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Abstract

Alcohol use disorder (AUD) is one of the most prevalent, harmful, and costly preventable disorders in the
world. AUD is associated with wide-spread structural and functional brain deficits, which are at least
partially reversible with sustained abstinence. The most rapid recovery is thought to occur within the
initial weeks of sobriety. The mechanism and progression of structural and functional AUD-related brain
damage and subsequent recovery during remission remain not fully understood. The objective of this
exploratory project was to better characterize the macroscopic and microscopic structural and functional
brain changes in recovering AUD patients between approximately two weeks and one month of
abstinence, using multi-modal magnetic resonance imaging (MRI) techniques. The data was acquired at
two clinical sites in Edmonton, Canada and Mannheim, Germany and together represent one of the largest
and most clinically homogeneous, longitudinal, multimodal AUD neuroimaging datasets analyzed to this
date. We have conducted six sets of analyses examining: 1) voxel and surface-based morphometry of
structural brain changes; 2) region-based morphometry of structural brain changes; 3) white matter
microstructure brain changes; 4) regional resting state functional connectivity brain changes; 5) brain
changes in large-scale resting state functional network connectivity; and 6) AUD-related brain iron
accumulation. The results of these studies have revealed a rich set of complex results across all of the
tested modalities. 1) The first analysis revealed a broad high single digit decrease in global gray and white
matter densities in AUD at the first time point, which persisted in mid-single digit at the second time
point, exhibiting a positive but non-significant structural integrity improvement with sustained abstinence.
The AUD group has also exhibited a persistent low single digit decrease in global cortical thickness that
persisted through both time points. Clinical severity scales were weakly-to-moderately correlated to the
magnitude of the structural atrophy. 2) The second analysis revealed broad high single digit decrease in
region-specific cortical, subcortical, and cerebellar regions which showed significant correlation to the

clinical severity, especially in the most affected regions. Longitudinal interscan differences associated
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with sustained abstinence did not survive multiple comparison correction but indicated a positive
recovery trend. 3) The third analysis revealed aberrant diffusion tensor imaging (DTI) scalar pattern
consistent with wide-spread neuronal and/or myelin injury in AUD at both time points. Magnitude of the
scalar’s impairment was in most cases correlated to the clinical severity measures. The longitudinal
differences were not significant but alluded to a pattern of microstructural healing during the early AUD
recovery. 4) The fourth analysis revealed persistent AUD-related decrease in regional functional
connectivity indices in basal ganglia that persisted during both time points, as well as aberrant increase in
functional connectivity in the frontal cortex in the AUD patients. Longitudinal differences were mostly
not significant. Magnitude of most of the functional deficits was correlated to the AUD clinical severity
measures. The longitudinal changes should be considered with caution but might potentially provide
evidence of over-compensatory adaptation in the abstinent AUD. 5) The fifth analysis revealed a largely
inconsistent complex set of differences in the resting state functional networks derived from an
independent component analysis (ICA). Together with hierarchical network analysis, these results suggest
a pattern of global hypoconnectivity in the AUD with encouraging functional connectivity convergence
across plurality of the networks. Most of the significant changes were correlated with at least one measure
of AUD severity. 6) The sixth analysis demonstrated use of a novel quantitative susceptibility technique
in a clinical cohort to retrospectively measure brain iron accumulation. This analysis revealed significant
high single-digit to low teen percentage increase in iron accumulation in deep brain gray matter in AUD.
Altogether, the six sets of analyses completed in this project succeeded in characterizing AUD-related
structural and functional deficits in recently detoxified AUD patients but largely failed to detect
significant longitudinal differences during the approximately two week to one month interscan remission
period. Several of the above analyses were first of their kind and provide unique evidence characterizing

early brain recovery dynamics during successful remission from AUD.
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Chapter 1 - Introduction

This is a paper-based thesis. Each chapter contains its own dedicated introduction, methods, results, and
discussion sections. This chapter will, therefore, succinctly provide the main overview and aims of the

project as a whole.

Research Problem

Alcohol use disorder (AUD) is one of the most prevalent, harmful and costly preventable disorders in the
world, affecting over 283 million people and being responsible for approximately 5.1% of global burden
of disease and 5.9% of all deaths globally (Nutt, King, & Phillips, 2010; World Health Organization,
2018). AUD is a chronic relapsing psychiatric disorder characterized by uncontrolled recurrent alcohol
abuse, despite its significant interference in the individual’s mental wellbeing, physical health, and ability
to function in their daily lives (American Psychiatric Association & American Psychiatric Association,
2013). Even though AUD has been systematically studied as a medical disorder of the brain for over 120
years (Marchiafava, 1933; Tabakoff & Hoffman, 2013), AUD patients continue to suffer from only
limited treatment options, with plurality of the patients experiencing relapse within the first year (R. H.
Moos & Moos, 2006; Walitzer & Dearing, 2006; Witkiewitz, 2011). One of the reasons for the modest
knowledge translation and limited therapeutic progress has been the lack of full understanding of the
complex mechanism of alcohol on the brain and the progression of structural and functional AUD-related
damage and subsequent recovery during prolonged abstinence (Harris, Trudell, & Mihic, 2008;
Sutherland, Sheedy, & Kril, 2014b; N. D. Volkow et al., 2017; Zahr & Pfefferbaum, 2017). A growing
body of evidence suggests that AUD-related brain deficits are at least partially reversible with sustained
abstinence (for reviews, see (Crews & Nixon, 2009; Crowe, Cammisuli, & Stranks, 2019; Fein &
Cardenas, 2015; Sullivan & Pfefferbaum, 2005)), and that this process most likely occurs non-linearly

with the most rapid recovery in the first few weeks of sobriety (Durazzo, Mon, Gazdzinski, Yeh, &



Meyerhoff, 2015; Gazdzinski, Durazzo, & Meyerhoff, 2005; Pfefferbaum et al., 1995; Y. Zou et al.,
2017). There has been a relative scarcity of longitudinal studies that have examined neuroimaging
changes during this early period of sustained abstinence, especially in homogeneous clinical cohorts
without substantial polysubstance abuse, psychiatric, and somatic comorbidities. The aim of our study
was to try to address this gap in the literature and to perform an exploratory analysis to better characterize
multimodal neuroimaging changes during the first month of abstinence. I have been involved in all
aspects of this project with the exception of design formulation, research consortium building, and grant

application, which were completed before my enrollment in the graduate studies.

Goals of the Project

Our study consisted of six different sets of analyses, which have each focused on different neuroimaging
modality (structural MRI, DTI, and resting state functional MRI) and/or analysis technique. These are
discussed separately in each of the following chapters:
1. Voxel and Surface Based Morphometry of Structural Brain Changes during First Month of
Recovery from Alcohol Use Disorder
2. Region-Based Morphometry of Structural Brain Changes during First Month of Recovery from
Alcohol Use Disorder
3. White Matter Microstructure Changes during First Month of Recovery from Alcohol Use
Disorder
4. Regional Functional Connectivity Changes during First Month of Recovery from Alcohol Use
Disorder
5. Independent Component Analysis of Functional Connectivity Changes during First Month of
Recovery from Alcohol Use Disorder

6. Deep Grey Matter Iron Accumulation in Alcohol Use Disorder



As an exploratory study, our main goal was to characterize the AUD-related structural and functional
differences at both baseline scan at approximately 2 weeks of abstinence and also the interscan
differences at the follow-up after 1 month of sustained sobriety in a controlled environment. To this
extent, the analyses have generally deployed three sets of contrasts in a general linear model, contrasting
the differences between AUD group at the first time point and the reference healthy control group (What
brain changes are associated with AUD?), contrasting the differences between AUD group at the second
time point and the reference healthy control group (Do the AUD changes persist after the interscan
interval?), and the interscan differences within the AUD group between the second time point and the first
time point (Is there any significant neuroplasticity observable within the patients during the early
remission?). These contrasts provided the main results of our analyses, documenting the neuroimaging

differences at baseline and also with the 2-3 week supervised abstinence period.

Additional post-hoc exploratory analyses were conducted on all of the significant results to better
contextualize the clinical relevance of the findings (in relation to baseline length of abstinence, average
daily alcohol consumption, clinical addiction severity scales, as well as nuisance confounding variables
such as age) as well as to other neuroimaging data (to answer follow-up question such as: do regional
functional connectivity deficits lead to altered global functional connectivity?) to assist with the

interpretation of the significance of our results.

To remain conservative in the discussion of our results, we have generally only considered findings to be
relevant if they have survived our a priori threshold and indicated at least some significant correlation
trend with a clinical severity measure. Especially functional MRI (fMRI) has recently endured extensive
criticism for common design, analytical, interpretation, and reproducibility limitations common in the
literature, warranting additional caution in our discussion (Button et al., 2013; David et al., 2013; Eklund,
Nichols, & Knutsson, 2016; Ioannidis, 2011; Noble, Scheinost, & Constable, 2019; Woo, Krishnan, &

Wager, 2014).



The sampling window in our study did not only correspond to what is generally thought to be the period
of some of the most dynamic structural brain recovery (Charlet, Rosenthal, Lohoff, Heinz, & Beck, 2018;
Gazdzinski et al., 2005), but also to the length of the intensive supervised treatment programs that the
patients were enrolled in, effectively providing a multimodal neuroimaging snapshot of recovering AUD
patients in early days of enrollment and a snapshot of the recovering AUD patients at or soon after
graduation from the established intensive AUD treatment programs provided to the public at both of the
clinical nodes. If the residential treatment can meaningfully help patients recover from their alcohol
addiction and catalyze the appropriate behavioural and cognitive changes necessary for remission, then
there should also be corresponding structural and functional changes in the brain over the same time
period. Prior studies have reported detectable evidence of structural recovery using traditional
neuroimaging techniques in recently detoxified AUD patients within as little as two weeks (Kiihn et al.,
2014; van Ejjk et al., 2013), thus, supporting the feasibility of being able to measure the anticipated brain

changes also in our study.

Based on the available literature, our a priori expectations for our analyses included:

1. STRUCTURAL MRI: Wide-spread global structural atrophy in the AUD, with especially
noticeable enlargement of ventricles and increased susceptibility of the white matter as well as
frontal gray matter regions, which should be at least partially reversible within our interscan
interval.

2. DTI: Wide-spread decreased fractional anisotropy due to myelin and glial damage as well as
neuronal thinning and deletion, which should be at least partially reversible.

3. RESTING STATE fMRI: Less efficient functional connectivity patterns with possible
compensatory aberrant recruitment of additional anatomical regions and either abstinence-related
normalization or adaptive excess top-down executive (frontal cortex) and decreased bottom-up

reward (basal ganglia) functional connectivity.



4. CLINICAL SEVERITY: More severe magnitude of AUD-related brain deficits are expected to be

associated with greater severity of AUD (including increased average daily alcohol consumption).

The literature has, however, provided complex evidence of mixed results for most of the modalities.
Studies have reported significant earlier recovery prior to the abstinence window of our study (from
detoxification to the first two weeks) as well as persistent structural and functional deficits even in multi-
year abstinent AUD participants. Therefore, our expectations are of significant AUD-related deficits at
both time points with a positive recovery normalization trend. Some studies have also reported recovery
claims despite of unclear abstinence profile (early abstinence could mean a few days to few months in
different studies), complex polysubstance abuse history (very common nicotine dependence as well as
concurrent stimulant and marihuana abuse), as well cross-sectional design (despite of clear evidence of
survival bias of patients with less severe baseline damage exhibiting longer remission probability — for

example see (S. F. Sorg et al., 2012)).

Our study should not only help characterize the neuroimaging changes during early remission from AUD
using a very homogeneous, carefully controlled clinical cohort with more consistent abstinence profile
than other studies, it will be also one of the first few longitudinal studies to examine cortical thickness in
recovering AUD patients (third study), subcortical and cerebellar volumes (possibly the second and first,
respectively), white matter microstructure, regional functional connectivity differences (possibly the
first), independent component whole-brain resting state functional connectivity differences (possibly the
first), and brain iron levels in a clinical AUD cohort (the first). The results of our study should, therefore,
provide a meaningful addition to the existing literature and our understanding of the underlying structural

and functional brain changes during early recovery from AUD.

