity, the
use of alternative energy sources by the brain and/or neuro-
toxicity from excessive alcohol use (Volkow et al.,, 2013). In
the current work, we assessed whether decreased CMRGIu re-
flected neurotoxicity, as evidenced by cortical atrophy in AUD
individuals (Haorah et al., 2008; Jhala and Hazell, 2011). In vitro
studies have shown that alcohol can increase lipid peroxidation,
which suggested that oxidative stress might be a mechanism by
which alcohol induces neurodegeneration (Haorah et al., 2008).
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Table 2. Spatial Coordinates in the MNI Space and Statistical Information for Clusters Showing Significant Group Differences in rCMRGlu Be-
tween AUD and HC Participants, Linear Effects of CT on rCMRGlu, and CT by Group Interactions on rCMRGlu

AUD<HC
Brain region BA MNI coordinates (mm) Cluster size (t-score) CT (t-score)
X y z (voxels) AUD & HC AUD>HC
AUD<HC
Middle temporal 37 -66 -48 -12 1126 7.0 ns. n.s.
Inferior temporal 37 -58 -64 -10 5.8 n.s. n.s.
Inferior occipital 19 -46 -78 -12 5.0 n.s. ns.
Middle occipital 39 36 -76 16 379 5.1 n.s. n.s.
Middle occipital 39 48 -78 20 5.1 n.s. n.s.
Cuneus 19 6 -84 34 4.7 n.s. n.s.
Pars triangularis 44 56 20 22 764 4.6 1.8 n.s.
Rolandic operculum 48 60 -8 10 44 2.0 n.s.
Sup temporal pole 38 56 4 4 4.4 2.2 ns.
CT
Inferior occipital 19 -28 -82 -12 9401 n.s. 6.6 n.s.
Sup temporal pole 38 -54 4 0 33 6.5 ns.
Fusiform 18 -24 -76 -16 n.s. 6.4 n.s.
Middle occipital 39 40 -80 16 9291 33 6.3 n.s.
Middle Frontal 45 44 32 30 n.s. 5.8 ns.
Inferior frontal operculum 44 52 12 14 n.s. 5.8 n.s.
Middle cingulum 23 8 -46 36 2047 2.5 6.1 n.s.
Middle cingulum 23 6 -14 42 n.s. 5.4 n.s.
Precuneus 5 8 -38 56 n.s. 5.2 n.s.
CT x group
Superior med frontal 32 8 40 40 46 ns. n.s. 4.5

AUD, alcohol use disorder; BA, Brodmann area; CT, cortical thickness; FWE, familywise error; HC, healthy control; rtCMRGlu, relative cerebral metabolic rate of glucose.
Sample: 19 AUD and 20 HC participants. Model: ANCOVA with age and education covariates of no interest. Statistical threshold: P<.05, FWE-corrected. The t scores
correspond to peak cluster-level statistics (bold values; FWE-corrected) or voxel-level statistics (not bold values; uncorrected).
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Figure 4. r*CMRGlu-cortical thickness (CT) association. (A) Statistical significance of the effect of CT-related increases in relative glucose metabolism (rCMRGlu). (B)
FreeSurfer regions of interest (ROI) analyses showing the correlation factors between rCMRGlu and CT within the anatomical partitions overlaid on medial and lateral
surface views of the PALS-B12 template. (C) Scatter plots showing this association for 3 representative frontal ROIs for alcohol use disorder (AUD) participants and
healthy controls (HC). Statistical model: ANCOVA with age as a covariate of no interest. Statistical imaging threshold of P<.005.
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Oxidative stress and neuroinflammation have been linked to re-
duced brain glucose metabolism in neurodegenerative diseases
such as Alzheimer’s disease, traumatic brain injury, and aging
(Daulatzai, 2017). Proton magnetic resonance spectroscopy
studies have reported lower levels of brain N-acetylaspartate, a
marker of neuronal integrity, in alcohol users (light and heavy
drinkers) compared with controls (Jagannathan et al., 1996;
Bendszus et al., 2001; Schweinsburg et al., 2001; Meyerhoff
et al., 2004; Silveri et al., 2014), and postmortem studies have
reported neuronal loss in the frontal lobes in AUD (Harper et al.,
1985, 1987), which are consistent with evidence of neurotoxicity
in AUD.

Here we show a significant correlation between rCMRGlu and
CT in prefrontal cortical regions, pars triangularis (BA 45) and
inferior parietal cortices in AUD participants but less so in HCs.
Moreover, compared with HCs, the AUD group demonstrated a
widespread reduction in CT predominantly in frontal lobe re-
gions but also in fusiform gyrus and medial temporal cortex.
The AUD’s reduced CT is also consistent with prior studies
(Durazzo et al., 2011; Fortier et al., 2011; Momenan et al., 2012;
Durazzo et al., 2013; Bae et al., 2016) and supports the notion
that chronic excessive alcohol consumption can damage the
brain (Henderson et al., 2018), even in AUD indiviudals with
normal cognitive performance and no medical co-morbid-
ities. The reduction in CT was associated with the severity of
alcohol consumption, such that CT decreased with increased
TLA. Intriguingly, the mediation analyses showed that TLA did
not significantly mediate the CT in the present study, whereas it
showed significant mediation of hypometabolism.