The chapter-specific introductions provide more in-depth literature overview and hypothesis formulation

for each of the six sets of neuroimaging studies.



Chapter 2 - Voxel and Surface Based Morphometry of
Structural Brain Changes during First Month of Recovery
from Alcohol Use Disorder

Abstract:

Alcohol use disorder (AUD) is associated with widespread structural brain damage, which is partially
reversible during prolonged abstinence. To the best of our knowledge, only two prior longitudinal studies
have documented cortical changes during AUD recovery. This study performed voxel and surface-based
morphometry of longitudinal changes in gray matter density, white matter density, cortical thickness, and
associated clinical correlations in 13 male AUD patients undergoing a three week supervised residential
treatment, compared to 12 matched healthy controls. The recovering AUD patients have exhibited
widespread structural atrophy across all measures at both first and second time points. Although there was
a positive trend towards structural recovery between the approximately 9 and 29 days of abstinence, none
of the interscan changes survived multiple comparison correction. On average, the AUD patients
exhibited 7.11% decrease in overall gray matter density, which improved to 4.68% deficit by the second
time point (2.62% interscan increase). White matter density improved from 7.19% deficit to 4.39% deficit
(3.01% interscan increase). Whole-brain cortical thickness exhibited only a marginal improvement trend
from 2.88% deficit to 2.85% deficit (negligible 0.03% interscan increase), with more pronounced
differences in specific regions of interest. Clinical severity scales exhibited weak to moderate negative
correlation with most of the atrophy measures (generally with -0.3 to -0.5 Pearson handle). Even though
this study was constrained by its modest sample size to draw exhaustive conclusions about the structural
patterns of early AUD recovery, it adds valuable insights from a carefully controlled, homogeneous,

longitudinal sample in a challenging clinical cohort.

Key terms

alcohol use disorder; abstinence; voxel-based morphometry; cortical thickness; magnetic resonance

imaging



1. Introduction

Alcohol use disorder (formerly also classified as alcohol dependence, alcohol addiction, or alcoholism) is
a mental disorder characterized by uncontrolled chronic, recurrent alcohol abuse, which significantly
interferes with the patients’ ability to function in their daily lives (American Psychiatric Association &
American Psychiatric Association, 2013). It is one of the most prevalent, harmful, and costly preventable
disorders in the world (Nutt et al., 2010; World Health Organization, 2018). Worldwide, WHO estimates
that over 283 million people are currently suffering from AUD and that harmful use of alcohol is
responsible for approximately 5.9% of all deaths and 5.1% of the global burden of disease (translating to
a preventable loss of over 139 million disability-adjusted life years). Even though AUD is a widespread
and very costly disorder, which has a long and pervasive history as well as well-characterized clinical
symptoms, the exact underlying mechanism of alcohol addiction as well as recovery and sustained
maintenance of abstinence remain unclear (Sutherland et al., 2014b; Zahr & Pfefferbaum, 2017). As a
result, treatment-seeking AUD patients have only limited therapeutic options, which are associated with
poor clinical prognosis for a large portion of the patients, contributing to the chronic, recurrent nature of

the disorder (R. H. Moos & Moos, 2006; Walitzer & Dearing, 2006; Witkiewitz, 2011).

Chronic alcohol abuse causes progressive, wide-spread structural damage in the brain. The scientific
evidence of these pathological features has been systematically documented for over 120 years
(Marchiafava, 1933; Tabakoff & Hoffman, 2013), even as our understanding and clinical definition of
AUD has gradually evolved over time. Early post-mortem pathological reports and subsequent animal
studies have documented significant brain volume loss, cortical thinning, widespread demyelination and
loss of glial cells, as well as thinning of dendritic arbor, shrinking volume of neuronal axons and soma,
and region-specific loss of neurons caused by the recurrent toxic alcohol exposure (Harper, Dixon,
Sheedy, & Garrick, 2003). Brains of neuro-behaviourally uncomplicated deceased AUD donors have

exhibited up to 27% regional loss of neurons (especially in the frontal cortex) and even more pronounced



loss of up to 37% of glial supports cells (in regions such as hippocampus) (Harper et al., 2003; Korbo,
1999; Miguel-Hidalgo et al., 2002). The extent of cellular damage in several regions has been,
furthermore, correlated with severity of alcohol abuse, including lifetime amount of alcohol consumption

(Harding, Halliday, Ng, Harper, & Kril, 1996).

With technological advances and gradual adoption of non-invasive neuroimaging techniques (such as
magnetic resonance imaging (MRI)) since the late 1980s onwards, clinical researchers have been able to
corroborate on the histological evidence by documenting structural changes in living patients at different
levels of AUD severity, clinical treatment stages, and in progressively finer structural resolution. These
studies have replicated global brain atrophy and ventricular enlargement as well as region-specific
structural deficits in living AUD patients (Fritz, Klawonn, & Zahr, 2019). Two meta-analyses have
summarized the reproducible structural findings across multiple AUD structural studies (Xiao et al., 2015;
Yang et al., 2016). The voxel-based morphometry (VBM) meta-analyses reported a consistent decrease in
the grey matter density in the prefrontal cortex (especially anterior cingulate cortex), posterior cingulate
cortex, and dorsal striatum / insula in AUD patients, compared to matched healthy volunteers. A mega-
analysis of pooled AUD datasets has also reported similar wide-spread structural atrophy in AUD
patients, affecting most cortical regions, including superior frontal gyrus, orbital frontal gyrus, cingulate
cortex, precuneus, superior and inferior temporal gyri, insula, and precentral gyrus (Mackey et al., 2019).
One of the most important advantages of the non-invasive neuroimaging techniques is, however, the
ability to explore longitudinal changes within the same participants. The advent and wide-spread
utilization of the non-invasive neuroimaging systems has thus helped to document not only the extent of
the AUD-related brain damage but also the progressive functional and structural changes associated with
AUD treatment and successful recovery. Structural MRI remains one of the most effective tools for

clinical identification, diagnosis, and monitoring of alcohol-related brain damage (Fritz et al., 2019).



Longitudinal structural neuroimaging studies have documented at least partial recovery of AUD structural
brain damage with abstinence, including decreased volume of enlarged ventricles and region-specific
volume recovery within as early as the first two weeks of abstinence. (Bartsch et al., 2007; Cardenas,
Studholme, Gazdzinski, Durazzo, & Meyerhoff, 2007; Demirakca et al., 2011; Gazdzinski et al., 2005;
Kiihn et al., 2014; Pfefferbaum et al., 1995; van Eijk et al., 2013). The pattern of structural recovery
appears to be non-linear, with most rapid recovery occurring during the early stages (first few weeks) of
sustained abstinence, although AUD-related structural deficits might persist even after years of abstinence
(Durazzo et al., 2015; Gazdzinski et al., 2005; Pfefferbaum et al., 1995; Y. Zou et al., 2017). Structural
brain changes during the early recovery from AUD are of particular interest, because preclinical evidence
suggests that underlying tissue repair and regeneration (neuro- and glio-genesis) in the animal models of
AUD also occurs primarily within the first month of abstinence (Crews & Nixon, 2009). Clinical
magnetic resonance spectroscopy studies have also documented metabolic brain changes consistent with
glial and/or neuronal repair and regeneration within the first few weeks of abstinence (Bartsch et al.,
2007). These metabolic changes have been directly associated with both macroscopic structural volume
recovery as well as functional improvements in the abstinent AUD patients. Synthesis of the preclinical
and clinical evidence has been, however, challenging since much of the existing evidence has not been
translatable. The existing clinical longitudinal literature only provides sparse and often inconsistent
snapshots of the underlying structural changes during recovery from alcohol use disorder, persisting as a

bottleneck in our understanding of AUD and its clinical progression.

The aim of this study was to try to address this gap and document both differences in tissue density
(voxel-based morphometry) as well as cortical thickness (surface-based morphometry) during the first
month of AUD recovery in a clinically homogeneous longitudinal study. Cortical thickness should
provide a more sensitive, complementary technique for measuring structural atrophy in addition to the

more traditional voxel-based morphometry analysis (Hutton, Draganski, Ashburner, & Weiskopf, 2009).



Our a priori hypotheses were that (1) AUD patients will exhibit mid to high single digit average structural
atrophy across all of the baseline measures (gray matter density, white matter density, as well cortical
thickness) at the first time point, compared to the matched healthy controls; (2) AUD patients will exhibit
low to middle single digit average structural atrophy across all of the measures at the second time point;
(3) interscan comparison will reveal low to middle single digit longitudinal recovery associated with the
sustained abstinence; and (4) AUD-related clinical severity measures will be negatively correlated to the

structural parameters (i.e. the higher the clinical severity, the greater the structural damage).

To the best of our knowledge, this is only the third longitudinal study to analyse cortical thickness
differences during AUD recovery. This study will complement the existing literature by spanning the
abstinence range between the two existing studies (P. Bach et al., 2020; G. Y. Wang et al., 2016) and also

provide the first evidence from a North American clinical cohort.

2. Materials and Methods

2.1 Subjects

The analysis is based on longitudinal data from 13 recently detoxified adult male alcohol dependent
patients (DSM-IV-TR criteria)(American Psychiatric Association, 2000) and matched 12 healthy non-
alcohol-abusing men. The demographic and clinical overview of the 25 participants is summarized in

Table 2.1.

During the recruitment process, a total of 1,123 AUD patients and 668 healthy controls were screened and
interviewed for participating in the study. 29 eligible AUD volunteers and 18 matched healthy control
volunteers were enrolled in the study. 24 patients and 17 healthy controls completed the first scanning

session. 14 patients and 12 controls completed the second scanning session. One of the 14 patients who
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completed both scanning sessions had to be excluded due to severe imaging artifacts. None of the

volunteers were provided with any compensation for their participation in the study.

The alcohol-dependent participants were recruited from a pool of patients referred to supervised
residential treatment programs in Edmonton, Canada as part of the TRANSALC research project. DSM-
IV-TR diagnostic interviews were carried out by a psychiatrist, using the Structured Clinical Interview for
the DSM-IV-TR (SCID-I) (First, Spitzer, Gibbon, & Williams, 2002). All of the patients were consistent,
steady, heavy drinkers. All of the analyzed patients met the highest Zone IV cut-off score on the Alcohol
Use Disorders Identification Test (AUDIT) with an average score of 31 out of 40 (Saunders, Aasland,
Babor, de la Fuente, & Grant, 1993). The AUD patients exhibited on average a substantial level of
alcohol dependence (third quartile) according to the Alcohol Dependence Scale (ADS) with the average
score of 26 out of 47, at the time of the first scanning session (Skinner & Allen, 1982). The patients did
not abuse non-beverage ethanol or other substances except nicotine (average Fagerstrom score of 4 out of
10 (Heatherton, Kozlowski, Frecker, & Fagerstrom, 1991)). The patients were recruited within the first
two weeks of abstinence and underwent longitudinal scanning sessions at two time points: first at
approximately 9 days of abstinence and second three weeks later at approximately 29 days of abstinence.
Abstinence was verified at each scanning session in all participants by an alcohol breathalyser (BACtrack
S50 Personal Breathalyzer, Portable Breath Alcohol Tester) and a urine drug screen (nal von minden

GmbH Drug-Screen® Diptest, Version 1.0).

Controls were recruited concurrently to match the patients' general demographic profile (including sex,
age, handedness, general occupation/education background). The controls had no history of alcohol or
drug addiction and consumed alcohol below the Canada's Low-Risk Alcohol Drinking Guidelines (Butt,
2011). Participants in both arms were excluded if they had any history of serious medical (including
psychiatric or neurological) complications, brain injury, use of psychotropic medications (other than

during the detoxification process), or did not meet magnetic resonance safety criteria for our imaging
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facility. The study was approved by the University of Alberta Health Research Ethics Board (study ID:

Pro00019424).

Table 2.1 Summary of Key Demographic and Clinical Variables

AUD Patients (n=13) | Controls (n=12)
Mean SEM Mean SEM % A t-Value  corrected p
Age 41.35 1.85 45.39 1.87 -8.92 -1.52 not sig
TIV 1,704.27 28.09 1715.86  25.90 -0.68 -0.32 not sig
Ethanol (grams/day) 370.15 39.82 3.10 0.87 | 11,847.59 9.22 hokok
AUDIT 30.77 0.71 2.50 0.35 1,130.77 35.93 hokok
ADS 26.15 1.31 0.67 0.20 3,823.08 19.24 otk
OCDS 25.23 1.38 1.08 0.23 2,228.99 17.24 hokok
ODS 10.54 0.81 0.08 0.06 | 12,546.15 12.88 hokok
CDS 14.69 0.71 1.00 0.21 1,369.23 18.45 *okk
Abstinence 1 (days) 8.77 0.35 N/A N/A
Abstinence 2 29.00 0.58 N/A N/A

*p<0.05, ** p<0.01, *** p<0.001 Bonferroni-corrected; SEM = standard error of mean

2.2 MRI Acquisition

The neuroimaging data was acquired using a 4.7 Tesla Varian Inova whole-body MRI scanner, located at
the University of Alberta, Edmonton. The scanning protocol included anatomic imaging using T1-
weighted magnetization-prepared rapid acquisition echo (MPRAGE) with acquisition parameters of TR
1,505.9 ms, inversion time 300.0 ms, relaxation delay time (after readout prior to inversion) 300.0 ms,
linear phase encoding, TE 3.71 ms, matrix 240x192x128, field of view 240x192%x192 mm’, 1.0x1.0x1.5

mm® voxels, whole brain coverage.

The anatomical scans were visually reviewed by two independent neuroimaging experts for gross

abnormalities. None of the subjects exhibited any clinically significant structural abnormalities other than

what may be expected from normal aging or prolonged alcohol abuse.
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The raw data was also anonymized before any pre-processing and the researchers were blinded to the
subject or group label key until the final statistical analysis (even though automated morphometry

analyses should avoid bias).

2.3 Voxel-Based Morphometry

Voxel-based morphometry (VBM) analysis was performed using Computational Anatomy Toolbox

(CATI12; http://www.neuro.uni-jena.de/cat/) (Gaser & Dahnke, 2016) in the Statistical Parametric

Mapping software library (SPM 12; http://www.fil.ion.ucl.ac.uk/spm/) (John Ashburner et al., 2014) in

MATLAB (version R2018b) (The MathWorks Inc, 2018). Full description of the processing pipeline is
included in the above citations. Briefly, the raw reconstructed T1 scans were inspected to exclude any
participants without a whole-brain field of view or severe imaging artifacts. A unified segmentation
model (J. Ashburner & Friston, 2005) was used to spatially register and segment maps into gray matter
(GM), white matter (WM), and cerebrospinal fluid (CSF), bias-correct for intensity non-uniformities, and
modulate signal proportionately to the volume changes related to spatial registration, to maintain
consistent total amount of segmented tissue to the original scan (using default parameters). The spatial
normalization was performed using affine regularization to International Consortium for Brain Mapping
(ICBM) European brain tissue probability template and finely warped using non-linear diffeomorphic
DARTEL normalization (John Ashburner, 2007) to a tissue template target based on 555 healthy controls

from the IXI database (www.brain-development.org) in the Montreal Neurological Institute (MNI) space.

The corrected segmented images underwent another quality control step to verify the anatomical tissue
classification. Next, the GM and WM segmented images were smoothed using an 8 mm full-width-at-
half-maximum (FWHM) Gaussian isotropic kernel and entered into a statistical analysis. Estimates of the
total intracranial volume were also computed at this time, so that they could be added as a nuisance
variable in the statistical model. Preprocessing steps were performed using the CATI12 default

recommended settings (Gaser & Dahnke, 2016).
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2.4 Surface-Based Morphometry

Surface-based morphometry (SBM) analysis was performed using the projection-based thickness method
(Dahnke, Yotter, & Gaser, 2013). Cortical thickness was calculated based on the segmented data
described in the VBM section. The segmented tissue maps were then separated into hemispheres,
cerebellum and hindbrain were removed, ventricular and subcortical regions were filled in, and the
masked volumes were linearly interpolated to 0.5 mm isotropic resolution. Voxel-based distance from the
inner boundary of the gray matter mask was calculated to each gray matter voxel, creating a white matter
distance map. Voxel-based distance was also calculated from the outer boundary of the gray matter mask
for each gray matter voxel, creating a CSF distance map. The outer boundary local maxima values for the
white matter distance were then corrected by the corresponding CSF distance values, representing the
cortical thickness values. The corrected thickness values from the outer maxima were then projected back
onto all of the other gray matter voxels based on the neighbour relationship described by the white matter
distance. To correct for overestimation of the cortical thickness in the sulcal regions due to outer
boundary blurring, successor relation projection scheme described in detail in the original publication was
used to create a corrected cortical thickness map (Dahnke et al., 2013). In the same step, CAT12 also
calculated the central surface at the median distance for both hemispheres. The surface morphometry
pipeline also used topology correction, spherical mapping of the surface mesh (resampled to 32k mesh) in
a common coordinate space, and estimation of local surface complexity and gyrification (Kurth & Gaser,
2019). The spherical registration was adapted from the volume-based diffeomorphic DARTEL algorithm
to the spherical maps (Yotter, Ziegler, Thompson, & Gaser, 2011). Only the cortical thickness estimates
were used in our analysis, since we had no a priori expectation for altered surface complexity change
associated with chronic alcohol abuse in an adult, matured brain (Kiihn et al., 2016). The cortical
thickness maps were visually inspected for quality. Next, cortical thickness maps were smoothed using a

15 mm full-width-at-half-maximum (FWHM) Gaussian isotropic kernel and entered into a statistical
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analysis. Unlike in the VBM analysis, the SBM analysis of the cortical thickness did not include total
intracranial volume as a nuisance variable. A post-hoc region-of-interest cortical thickness analysis was
also performed, based on Desikan-Killiany Cortical Atlas labels (Desikan et al., 2006), to help refine
anatomical localization and quantify the wide-spread cortical thinning observed in the data and its relation

to the clinical severity scales.

2.5 Statistical Analysis

After the quality assurance of the VBM and SBM maps was complete, the label key was returned to the
blinded researcher to allow for group comparison and statistical analysis. The summary statistics and
group comparison was generated using SPSS (version 20) (IBM Corp, 2011) and MATLAB (version
R2018b) (The MathWorks Inc, 2018). The summary statistics included group mean and standard error of
mean (SEM). After verifying validity of the assumptions (including Levene’s test of homogeneity), two
sample t-tests were used to compare group differences. The input data for demographic and clinical

summary statistics was not corrected for nuisance variables (such as age).

The primary group comparison analysis was done using general linear models. The models included
predictors for group status (dummy variables for first and second scans for patients and controls) as well
z-normalized nuisance variables (total intracranial volume, age, and length of abstinence at first scan).
Cortical thickness SBM analysis did not include the total intracranial volume nuisance variable, as
recommended by CAT12 manual (Kurth & Gaser, 2019). The contrasts compared first time point group
differences, second time point group differences, as well as interscan longitudinal differences. For
completeness and quality assurance purposes, an interscan comparison was also performed on only the
healthy control longitudinal data, none of which showed any significant interscan differences during the

three weeks and were thus not reported in the figures.
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Post-hoc clinical correlation analysis was performed on nuisance-corrected z-normalized data. The

significance of the Pearson correlation coefficient was tested using two-tailed t-test.

For all analyses, the null hypothesis was rejected and group differences were considered as significant at a
global alpha threshold of 0.05. The p-values were corrected for multiple comparison using Family-Wise
Error (FWE) correction. The FWE-corrected statistical map thresholds for the neuroimaging data were
estimated using 10,000 permutations with threshold-free cluster enhancement toolbox (Gaser, 2019).
Demographic and clinical summary statistics as well as clinical correlations and region-of-interest group

comparisons were FWE corrected using the Bonferroni method (Bonferroni, 1936).

3 Results

3.1 Participant profile

The healthy controls were recruited to match the general demographic profile of the AUD patients. As a
result, the groups were not significantly different in their general demographic profile. On average, the
total intracranial volume was also comparable between the groups. Nonetheless, group comparisons
using general linear models as well as post-hoc clinical correlation analyses included age, total
intracranial volume, as well as the patients’ length of abstinence at first scanning session as nuisance
variables since all of these variables are known to impact regional volumes or longitudinal changes in the
brain. The clinical measures were in general at least an order of magnitude more severe in the AUD group

than in the healthy control, as illustrated in Table 2.1.
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3.2 Voxel-Based Morphometry - Gray Matter Changes

AUD patients demonstrated a widespread decrease in gray matter tissue concentration at both time points

(9 days and 29 days of abstinence). The interscan differences did not survive multiple comparison

correction, but demonstrated a positive trend towards increased gray matter concentration with sustained

three week abstinence. Top rows of Figure 2.1, Figure 2.2, and Figure 2.3 illustrate the large widespread

decrease in gray matter concentration (dark blue t-maps and bright blue significant clusters) and interscan

improvement in the AUD patients (predominantly red t-map but no significant clusters). Table 2.2 and

Table 2.3 list the significant clusters and their respective coordinates, corresponding to Figure 2.1 and

Figure 2.2. Peak p-values were FWE-corrected and the X, Y, Z coordinates of the peak values (MAX)

and centre of gravity (COQG) are in the MNI space.

Table 2.2: Significant Clusters of Decreased Gray Matter Concentration at First Scan

Peak Location Peak corr. | MAX X | MAXY | MAX Z # COGX | COGY | COGZ
p-value (mm) (mm) (mm) | Voxels (mm) (mm) (mm)
right cerebellum - | 55 47.5 625 485 | 625547 | 1.02 6.4 8.21
right crus II
right superior 0.003 20.5 75 67.5 | 6811 225 3.7 60.7
frontal gyrus
right superior 0.015 16.5 315 46.5 359 16 31.4 50.6
frontal gyrus
left frontal pole 0.017 -3.5 54.5 -25.5 38 -4.05 54.7 -24.9
Table 2.3: Significant Clusters of Decreased Gray Matter Concentration at Second Scan
. Peak corr. | MAX X | MAXY | MAX Z # COGX | COGY | CcOoGZ
Peak Location
p-value (mm) (mm) (mm) Voxels (mm) (mm) (mm)
cerebellum - 0.000 48.5 555 475 | 463425 | 1.09 -26.9 115
right crus 11
left frontal pole 0.016 -33.5 61.5 -7.5 295 -31 57.8 -9.11
left frontal 0.017 355 215 20.5 54 345 29 | -183
orbital cortex
right superior 0.017 2.5 54.5 29.5 22 2.59 54.8 30.1

frontal gyrus
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The average t-values across the entire gray matter mask were -2.42 (standard deviation 1.82) for group
comparison at 9 days of abstinence, -1.80 (¢ 1.79) for group comparison at 29 days of abstinence, and
+0.54 (c 0.71) for the interscan improvement in the AUD patients. Examining just the significant cluster,
the average t-values were -3.61 (¢ 1.28) at first scanning session group comparison and -3.43 (¢ 1.12) at
second scanning session. The interscan difference comparison did not yield any significant clusters after

multiple comparison correction.

The average whole-brain gray matter concentration was 7.1% less at first time point (corrected for
nuisance variables) in AUD compared to controls. At the second time point the difference narrowed down
to -4.7%, corresponding to a +2.6% interscan increase in the AUD patients. The significant clusters at the
first time point demonstrated a difference of -10.4% at first scan, -7.6% at second scan, and AUD
interscan change of +3.1%. The significant clusters at the second time point (substantially overlapping
with both of the above measurement sets) demonstrated a difference of -10.9% at first time point, -8.74%
at second time point, and corresponding +2.5% AUD interscan improvement. Table 2.4 summarizes the
raw and nuisance variable corrected gray matter VBM changes for whole-brain (All GM) as well
significant clusters which survived multiple comparison correction for group comparison between AUD

and healthy controls (CTL) at first time point and at second time point.