The large CMRGlu decreases and minimal CT deficits in the
superior parietal cortex of the AUD participants suggest that this
brain region might have a higher reliance on alternative energy
sources (i.e., acetate), thus driving the large group differences
in metabolism (Volkow et al., 2013). In contrast, the paracentral
gyrus may predominantly rely on CMRGlu, which could help ex-
plain why it showed minimal changes in metabolic activity des-
pite its marked decreases in CT in AUD.

The absence of significant group differences in CMRGlu in
the cerebellum contrasts with our prior findings of pronounced
metabolic decreases after acute alcohol administration in the
cerebellum (Volkow et al.,, 2013). During alcohol intoxication,
the cerebellum and other brain regions may rely on acetate as a
substrate for energy production (Volkow et al., 2013). Thus, the
cerebellum may show low CMRGlu during alcohol intoxication,
when the level of plasma acetate concentration is high as in our
prior study, but not during alcohol abstinence, when the level of
plasma acetate concentration is low as in this study.

We did not detect significant group differences in cortical
surface area, in agreement with previous work (Durazzo et al.,
2011). In contrast to previous studies, we did not find associ-
ations between the severity of alcohol consumption and CT
(Fein et al., 2002; Thayer et al., 2016; Lange et al., 2017), nor
did we find significant group differences in GM volume (Fein
et al., 2002, 2009; Cardenas et al., 2007; Chanraud et al., 2007;
Mechtcheriakov et al., 2007; Makris et al., 2008), which may re-
flect the small sample size in our study. The fact that we found
significant group differences in CT but not in GM volume sug-
gests that alcohol’s effects might be greater for CT than for GM
volumes and/or that the GM volume effects might be less con-
sistent across participants than those for CT. However, the small
samples size of our study might have increased the chances of
type Il error in our volumetric measues. Specifically in our study,
though not significant, the cortical volumetric measures in AUD
were smaller than in HCs; but a sample of 30 AUD and 30 HCs for

the same effect size (r=0.54) would have been significant (P<.05,
FWE-corrected). The differences in CT and CMRGlu in our AUD
group might also reflect the effects of tobacco smoking and/or
the interaction of alcohol and tobacco, which was characteristic
of AUDs only.

Notably, there were no apparent effects on cognition, or if
there were effects they were nondetectable by the standard bat-
tery we used in our study. The fact that we documented lower CT
and CMRGlu in AUD participant with no medical comorbidities
and who showed no evidence of cognitive impairment indicates
that excessive alcohol consumption by itself might have dele-
terious effects to the brain that are not necessarily paralleled by
deficits on traditional neurocognitive tests.

Limitations include the small sample size of the study, yet
despite this, we were able to document significant effects of
alcohol on CT and CMRGlu. Nonetheless, the small sample size
limited our ability to address potential gender or age inter-
action effects. Furthermore, with its cross-sectional design,
the study cannot assess if deficits in CT might have preceded
alcohol initiation in these participants. However, the negative
association between CT and the severity of alcohol consump-
tion suggests this is not the case. PET was done in a condi-
tion of acute withdrawal (3.8 days since last drink), so the PET
results might include changes related to craving rather than
pure effects of chronic alcohol consumption per se, and our
analysis indicates a partial restoration of metabolism with
greater duration of abstinence. This is consistent with prior
findings on brain metabolic recovery with abstinence in alco-
holics (Volkow et al., 1994). Interestingly, we did not observe
an effect of abstinence on CT, suggesting that these changes
might be longer lasting. In this regard, it would have been de-
sirable to assess these participants at multiple time points and
determine whether CT and glucose metabolism recover with
protracted abstinence. Since prior studies have documented
effects of tobacco use on cortical volume and/or thickness
(Kithn et al., 2010; Duriez et al., 2014; Durazzo et al., 2018), the
lack of balance in tobacco smoking can be seen as a limita-
tion for this study. We used smoking as a nuisance covariate to
partially control for this difference in the statistical analysis.
However, because in this study smoking is a characteristic of
AUDs only, we cannot separate the contribution of smoking
and their interaction with AUD from the group differences on
CT or CMRGlu.

In summary, here we document lower CT in AUD partici-
pants, which was most pronounced in frontal and parietal
cortical regions and associated with reduced glucose me-
tabolism. The associations of history of alcohol use with CT
and rCMRGlu and the absence of mediation effects between
rCMRGlu and CT suggest both common and unique factors
driving the reduced rCMRGlu and CT. Whereas the decrease in
CT is likely to reflect neurotoxicity in AUD, the reductions in
cortical CMRGlu are likely to reflect alcohol-related neurotox-
icity as well as the use of alternative energy sources for brain
metabolism.
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Supplementary data are available at International Journal of
Neuropsychopharmacology (JNPPY) online.
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