Table 2.4: Raw and Nuisance-Corrected Gray Matter Tissue Concentration

AUD 1 AUD 2 CTL
X c X c X c

All GM 0.45 0.05 0.46 0.05 0.49 0.047

Only significant GM clusters at 1* scan 0.47 0.05 0.48 0.05 0.52 0.054

Only significant GM clusters at 2" scan 0.47 0.05 0.47 0.05 0.53 0.056

Group Differences

AUD 1 vs CTL AUD 2 vs CTL AUD2 vs AUD1
A Raw A Corr.| ARaw | A Corr. | A Raw | A Corr.

All GM -7.46% -7.11% -6.39% | -4.68% [ 1.16% | 2.62%

Only significant GM clusters at 1% scan -10.77% -1042% | -9.27% | -7.60% | 1.68% | 3.15%
Only significant GM clusters at 2" scan -11.29% -10.94% | -10.39% | -8.74% | 1.01% | 2.47%
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3.3 Voxel-Based Morphometry - White Matter Changes

AUD patients demonstrated a widespread decrease in white matter tissue concentration at both time

points (9 days and 29 days of abstinence). The interscan differences did not survive multiple comparison

correction, but demonstrated a positive trend towards increased white matter density with sustained three

week abstinence. Bottom rows of Figure 2.1, Figure 2.2, and Figure 2.3 illustrate the large widespread

decrease in white matter concentration (dark blue t-maps and bright blue significant clusters) and

interscan improvement in the AUD patients (predominantly red t-map but no significant clusters). Table

2.5 and Table 2.6 list the significant clusters and their respective coordinates, corresponding to Figure 2.1

and Figure 2.2. Peak p-values were FWE-corrected and the X, Y, Z coordinates of the peak values

(MAX) and centre of gravity (COG) are in the MNI space.

Table 2.5: Significant Clusters of Decreased White Matter Concentration at First Scan

. Peak corr. | MAX X | MAXY | MAX Z # COGX | COGY COGZ
Peak Location
p-value (mm) (mm) (mm) Voxels (mm) (mm) (mm)
right inferior 0.000 54.5 215 255 | 356505 | 0.797 157 16.4
temporal gyrus WM
right superior 0.006 95 -50.5 315 | 3366 15.5 472 339
cerebellar peduncle
left precentral gyrus | 5 375 135 445 528 | -388 -10.5 45.7
WM
Table 2.6: Significant Clusters of Decreased White Matter Concentration at Second Scan
. Peak corr | MAX X | MAXY | MAX Z # COGX | COGY | COGZ
Peak Location
p-value (mm) (mm) (mm) Voxels (mm) (mm) (mm)
left V3/V4 visual
cortex occipital WM 0.000 -21.5 -83.5 -3.5 271315 0.569 -15.1 16.2
right middle 0.009 2.5 415 285 312 20.4 427 285
cerebellar peduncle
right precentral 0.015 38.5 0.5 415 251 37.1 0.966 43.6
gyrus WM

The average t-values across the entire white matter mask were -1.92 (standard deviation 1.76) for group

comparison at 9 days of abstinence, -1.31 (¢ 1.91) for group comparison at 29 days of abstinence, and
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+0.66 (c 0.64) for the interscan improvement in the AUD patients. Examining just the significant cluster,
the average t-values were -3.41 (o 0.90) at first scanning session group comparison and -3.31 (¢ 0.84) at
second scanning session. The interscan difference comparison did not yield any significant clusters after

multiple comparison correction.

The average whole-brain white matter concentration was 7.2% less at first time point (corrected for
nuisance variables) in AUD compared to controls. At the second time point the difference narrowed down
to -4.4%, corresponding to a +3.0% interscan increase in the AUD patients. The significant clusters at the
first time point demonstrated a difference of -10.6% at first scan, -8.2% at second scan, and AUD
interscan change of +2.7%. The significant clusters at the second time point (substantially overlapping
with both of the above measurement sets) demonstrated a difference of -10.9% at first time point, -8.88%
at second time point, and corresponding +2.3% AUD interscan improvement. Table 2.7 summarizes the
raw and nuisance variable corrected white matter VBM changes for whole-brain (All WM) as well
significant clusters which survived multiple comparison correction for group comparison between AUD

and healthy controls (CTL) at first time point and at second time point.

Table 2.7: Raw and Nuisance-Corrected White Matter Tissue Concentration

AUD 1 AUD 2 CTL

X c X c X o
All WM 0.522 0.059 0.53 0.057 | 0.564 | 0.053
Only significant WM clusters at Ist scan 0.592 0.071 0.599 0.069 [ 0.664 | 0.071
Only significant WM clusters at 2nd scan | 0.613 0.074 0.618 0.072 0.69 0.077
Group Differences
AUD 1 vs CTL AUD 2 vs CTL AUD2 vs AUD1
ARaw | A Corr.| ARaw | A Corr. | A Raw | A Corr.
All WM -7.48% | -7.19% [ -6.06% | -4.39% | 1.54% | 3.01%
Only significant WM clusters at Istscan | -10.86% | -10.60% | -9.80% | -8.22% | 1.20% | 2.67%
Only significant WM clusters at 2nd scan | -11.18% | -10.93% | -10.44% | -8.88% [ 0.84% | 2.30%
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3.4 Voxel-Based Morphometry - Clinical Correlates

Post-hoc exploratory analysis of the correlations between the VBM values and clinical parameters in
AUD patients did not reveal significant results with the exception of age, in data which was not corrected
for nuisance variables. Data corrected only for total intracranial volume have shown a strong negative
correlation between gray matter density (total as well as significant clusters) and age (at Pearson’s
correlation of -0.86 to -0.87). There was no significant correlation between AUD patients’ white matter
density and age. The only clinical measure which approached significance but did not survive Bonferroni
correction for multiple comparisons was the total length of abstinence at the first time point. It was
correlated with gray matter density (total as well as significant cluster at Pearson’s correlation of 0.39 to
0.45). White matter density was positively correlated with length of abstinence as well (0.26 to 0.29), but
was not significant, even before Bonferroni correction. Note that both age and length of abstinence at first
time point were included as nuisance variables in the main analysis to help explore longitudinal structural

differences in the recovering AUD brain during the interscan interval.

If we include also the data for healthy controls, all of the clinical severity measures demonstrate
significant negative correlation with tissue density. The Pearson’s correlations for gray matter and white
matted for total whole-brain tissue mask, significant cluster at first time point, and significant cluster at
second time point are respectively: ADS -0.41, -0.51, -0.54 and -0.36, -0.51, -0.53; AUDIT -0.40, -0.52, -
0.56 and -0.39, -0.55, -0.57; OCDS -0.42, -0.53, -0.56 and -0.34, -0.49, -0.50; ODS -0.43, -0.52, -0.55
and -0.26, -0.40, -0.41; CDS -0.40, -0.52, -0.55 and -0.40, -0.54, -0.56; and average daily ethanol
consumption (prior to treatment) -0.30, -0.39, -0.42 and -0.35, -0.46, -0.46. The age was also significantly
correlated in the data which was only corrected for the total intracranial volume (-0.50 to -0.60 for gray
matter and -0.12 to -0.16 for white matter regions). All of these correlations had Bonferroni corrected p-

values of less than 0.01, meeting the a priori a threshold of 0.05 for rejection of the null hypothesis.
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3.5 Surface-Based Morphometry - Cortical Thickness

AUD patients demonstrated a widespread decrease in cortical thickness at both time points (9 days and 29
days of abstinence). The interscan differences did not survive multiple comparison correction, but
demonstrated a positive trend towards increasing global cortical thickness with sustained three week
abstinence. Figure 2.4, Figure 2.5, and Figure 2.6 illustrate these differences by depicting t-maps of the
comparisons as well as outlines of the significant clusters (saturated clusters with pink outline over
unsaturated t-maps on the right side of the figures), which have survived FWE multiple comparison
correction. The figures depict large, widespread negative trend at the first time point (almost exclusive
negative blue and blue-green t values), somewhat less large and less widespread negative trend at the
second time point (almost exclusive negative blue and blue-green t values but more green, closer to
neutral), and primarily yellow-green interscan positive difference in the AUD patients. The greatest
interscan increase was in the precentral and postcentral sulci of the primary motor cortex and visual

cortex of the occipital lobe.

To quantify the cortical thickness changes and provide greater granularity of the findings, beyond large,
wide-spread patterns, we have also conducted a post-hoc region-of-interest analysis based on Desikan-
Killiany Cortical Atlas labels (Desikan et al., 2006). The whole-brain average shows a -2.88% cortical
thickness difference at first time point, -2.85% difference at second time point, corresponding to a 0.03%
interscan whole-brain increase in the cortical thickness in the recovering AUD patients during the last
three weeks of the first month of sustained abstinence. Table 2.8 and Table 2.9 provide a summary of the
significant differences after the FWE correction. The significant changes occurred 79% across bilateral
anatomical regions, with only 5 out of the 24 significantly different regions being limited to a single
hemisphere (banks of superior temporal sulcus only significantly different in left hemisphere while
parahippocampal, cuneus, pars triangularis, frontal pole, and pars orbitalis only significantly different in

the right hemisphere).
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3.6 Surface-Based Morphometry - Clinical Correlates

Essentially all of the Desikan-Killiany atlas regions of interest demonstrated a negative correlation with
age (average of -0.34) in the cortical thickness data not corrected for the nuisance variables, with
approximately 43% of the anatomical regions exhibiting statistically significant Pearson correlation after
Bonferroni correction (average of significant regions -0.45). The nuisance-corrected cortical thickness
data has demonstrated a broadly negative correlation with most of the clinical measures: daily alcohol
consumption -0.18 (significant only -0.37), ADS -0.16 (significant only -0.27), AUDIT -0.22 (-0.39),
OCDS -0.17 (-0.39), ODS -0.15 (-0.18), and CDS -0.17 (significant only -0.39). Although the majority of
the Desikan-Killiany regions of interest demonstrated a significant negative correlation with the clinical
severity measures, only a minority survived FWE multiple comparison correction. Daily alcohol
consumption was significantly correlated with cortical thinning in the following regions: right caudal
middle frontal gyrus (-0.39), left inferior parietal lobule (-0.35), right postcentral gyrus (-0.36), left rostral
middle frontal gyrus (-0.33), left superior frontal gyrus (-0.34), right superior frontal gyrus (-0.36), left
superior parietal lobule (-0.44), right superior parietal lobule (-0.37), left supramarginal gyrus (-0.33),
right supramarginal gyrus (-0.42). ADS score was significantly correlated with cortical thinning in the
following regions: right postcentral gyrus (-0.35), left superior parietal lobule (-0.36), and right
supramarginal gyrus (-0.37). AUDIT score was significantly correlated with cortical thinning in the
following regions: left inferior parietal lobule (-0.37), left paracentral lobule (-0.34), left pars opercularis
(-0.36), left postcentral gyrus (-0.36), right postcentral gyrus (-0.50), left rostral middle frontal gyrus (-
0.37), left superior frontal gyrus (-0.36), right superior frontal gyrus(-0.34), left superior parietal lobule (-
0.47), right superior parietal lobule (-0.45), left superior temporal gyrus (-0.37), left supramarginal gyrus
(-0.35), and right supramarginal gyrus (-0.42). OCDS, ODS subscale, and CDS subscale scores were
significantly correlated with cortical thinning in the following regions (respectively): right postcentral

gyrus (-0.42, -0.37, -0.43), left superior parietal lobule (-0.39, -0.36, -0.38), right superior parietal lobule
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(-0.38, -0.35, -0.38), and right supramarginal gyrus (-0.37, -0.35, -0.37). Pearson correlation coefficients

for each of the clinical severity scales and respective anatomical regions are listed in the parentheses.

4 Discussion

The aim of this study was to analyze changes in gray matter density, white matter density, and cortical
thickness in detoxified recovering AUD patients during the first month of abstinence. This study also
explored the respective clinical context of these findings using post-hoc correlation analyses between the
structural results and several clinical and demographic variables. Our results generally supported our a
priori hypotheses, with the exception of the lack of significance of the generally positive trend in
longitudinal structural recovery in the AUD patients across most measures. The relevance of this study
stems primarily from its longitudinal design with paired follow-up scans and homogeneous, strictly
controlled clinical cohort. Findings of our study should be interpreted with caution due to its modest

sample size and spatial resolution.

Our voxel-based morphometry (VBM) analysis has revealed wide-spread significant atrophy across both
grey and white matter at both 9 and 29 days of abstinence, compared to the healthy controls. On average,
the AUD patients exhibited 7.11% decrease in overall gray matter density, which improved to 4.68%
deficit by the second time point (2.62% interscan increase). As summarized in Table 2.4, both the raw as
well as nuisance-corrected differences yielded comparable results. The differences in the significant
clusters have on average exhibited more pronounced structural deficits, with an average of over 10% at
both time points. None of the four significant clusters at both first and second time-point comparison
demonstrated distinct anatomical compartmentalisation and spanned multiple diverse brain regions. As a
result, comparison of the peak or centre-of-gravity coordinates to other VBM studies would not be very
meaningful. Nonetheless, the significant clusters (light blue) depicted on both Figure 2.1 and Figure 2.2
overlap with the results of Yang ef al. meta-analysis (green colour in the figures). Our gray matter density

results are, therefore, largely anatomically consistent with the published literature.
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Similarly to the gray matter VBM analysis, the white matter analysis has also revealed significant wide-
spread structural deficits which have improved from 7.19% at 9 days of abstinence to 4.39% deficit
(3.01% interscan increase) overall. The raw and nuisance-corrected values were also comparable for the
white matter analysis, as summarized in Table 2.7. Deficits in white matter density in significant only
clusters also exceed 10% at both time points. Similarly to the gray matter results, the significant clusters
of white matter VBM analysis were also anatomically diffuse and did not compartmentalize to any
distinct anatomical region, limiting the insights which could be inferred by comparing the centre-of-
gravity or peak coordinates to those in the published literature. The results of VBM analysis suggest that
both gray and white matter were affected comparably in our study and overall structural atrophy at both

time points was not dominated by white matter changes.

Contrary to our expectations, we have failed to observe a significant improvement in the AUD VBM
following the three-week interscan period of supervised abstinence. The overwhelmingly red t-maps (i.e.
positive trend) depicted in Figure 2.3, nonetheless suggest an underlying wide-spread structural
improvement across both gray as well as white matter. Contrasting Figure 2.2 (second time point) to
Figure 2.1 (first time point) also alludes to this underlying trend. The anatomical extent of the significant
clusters at the second time point has become noticeably smaller (the retreating trend is apparent especially
in the frontal lobes). The positive trend associated with longer abstinence was also observed in the weakly
positive correlation between structural density of both gray and white matter and the length of abstinence
at the first time point (baseline range of 6 to 12 days). This post-hoc correlation has, however, also failed

to reach statistical significance after multiple-comparison correction.

Although AUD-related structural brain atrophy has been documented quite widely in the literature, with
voxel-based morphometry being one of the most common analysis techniques, there is still a scarcity of
multiple time point studies characterizing the structural trends during both short-term and long-term AUD
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recovery. To the best of our knowledge, there are less than 40 anatomical AUD studies (including both
CT and MRI/DTI) examining data from multiple time points, including cross-sectional, mixed, and
longitudinal designs which have been published in English scientific journals from 1978 to 2020 (with
notable full or partial neuroimaging dataset overlap in multiple studies). Out of these, only a small
minority (less than a fifth) have reported quantitative results which could be directly compared to our
study (ROI volume or VBM density for overall gray or white matter) and only two studies focused on
VBM (Demirakca et al. and Bach et al.). The clinical profile of the participants in these studies was also
quite heterogeneous, with an average abstinence range of 0 to 29 days at first time point (which spans the
entire duration of our longitudinal study) and 14 to 1,921 days at second time point (and 91 to 226 days at
third time point) and inconsistent exclusion criteria for confounding comorbidities such as history of
polysubstance use or other concurrent psychiatric conditions (Agartz et al., 2003; P. Bach et al., 2020;
Durazzo et al., 2015; Durazzo et al., 2011; Mon et al., 2013; Pfefferbaum et al., 1995; Shear, Jernigan, &

Butters, 1994; van Eijk et al., 2013).

Although some studies have reported structural improvement within as little as two weeks of abstinence
(day zero to two of abstinence and two weeks later for example (Agartz et al., 2003; van Eijk et al.,
2013)), other studies with much long longer comparison ranges (months to even years) have failed to
report substantially greater magnitude of structural recovery. The average differences in AUD cohorts
from the second to first time point for all of gray matter ranged from +0.47% to +0.97% and for all white
matter from -0.27% to +11.26% (but most falling to similar low range as the gray matter, except for two
outlying studies). These differences should be considered in the context of baseline whole-brain gray
matter contrast of -6.99% to -1.38% between AUD and healthy control groups at first time point and -
6.21% to -3.29% at second time point and -2.95% to -0.94% and -0.79% to -0.53% for first and second
time point white matter contrasts. Note that some of these values were not tested for significance in the
original publications and sometimes had to be extrapolated from figures, since the publications usually
quantify only the changes in the significant clusters or specific regions of interest, which by definition
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exhibited more pronounced differences but might not be readily compared between studies due to their
anatomical heterogeneity. The inconsistency and relatively small overall differences in the literature
suggest that even though there is an underlying trend of widespread structural recovery with sustained
abstinence, the effect size is likely quite weak and might be difficult to consistently characterize across
different samples, especially in smaller or more heterogeneous studies. The strict clinical homogeneity
and consistent longitudinal design of our study are, therefore, very relevant in the broader context of the

existing literature.

Adoption of higher field strength MRI scanners, such as the 4.7 Tesla scanner used in this study, has
enabled increased resolution as well as tissue contrast without excessively prolonging the total scanning
time. This has in turn enabled use of surface-based morphometry (SBM) techniques such as cortical
thickness analysis to complement the more commonly used VBM. Cortical thickness might offer greater
sensitivity to characterize neurodegenerative processes of various pathologies as well as normal aging
(Hutton et al., 2009). Although cortical thickness is closely related to both volume and tissue density
measures, it may serve as a better proxy for cortical cytoarchitectural integrity (Durazzo, Nguyen, &
Meyerhoff, 2020). Cortical thickness might be the most relevant of the commonly used SBM measures,
since other measures such as gyrification indices or total surface area might be determined predominantly
by genetics or early childhood development (Kiihn et al., 2016), and thus should not be substantially

impacted by chronic alcohol abuse in adulthood (Im et al., 2016).

Our SBM analysis has revealed wide-spread cortical thinning in the AUD patients at both 9 and 29 days
of abstinence. The longitudinal interscan improvement has been, however, only marginal and failed to
reach significance. The average whole-brain cortical thickness exhibited only negligible interscan
increase of 0.03% from a baseline deficit of 2.88% to a 2.85% deficit at the second time point. The
cortical thinning in the AUD cohort was significant across almost all of the Desikan-Killiany atlas regions

for both time points, ranging from -6.65% to -2.47% at baseline and -5.69% to -2.16% at the second time
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point (Table 2.8 and Table 2.9). The longitudinal interscan changes were not significant across any of the
Desikan-Killiany atlas regions and ranged from -0.68% to +1.04% in the atlas regions (with about a third

of the regions exhibiting negligibly negative change).

As illustrated by Figure 2.4 and Figure 2.5, anatomical regions associated with the most significant AUD-
related cortical thinning included postcentral gyrus, superior parietal lobule, superior frontal gyrus,
multiple regions in the temporal lobe, and other smaller areas throughout parietal, occipital and frontal
lobes. Although some studies, such as Fortier ef al. (2011) have interpreted similar results by claiming
that AUD might be associated with anatomically selective structural atrophy (affecting primarily the
frontal cortex), our results, especially in the context of the broader t-maps, suggest a more diffuse pattern
of wide-spread structural damage, which has been also replicated in recent pooled multi-database analysis
such as Mackey et al (2019). Comparing Figure 2.5 to Figure 2.4 further outlines the positive trend
between cortical thickness and sustained abstinence as documented by the reduced anatomical extent of
the significant clusters after the three weeks of sustained abstinence. Figure 2.6 also depicts an overall
weakly positive trend by widespread warm colour shades on the interscan t-map. The most positive trend
in the longitudinal cortical thickness recovery (orange in Figure 2.6) was observed in the medial
paracentral lobule, cuneus and lingual gyri, medial orbito-frontal gyrus, parts of the middle and inferior
frontal gyri, and some other more diffuse regions. Post-hoc exploratory analysis has also revealed a weak
negative trend between cortical thickness and clinical severity scores, although these were in general

weaker and fewer survived statistical correction compared to the VBM results.

To the best of our knowledge, the scientific literature discussing cortical thickness changes in AUD
remains quite sparse. There have been only six single time point AUD cortical thickness studies
(including one multi database mega-analysis) (S. Bae et al., 2016; Durazzo et al., 2011; Im et al., 2016;
Mackey et al., 2019; Momenan et al., 2012; Tomasi et al., 2019), one cross sectional study (Fortier et al.,
2011), and two longitudinal studies (P. Bach et al., 2020; G. Y. Wang et al., 2016) published to this date.
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The length of abstinence reported in these studies ranged from the first day of detoxification to 26 years
and included 19 to 885 AUD patients per cohort. Overall, the literature supports wide-spread and
persistent cortical thinning in the AUD groups compared to the healthy controls. At baseline, the
magnitude of cortical thinning ranged from 3.23% to 8.18% for the overall brain, while longitudinal
interscan recovery was less than 2%. Compared to the results of our study, magnitudes of both baseline
deficits as well as subsequent recovery were greater, even though our study has shared a similar

abstinence period spanning the clinical window between both of the longitudinal studies.

For the single time point studies, Tomasi et al. reported 4.4% cortical thinning at 3.8 days of abstinence in
the AUD group compared to the healthy controls. Durazzo et al. reported 4.21% decrease in overall
cortical thickness (region-specific changes from -5.88% to increase of 0.80%, also reporting association
between more severe structural atrophy and worse clinical outcomes) at 7 days of abstinence. Bae et al.
described 8.18% decrease after 2 weeks of detoxification. Momenan et al. reported a 14.09% decrease in
specific significant clusters in AUD patients with complex comorbidities who were abstinent at least 23
days. Im et al revealed a 3.23% deficit at 13.2 months of abstinence. Mackey et al. multi-dataset mega-
analysis reported wide-spread structural atrophy in both cortical thickness as well as region-specific
volumes spanning most brain regions but only with small magnitude. The magnitude of the overall
cortical thinning in the published AUD cohorts does not seem to show a strong positive or negative trend
when considered in the context of the average length of abstinence of the cohorts (4.4%, 4.21%, 8.18%,

3.23% at 3.8 days, 7 days, 14+days, 13.2 months, respectively).

Cross-sectional study by Fortier et al. has reported average cortical thinning of 4% across the entire
cortex (region-specific differences of 4-11%) for a range of abstinence from one month to 26 years
(average abstinence of 5.6 years). The limited sample size (31 patients) over such a broad range of
abstinence, inherent survivor bias in the design, and lack of data for the early recovery period (within the

first month) constrain our ability to relate these findings to our study. Nonetheless, Fortier et al. reported
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an important observation, suggesting that the relationship between length of abstinence and cortical
thickness might be second-order quadratic rather than linear (peaking at about 2 years and declining after
8 years of abstinence). Other studies have also reported non-linear pattern of structural recovery, but
observed the most rapid recovery at earlier stages of sustained abstinence with taper in long-term
abstinence (Durazzo et al., 2015; Gazdzinski et al., 2005; Pfefferbaum et al., 1995; Y. Zou et al., 2017). It
was even suggested that structural recovery might occur up to six times faster (and up to 50% of the total
recovery) during the first 3 weeks than during the subsequent year (Charlet et al., 2018; Gazdzinski et al.,
2005). Because our study examined a relatively narrow abstinence range during the early recovery period
and we did not observe unusual residual distribution, using a general linear model in our analysis should
still be acceptable but future studies examining structural recovery over extended abstinence ranges

should be cautious.

Longitudinal study by Wang et al. compared cortical thickness at the first day of abstinence to 14 days of
abstinence with an average baseline deficit in cortical thickness of 6.7% (12.45% in significant only
cluster) and reported only a marginal interscan improvement of 0.028% to 1.97% compared to the
baseline levels, similar to our negligible three-week interscan improvement. Wang et al also reported
substantial decline in the anatomical extent of the clusters of significantly lower cortical thickness when
contrasting baseline and follow-up contrasts between AUD and healthy controls, noting a similar
underlying positive trend as observed in our study. The second longitudinal study of Bach et a/ compared
cortical thickness differences at 12 days and 27 days of abstinence. The comparison revealed persistent
deficits in both tissue density as well as cortical thickness at both baseline and follow-up scans (similar to
our study). The AUD cohort has exhibited a 1.00% (-1.85% to 7.69%) increase in VBM grey matter
density and similar small increase in cortical thickness (overall increase was not reported, but greatest
increase was observed in right insula and superior frontal gyrus cluster of 1.1% and left insula cluster of
0.8%). Our study had 3.8 to 4.8 times fewer AUD patients and 1.7 to 6.2 times fewer controls than the

two longitudinal studies. It is, therefore, possible that any unrepresentative individual data could result in
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skewing our results, thus further constraining our ability to detect weak group effects, such as the

interscan changes in cortical thickness, which even the larger studies had difficulty characterizing.

It is not clear why our study failed to observe higher baseline atrophy, which would be more comparable
to the published literature on our a priori hypotheses. Compared to the literature in general, our study has
implemented a more consistent longitudinal design with stricter recruitment criteria and thus a more
homogeneous sample. Moreover, compared to the two other longitudinal cortical thickness studies, our
study included clinical cohort with greater AUD severity who self-reported on average 75% and 88%
more daily alcohol consumption prior to detoxification (as steady chronic drinkers) while our controls
self-reported consuming on average 61% and 86% less alcohol than the controls in the other studies. This
should have translated to an enhanced rather than reduced alcohol-related baseline contrast between the
groups. On average, our AUD group was also 12% and 13% younger than the other AUD cohorts, which
should have translated to an increased recovery potential and thus potentially larger interscan differences.
Other factors such as underlying genetic, cultural, or treatment differences (our study collected data from
north-western Canada while the other two studies collected data from south-western Germany) or
potentially publication bias against non-significant findings could also help explain the disparity between

our results and the existing literature.

When interpreting our findings, it is also important to remember the sensitivity limitations of the
underlying analysis. Whole-brain high resolution structural scans have most commonly 1.0x1.0x1.0 mm’
or 1.0x1.0x1.5 mm’ resolution. Even though the resolution is artificially upsampled by linear
interpolation to 0.5 mm isotropic voxels during the SBM analysis, this does not eliminate the original
resolution limitations. Most anatomical regions will have cortical thickness spanning only 2-4 voxels
(about 2.5 mm). Detecting a change in a single voxel would thus require 25-50% difference in the
thickness. In other words, a 5% change in cortical thickness (which is within the published results range)

would represent a difference of only about 1/10™ of the voxel in the source data. This might not be a very
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large effect in comparison to imaging artifacts or normal interscan variability at such resolution (due to
different head orientation or differently sampled field of view and thus different partial volume
distribution). Smoothing, group averaging across many participants, and stringent multiple-comparison
correction of the results should largely neutralize such errors. Nonetheless, extrapolating biological
meaning to very small changes in cortical thickness (especially in very specific anatomical sub-regions

spanning only a few mm’) should be done with more caution than frequently practiced in the literature.

To more conclusively characterize patterns of early structural changes during recovery from AUD, future
studies should consider increasing the resolution of their structural scans, increasing their sample size, and
potentially lengthening their interscan interval in order to better capture the underlying wide-spread but
small effect. Increasing tissue contrast and precision of tissue segmentation during pre-processing through
scanning sequence optimisation or multimodal data acquisition could also help minimize interscan
variability. Minimizing natural variability within the study cohorts by implementing a longitudinal instead
of cross-sectional design and restricting recruitment parameters such as age, handedness, or clinical
comorbidities such as smoking or polysubstance abuse could also help decrease intra-group variability.
Future studies including these design parameter suggestions should help improve our understanding of
underlying processes occurring during AUD recovery. However, they will also further exacerbate
limitations of our study, such as poor translatability of our findings to the broader clinical population.
Treatment-seeking individuals include both sexes, often engage in poly-substance abuse, have other
concurrent psychiatric and somatic comorbidities, and might exhibit a more diverse AUD clinical profile.
We had to exclude over 85 treatment-seeking AUD patients for every 1 patient included in the final
analysis. All future studies should, nonetheless, strive for greater transparency and intercomparability.
Publishing more thorough characterisation of the clinical participants (disclosing the baseline length of
abstinence, clinical pattern and severity of AUD, etc.) as well as quantifying their findings (disclosing raw
and nuisance-corrected structural measures in addition to figures or summary of cluster statistical

parameters) would help readers better contextualize future findings compared to the existing literature.
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5 Conclusion

In conclusion, our voxel and surface-based morphometry analyses have successfully documented wide-
spread structural atrophy in recovering AUD patients during the first month of sustained abstinence. The
AUD patients exhibited high single digit and mid single digit whole-brain grey matter and white matter
density reduction at first and second time point (9 and 29 days of abstinence), respectively. Longitudinal
changes during the interscan period of supervised abstinence were associated with an underlying positive
trend but did not reach statistical significance. Concurrently, the AUD patients exhibited low single digit
cortical thinning, which changed only marginally during the three week interscan period. Although our
study did not have sufficient sample size and resolution to conclusive characterize the early longitudinal
structural recovery and did not observe as large differences as reported in the literature, it has made a
relevant contribution to a sparsely documented field as only the third longitudinal AUD surface-based
morphometry study and the first based on a North American clinical cohort. Our study also remains one
of only very few multiple time point AUD neuroimaging studies which have analyzed structural recovery
during the early AUD recovery based on a homogeneous clinical sample without polysubstance abuse or
other clinical comorbidities with a consistent AUD clinical profile and supervised interscan abstinence

period.
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Figure 2.1: AUD-associated decreased tissue density at first time point (9 days)

Top row indicates gray matter (GM) differences. Bottom row indicates white matter (WM) differences. Dark blue and dark red depict t-maps (positive = red,
negative = blue). Bright azure clusters depict significantly decreased tissue density (FWE corrected). Green clusters indicate anticipated gray matter deficits
(Yang et al. 2016). Coordinates are in MNI space. There is a wide-spread significant AUD-related decrease in GM and WM density at first time point.
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Figure 2.2: AUD-associated decreased tissue density at second time point (29 days)

Top row indicates gray matter (GM) differences. Bottom row indicates white matter (WM) differences. Dark blue and dark red depict t-maps (positive = red,
negative = blue). Bright azure clusters depict significantly decreased tissue density (FWE corrected). Green clusters indicate anticipated gray matter deficits

(Yang et al. 2016). Coordinates are in MNI space. There is a wide-spread significant AUD-related decrease in GM and WM density at second time point,
although at a lesser extent compared to the first time point.
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Figure 2.3: Inter-scan differences in the AUD patients (9 to 29 days of abstinence)

Top row indicates gray matter (GM) differences. Bottom row indicates white matter (WM) differences. Dark blue and dark red depict t-maps (positive = red,
negative = blue). Coordinates are in MNI space. There was an overall positive longitudinal trend in increased GM and WM density in AUD patients with
increased abstinence, but none of the changes survived FWE multiple comparison correction.
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Figure 2.4: AUD-associated cortical thinning at first time point (9 days)

The five maps on the left depict t-map of cortical thickness difference between AUD patients and healthy controls at 9 days of
abstinence. The five maps on the right outline in pink and saturated colour significant clusters at 0.05 a (FWE corrected).
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Figure 2.5: AUD-associated cortical thinning at second time point (29 days)

The five maps on the left depict t-map of cortical thickness difference between AUD patients and healthy controls at 29 days of
abstinence. The five maps on the right outline in pink and saturated colour significant clusters at 0.05 a (FWE corrected).
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Figure 2.6: Inter-scan differences in the AUD patients (9 to 29 days of abstinence)

The five maps on the left depict t-map of cortical thickness difference between AUD patients at 9 days and 29 days of abstinence.

Despite of the positive trend, none of the differences reached significance after multiple comparison correction.

39



Table 2.8: Cortical Thickness Differences in the Left Hemisphere during the First Month of AUD Recovery

AUD1 AUD 2 CTL AUD 1 vs CTL AUD 2 vs CTL AUD 2 vs AUD1

Left Hemisphere Lobe X c X c X c % A p-value % A p-value % A p-value
Superior Parietal parietal 229 | 0.10 | 2.29 | 0.10 2.40 0.12 | -4.57 0.0000 -4.50 0.0000 0.07 not sig
Superior Temporal temporal | 2.89 | 0.11 | 2.89 | 0.13 3.02 0.17 | -4.46 0.0000 -4.45 0.0000 0.00 not sig
Supramarginal parietal 2.65 | 0.12 | 2.66 | 0.10 2.76 0.14 | -4.05 0.0000 -3.91 0.0000 0.15 not sig
Paracentral frontal 232 | 0.18 | 234 | 0.15 247 0.16 | -5.91 0.0000 -5.38 0.0000 0.57 not sig

Pars Opercularis frontal 2.82 | 0.11 | 2.83 | 0.11 2.94 0.13 | -3.83 0.0000 -3.56 0.0000 0.28 not sig
Postcentral parietal 218 | 0.12 | 2.19 | 0.11 2.28 0.13 -4.60 0.0000 -4.18 0.0000 0.44 not sig
Superior Frontal frontal 2.86 | 0.13 | 2.87 | 0.13 2.98 0.13 | -3.93 0.0000 -3.71 0.0000 0.23 not sig
Inferior Parietal parietal 2.59 | 0.12 | 259 | 0.10 2.68 0.12 | -3.38 0.0000 -3.54 0.0000 -0.16 not sig
Rostral Middle Frontal frontal 2.61 | 0.10 | 2.62 | 0.09 2.70 0.10 | -3.13 0.0000 -2.70 0.0001 0.45 not sig
Transverse Temporal temporal | 2.43 | 0.21 | 2.43 0.24 2.57 0.22 | -5.52 0.0002 -5.33 0.0004 0.20 not sig
Middle Temporal temporal | 3.01 | 0.17 | 3.01 0.16 3.12 0.19 | -3.49 0.0006 -3.39 0.0010 0.10 not sig
Precentral frontal 251 | 015 | 252 | 0.14 2.61 0.19 | -3.80 0.0004 -3.59 0.0013 0.22 not sig
Precuneus parietal | 249 | 0.13 | 248 | 0.11 2.56 0.13 | -2.95 0.0012 -3.12 0.0005 -0.17 not sig
Lingual occipital | 2.11 | 0.11 | 2.12 | 0.11 2.18 0.11 -2.98 0.0002 -2.65 0.0019 0.35 not sig

Pars Triangularis frontal 2.69 | 0.15 | 270 | 0.14 2.78 0.13 | -3.29 0.0002 -2.86 0.0030 0.45 not sig
Lateral Occipital occipital | 2.21 | 0.12 | 2.22 | 0.11 2.28 0.11 -3.12 0.0006 -2.83 0.0029 0.29 not sig
Fusiform temporal | 2.71 | 0.15 | 2.70 | 0.12 2.79 0.15 | -2.92 0.0032 -3.18 0.0008 -0.26 not sig
Banks of S‘Slﬂi’gfsr Temporal | voral | 2.56 | 0.16 | 254 | 0.12 | 2.64 | 0.16 | 3.00 | 00056 | -3.67 | 00002 | -0.69 | notsig
Inferior Temporal temporal | 2.78 | 0.13 | 2.78 0.12 2.85 0.16 | -2.53 0.0126 -2.55 0.0113 -0.03 not sig
Caudal Middle Frontal frontal 2.72 |1 013 | 2.73 | 0.12 2.79 0.15 | -2.47 0.0228 -2.16 not sig 0.32 not sig
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Table 2.9: Cortical Thickness Differences in the Right Hemisphere during the First Month of AUD Recovery

AUD1 AUD 2 CTL AUD 1 vs CTL AUD 2 vs CTL AUD 2 vs AUD1

Right Hemisphere Lobe X c X c X c % A p-value % A p-value % A p-value
Postcentral parietal 2.12 | 0.11 | 2.14 | 0.12 | 2.27 | 0.14 | -6.59 - -5.69 0.0000 0.96 not sig
Superior Parietal parietal 227 | 0.10 | 2.27 | 0.10 | 2.38 | 0.11 | -4.69 0.0000 -4.76 0.0000 -0.08 not sig
Supramarginal parietal 261 | 0.09 | 262 | 0.10 | 273 | 0.12 | -4.14 0.0000 -3.99 0.0000 0.16 not sig
Superior Temporal temporal | 2.93 | 0.14 | 2.92 | 0.15 | 3.05 | 0.18 | -4.18 0.0000 -4.30 0.0000 -0.12 not sig
Middle Temporal temporal | 2.96 | 0.14 | 295 | 0.14 | 3.08 | 0.17 | -3.84 0.0000 -4.20 0.0000 -0.37 not sig
Superior Frontal frontal 290 | 0.15 | 291 | 0.14 | 3.01 | 0.13 | -3.67 0.0000 -3.55 0.0000 0.13 not sig
Precentral frontal 240 | 0.16 | 242 | 0.16 | 2.54 | 0.19 | -5.34 0.0000 -4.76 0.0000 0.61 not sig
Caudal Middle Frontal frontal 272 | 013 | 273 | 0.13 | 2.83 | 0.14 | -3.72 0.0000 -3.56 0.0000 0.16 not sig
Paracentral frontal 235 | 0.15 | 2.37 | 0.14 | 248 | 0.17 | -5.31 0.0000 -4.50 0.0000 0.86 not sig
Precuneus parietal 255 | 012 | 254 | 0.11 | 2.64 | 0.14 | -3.41 0.0000 -3.51 0.0000 -0.10 not sig
Inferior Parietal parietal 258 | 011 | 2.57 | 0.09 | 2.66 | 0.12 | -3.08 0.0000 -3.18 0.0000 -0.10 not sig
Inferior Temporal temporal | 2.69 | 0.13 | 2.67 | 0.14 | 2.79 | 0.16 | -3.59 0.0001 -4.21 0.0000 -0.64 not sig
Fusiform temporal | 2.69 | 0.16 | 2.67 | 0.15 | 2.79 | 0.17 | -3.67 0.0004 -4.33 0.0000 -0.68 not sig
Transverse Temporal temporal | 2.40 | 0.24 | 242 | 025 | 2.57 | 022 | -6.65 0.0000 -5.68 0.0005 1.04 not sig
Lateral Occipital occipital 220 | 0.11 | 220 | 0.11 | 228 | 0.15 | -3.71 0.0001 -3.50 0.0004 0.22 not sig
Rostral Middle Frontal frontal 2.60 | 0.14 | 2.61 | 0.13 | 2.69 | 0.12 | -3.41 0.0001 -2.90 0.0021 0.53 not sig
Lingual occipital | 2.13 | 0.13 | 2.14 | 0.13 | 2.21 | 0.14 | -3.42 0.0007 -3.30 0.0016 0.13 not sig

Pars Opercularis frontal 281 | 0.14 | 283 | 0.15 | 2.89 | 0.15 | -3.03 0.0013 -2.28 not sig 0.78 not sig
Parahippocampal temporal | 2.58 | 0.20 | 2.58 | 0.19 | 2.70 | 0.24 | -4.14 0.0061 -4.31 0.0036 -0.18 not sig
Cuneus occipital | 2.04 | 0.14 | 2.03 | 0.13 | 2.10 | 0.13 | -2.98 0.0306 -3.29 0.0079 -0.33 not sig

Pars Triangularis frontal 273 | 0.14 | 2.75 | 0.13 | 2.81 | 0.15 | -2.87 0.0029 -2.29 0.0495 0.60 not sig
Frontal Pole frontal 276 | 021 | 2.81 | 021 | 2.86 | 0.23 | -3.55 0.0354 -2.00 not sig 1.60 not sig
Pars Orbitalis frontal 289 | 0.16 | 2.89 | 0.19 | 298 | 0.21 | -2.93 0.0499 -3.14 0.0257 -0.22 not sig
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Chapter 3 - Region-Based Morphometry of Structural Brain
Changes during First Month of Recovery from Alcohol Use
Disorder

Abstract

Alcohol use disorder (AUD) is associated with widespread structural brain damage. A growing body of
evidence suggests that structural atrophy as well as associated functional deficits are at least partially
reversible during AUD recovery and sustained abstinence. Only a few structural studies have documented
longitudinal changes in non-cortical brain regions with sustained abstinence to this date. This study
performed region-based morphometry analysis of longitudinal changes in 57 male AUD patients
undergoing supervised treatment at 16 and 34 days of abstinence compared to 52 matched healthy
controls, measuring changes in volume of basal ganglia, hippocampal subfields, and cerebellar lobules.
Our results indicate a broad single digit percentage volume decrease across most of the examined
structures/compartments (except cerebrospinal fluid and ventricles which exhibited double digit
increases) in AUD patients compared to the healthy controls. The most significant differences were
observed in the hippocampal subfields while no significant changes were observed in the cerebellar
lobules. The magnitude of structural deficits was positively correlated with AUD clinical severity scales,
especially AUDIT score. The highest correlations were observed in the regions which demonstrated the
most substantial deficits compared to the healthy controls. Even though there was an overall positive
recovery trend with the sustained abstinence, none of the differences were significant after correction for
multiple comparisons. Because of mixed evidence of structural recovery during early abstinence in AUD
in our study, which is echoed by the few prior studies indicates the need for further detailed studies of

these relatively short-term abstinence effects.

Key terms

alcohol use disorder; abstinence; hippocampus; cerebellum; basal ganglia
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1. Introduction

Harmful use of alcohol is a leading preventable cause of death (5.9% of all deaths), disease (causal link to
over 200 diseases and injuries), and disability (5.1% of global burden of disease, responsible for loss of
139 million disability-adjusted life years) worldwide (World Health Organization, 2018). Alcohol use
disorder (formerly also classified as alcohol dependence, alcohol addiction, or alcoholism) is a mental
disorder characterized by chronic, recurrent alcohol abuse (American Psychiatric Association &
American Psychiatric Association, 2013). The prevalence of alcohol use disorder (AUD) is estimated at
5.1% (2.6% dependence) worldwide and 8.0% (4.1% dependence) in Canada in the general population
over the age of fifteen (World Health Organization, 2018). Globally, approximately 237 million men and
46 million women currently suffer from AUD. According to some estimates, alcohol might be the most
harmful drug in our society, especially when considering all of its indirect harm (Nutt et al., 2010). The
total financial cost of AUD is difficult to estimate. In Canada alone, the most recent comprehensive study
estimated the total cost of alcohol harm at $14.6 billion per year or 38.1% of all substance abuse costs
(Canadian Substance Use Costs and Harms Scientific Working Group, 2018). In addition to the
substantial economic burden, alcohol use disorder leads to immeasurable human suffering. AUD is a
chronic, recurrent condition. AUD patients have only limited treatment options with many patients
experiencing relapse within the first year (R. H. Moos & Moos, 2006; Walitzer & Dearing, 2006;
Witkiewitz, 2011). Individual suffering is usually compounded in communities by the multi-generational
nature of AUD, which is estimated to have 40% to 60% heritability (Agrawal et al. 2008). Even though
AUD is a significant, widespread, and costly health problem with a long pervasive history and well-
recognized clinical symptoms, both the exact mechanism of action of alcohol on the brain as well as the
mechanism of recovery during prolonged abstinence remain unclear (Sutherland et al., 2014b; Zahr &

Pfefferbaum, 2017).
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Since 1897 (Marchiafava, 1933), an association of chronic alcohol abuse with progressive, widespread
brain atrophy and enlargement of the pericerebral space has been systematically documented. Earliest
pathological case reports and post-mortem histological observations were gradually complemented with
clinical studies in living patients using pneumoencephalography since the 1950s, computed tomography
(CT) in the 1970s, and magnetic resonance imaging (MRI) since the late 1980s, with progressively
greater resolution. The literature has also refined its focus from complex neurological patients with a
history of chronic alcohol abuse (which might today be associated with hepatic encephalopathy or
nutritional deficiencies such as that leading to the Wernicke-Korsakoff Syndrome) to include
“uncomplicated” contemporary AUD diagnosis patients and recovering AUD patients at various times of

abstinence.

Human neuropathological studies have revealed significant brain tissue loss with widespread
demyelination, loss of glial cells, dendritic thinning, and region-specific loss and shrinkage of neurons
(Harper et al., 2003). Post-mortem regional neuronal loss even in an “uncomplicated” AUD brain can
reach up to 27% on average, especially in the frontal cortex. Glial cells may respond to toxic effects of
alcohol even more than neurons and exhibit up to 37% loss in regions such as the hippocampus (Korbo,
1999; Miguel-Hidalgo et al., 2002). The extent of cellular damage in several regions is correlated with

severity of alcohol abuse, including lifetime amount of alcohol consumption (Harding et al., 1996).

Clinical neuroimaging studies have corroborated histological evidence by documenting global brain
atrophy and ventricular enlargement as well as region-specific structural deficits in the frontal lobes,
thalamus, mammillary bodies, basal ganglia (caudate nucleus, putamen, amygdala, nucleus accumbens),
insula, temporal lobes (including hippocampus), brainstem and the cerebellum in living AUD patients
(Fritz et al., 2019). Structural damage and subsequent recovery may also correlate with clinical severity,
risk of relapse, and cognitive function (M. J. Rosenbloom et al., 2007; Sullivan, Rosenbloom, Lim, &
Pfefferbaum, 2000). Two voxel-based morphometry meta-analyses on structural changes in AUD have
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been published to this date (Xiao et al., 2015; Yang et al., 2016), summarizing findings of 9 and 12
different studies, respectively, with 5 overlapping studies (and less homogeneous inclusion criteria used
by Yang et al.). The meta-analyses reported a consistent decrease in the grey matter density in the
prefrontal cortex (especially anterior cingulate cortex), posterior cingulate cortex, and dorsal striatum /

insula in AUD patients, compared to matched healthy volunteers.

Longitudinal neuroimaging studies have demonstrated potential for at least partial recovery of AUD
structural damage with abstinence, including decreased volumes of enlarged ventricles and increased
volumes in anterior cingulate cortex, temporal lobe (including hippocampus), insula, amygdala,
brainstem, and cerebellar cortex (Bartsch et al., 2007; Cardenas et al., 2007; Demirakca et al., 2011;
Gazdzinski et al., 2005; Kiihn et al., 2014; Pfefferbaum et al., 1995; van Eijk et al., 2013). From 1978
until 2019, approximately 35 cross-sectional and longitudinal structural neuroimaging studies have been
published in English peer-reviewed academic publications. Some evidence of recovery was observed as
carly as within the first two weeks of abstinence with a more rapid recovery in the early weeks of
sustained abstinence. Nonetheless, global structural damage persisted even in the long-term abstinent
AUD subjects who have remained abstinent for years and might not be reversible (Harper, 2007; Zahr &

Pfefferbaum, 2017).

Results of preclinical AUD models indicate that structural brain damage may follow repeated acute
intoxication (increased oxidative stress, toxic acetaldehyde and aldehydic metabolites, inflammation,
chronic glutamate / calcium excitotoxicity, decreased pro-survival factors such as BDNF, decreased
neurogenesis) and that subsequent structural regeneration may be associated with rapid repair and neuro-
and glio-genesis, occurring primarily within the first month of abstinence (Crews & Nixon, 2009).
Mechanisms of structural brain damage and subsequent recovery in humans, however, are not fully

understood (Zahr & Pfefferbaum, 2017). Preclinical findings are difficult to translate well into this
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clinical domain, partly because the synthesis of existing clinical neuroimaging evidence on structural

damage and longitudinal AUD recovery during sustained abstinence remains quite challenging.

Clinical studies reported to date have numerous challenges. These include: inconsistent results; numerous
methodological differences (e.g. different severity of AUD, different length /range of abstinence,
inclusion of patients with concurrent substance abuse and/or other psychiatric and somatic comorbidities),
and recurrent limitations (small sample size, inconsistent multiple comparison correction, high dropout
rate without follow-up, group mismatch on non-AUD clinical severity status etc.). Moreover, many
contemporary structural AUD studies used automated whole-brain voxel-based morphometry analyses,
which rely on inherently limited anatomical resolution due to extensive smoothing and complex tissue
segmentation boundaries in deep brain structures. This has created a gap in the literature between early
low-resolution region-of-interest gross anatomical studies and modern high-resolution voxel-based
morphometry neuroimaging studies. Our study aimed to address this gap and examine longitudinal
structural changes in a very homogeneous clinical AUD sample within the first month of abstinence using
a best-in-class region-based morphometry analysis pipeline on high resolution structural MRI scans. Our
aim was to replicate gross anatomical brain atrophy and subsequent recovery as well as test our a priori
hypotheses of region-specific partial structural recovery in subcortical, hippocampal, and cerebellar
volumes during early stages of sustained abstinence in recovering AUD patients, compared to matched
healthy volunteers. Based on existing evidence from neuropathological and multimodal neuroimaging
studies, we also hypothesized a positive correlation between structural atrophy and clinical severity scores

of AUD.
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2. Materials and Methods

2.1 Subjects

Sixty recently detoxified adult male alcohol dependent patients (DSM-IV-TR criteria)(American
Psychiatric Association, 2000) and matched fifty-five healthy non-alcohol abusing men were recruited to
the AUD and control groups, respectively. Three patients and controls were excluded from the analysis
because they dropped out before completing their first neuroimaging session or because of severe
neuroimaging artifacts. The demographic and clinical overview of the remaining 109 participants is

summarized in Table 3.1.

The alcohol dependent participants were recruited from a pool of patients referred to supervised
residential treatment programs in Edmonton, Canada and Mannheim, Germany as part of the
TRANSALC research project. DSM-IV-TR diagnostic interviews were carried out by a psychiatrist, using
the Structured Clinical Interview for the DSM-IV-TR (SCID-I) (First et al., 2002). All of the patients
were consistent, steady, heavy drinkers. All of the analyzed patients met the highest Zone IV cut-off score
on the Alcohol Use Disorders Identification Test (AUDIT) with an average score of 28 out of 40
(Saunders et al., 1993). The AUD patients exhibited on average an intermediate level of alcohol
dependence (second quartile) according to the Alcohol Dependence Scale (ADS) with the average score
of 19 out of 47 (Skinner & Allen, 1982). The patients did not abuse non-beverage ethanol or other
substances except nicotine. The patients were recruited within the first two weeks of abstinence and
underwent longitudinal scanning sessions at two time points: first at approximately two weeks of
abstinence and second at approximately one month of abstinence. Abstinence was verified at each
scanning session in all participants by an alcohol breathalyser (BACtrack S50 Personal Breathalyzer,
Portable Breath Alcohol Tester) and a urine drug screen (nal von minden GmbH Drug-Screen® Diptest,

Version 1.0).
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Controls were recruited concurrently to match the patients' general demographic profile (including sex,
age, handedness, general occupation/education background). The controls had no history of alcohol or
drug addiction and consumed alcohol below the Canada's Low-Risk Alcohol Drinking Guidelines (Butt,
2011). Participants in both arms were excluded if they had any history of serious medical (including
psychiatric or neurological) complications, brain injury, use of psychotropic medications (other than
during the detoxification process), or did not meet magnetic resonance safety criteria for our imaging
facilities. The study was approved by the University of Alberta Health Research Ethics Board (study ID:

Pro00019424)

Table 3.1: Summary of Key Demographic and Clinical Variables

AUD Patients (n=57) Controls (n=52)
Mean SEM Mean SEM % A t-Value corrected p

Age 44.11 1.33 42.08 1.36 4.82 1.07 not sig
TIV 1,513.89 18.12 1,563.10 16.61 -3.15 -1.99 not sig
Ethanol (grams/day) | 285.82 25.75 5.24 0.74 5,359.57 10.89 okok
AUDIT 28.38 0.79 2.65 0.29 971.94 30.56 ook
ADS 18.93 1.24 1.69 0.30 1,022.51 13.50 ook
OCDS 20.00 1.14 1.33 0.18 1,400.00 16.17 shokok

ODS 7.39 0.63 0.19 0.10 3,839.18 11.22 shokok

CDS 12.61 0.60 1.15 0.15 1,000.86 18.57 otk
Abstinence 1 (days) 16.44 1.02 N/A
Abstinence 2 34.23 1.3 N/A

*p<0.05, ** p<0.01, *** p<0.001 Bonferroni-corrected; SEM = standard error of mean

2.2 MRI Acquisition

Neuroimaging data were acquired at two clinical sites. Canadian data were acquired using a 4.7 Tesla
Varian Inova whole-body MRI scanner, located at the University of Alberta, Edmonton. German data
were acquired using a 3 Tesla Siemens MAGNETOM TRIO whole-body MRI scanner, located at the
Central Institute of Mental Health, Mannheim. The scanning protocol included anatomic imaging using
T1-weighted magnetization-prepared rapid acquisition echo (MPRAGE) with acquisition parameters of

TR 1505.9 ms, inversion time 300.0 ms, relaxation delay time (after readout prior to inversion) 300.0 ms,
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linear phase encoding, TE 3.71 ms, matrix 240x192x128, field of view 240x192%x192 mm’, 1.0x1.0x1.5

3 .
mm- voxels, whole brain coverage.

The anatomical scans were visually reviewed by two independent neuroimaging experts for gross
abnormalities. None of the subjects exhibited any clinically significant structural abnormalities other than

what may be expected from normal aging or prolonged alcohol abuse.

2.3 Region-Based Morphometry

The region-based morphometry was performed using volBrain automated preprocessing library
(https://volbrain.upv.es). The analysis was split into three streams — gross anatomical analysis using
volBrain pipeline (Coupé et al., 2011; Manjon & Coupé, 2016); hippocampal subfield analysis using
HIPS pipeline (Romero, Coupé, & Manjon, 2017); and cerebellar analysis using CERES pipeline
(Romero, Coupé, Giraud, et al., 2017). The full description of each pipeline is included in the cited
papers. Briefly, the analysis consisted of blinded data anonymization, quality assurance of all structural
scans and exclusion of any scans with severe imaging artifacts or scans without full brain coverage,
preprocessing using the automated pipelines, quality assurance of the segmented maps on both native
anatomical scans and the appropriate template, and another quality assurance of the quantitative output to
check for outliers or inconsistencies (left/right) in the individual as well as the overall dataset and group.
All of the pipelines consisted of: denoising, coarse inhomogeneity correction, MNI space registration, fine
inhomogeneity correction, intensity normalization, cropping, and tissue classification and/or non-local
segmentation based on manually segmented libraries. VolBrain included non-local intracranial cavity
extraction, tissue classification, non-local hemisphere segmentation, and non-local subcortical structure
segmentation. HIPS included non-local patch based segmentation (based on 3 label Kulaga-Yoskovitz
dataset and 5-label Winterburn dataset) (Kulaga-Yoskovitz et al., 2015; Winterburn et al., 2013). CERES

included tissue classification as well as non-local patch based lobule segmentation.
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2.4 Statistical Analysis

After the quality assurance of the segmented maps and quantitative measures was complete, the label key
was returned to the blinded researcher to allow for group comparison and statistical analysis. The
summary statistics and group comparison was generated using SPSS (version 20)(IBM Corp, 2011) and

MATLAB (version R2018b) (The MathWorks Inc, 2018).

The summary statistics included group mean and standard error of mean (SEM). After verifying validity
of the statistical assumptions (including Levene’s test of homogeneity), two sample t-tests were used to
compare group differences. The input data for summary statistics were not corrected for nuisance

variables (such as site/scanner or age).

The primary group comparison analysis was completed using general linear models on z-normalized data.
The models included predictors for group status (dummy variables for patient scan one, patient scan two,
and control) as well nuisance variables (scanner site dummy variable, total intracranial volume, age, and
length of abstinence at first scan). The contrasts compared group differences at first time point (patient
scan one versus control), at second time point (patient scan two versus control), as well as interscan

difference (patient scan two versus patient scan one).

Post-hoc clinical correlation analysis was performed on nuisance-corrected z-normalized data. The

significance of the Pearson correlation coefficient was tested using two-tailed t-test.

For all analyses, the null hypothesis was rejected and group differences were considered as significant at a
global alpha threshold of 0.05. The p-values were corrected for multiple comparison for each of the

analyses using Bonferroni method (Bonferroni, 1936).
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3 Results

3.1 Participant profile

Healthy controls were recruited to match the general demographic profile of the AUD patients. As a
result, the groups were not significantly different in their general demographic profile or scanning site
location. On average, the total intracranial volume was also comparable between the groups.
Nonetheless, group comparisons using general linear models as well as post-hoc clinical correlation
analyses included age, scanning site, total intracranial volume, as well as the patients’ length of
abstinence at first scanning session as nuisance variables since all of these variables are known to impact
regional volumes or longitudinal changes in the brain. The clinical measures were in general an order of

magnitude more severe in the AUD group than in the healthy controls, as illustrated in Table 3.1.

3.2 Gross Anatomical Differences (VolBrain)

The gross anatomical differences from the VolBrain pipeline are summarized in Table 3.2. In general, the
AUD group exhibited gross decreases in both grey matter and white matter volumes and a corresponding
increase in cerebrospinal fluid volume at both first (two weeks of abstinence) and second time point (one
month of abstinence). This trend persisted in cerebrum, cerebellum, as well as brainstem, but was only
statistically significant in the whole brain and cerebrum measures. Only the following differences
survived Bonferroni correction for multiple comparison: 4% decrease in global gray matter at first time
point, 32% increase in global cerebrospinal fluid at first time point, 8% decrease in global white matter at
second time point, 30% increase in global cerebrospinal fluid at second time point, as well as 6% decrease
in cerebrum volume at first time point, 5% decrease in cerebrum grey matter volume at first time point,

6% decrease in cerebrum volume at second time point, and 8% increase in cerebrospinal fluid volume at
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second time point. Even though not significant, longitudinal changes within the patient group were
associated with a nonsignificant trend towards increased grey matter volume, only marginally decreased
cerebrospinal fluid volume, and an unexpected continued decrease in the white matter volume. The
normal data variability associated with natural aging as well interpersonal brain variability (as illustrated
in Error! Reference source not found.) was quite large and comparable to the effect of alcohol-related
structural deficits. Moreover, the interscan interval of supervised abstinence was only approximately 18
days. Together, these factors might explain why we failed to observe significant longitudinal changes in

the AUD group.
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Figure 3.1: Gross Anatomical Differences Associated with Alcohol Use Disorder and Aging

All of the scans are in native space. Top row illustrates a structural scan of a healthy volunteer who
was 45 years old and an infrequent social drinker (who drank on average 0.01 units of alcohol per day
and has been abstinent for 20 days at the time of scanning). Middle row illustrates a structural scan of
an AUD patient who was the same age as the top row control (45 years old) but was a chronic heavy
drinker (drinking on average 25.32 units of alcohol per day and has been abstinent for 8 days). Note
the enlarged ventricles and atrophied cerebellum compared to the matched control above. Bottom row
illustrates a structural scan of a healthy volunteer who was 59 years old and an infrequent social
drinker (who drank on average 0.25 units of alcohol per day and has been abstinent for 16 days). Note
that an older healthy control (bottom row) exhibited greater structural atrophy than even an AUD
patient (middle row) who was the same age as the top row healthy volunteer. Alcohol use disorder is
associated with brain atrophy which in some cases can be noticeable even without quantitative
analysis. Nonetheless, normal data variability and confounding variables such as age can have greater
impact than AUD history. Age must, therefore, be accounted for as a nuisance variable for the group
analysis. Canadian standard unit of alcohol is 17.05 mL or 13.45g of pure ethanol (Butt, 2011).
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3.3 Deep Brain Anatomical Differences (VolBrain)

The deep brain anatomical differences from the VolBrain pipeline are summarized in Table 3.3. Deep
brain regions exhibited generally the same trend as the whole-brain changes. Most of the regions (except
for negligible difference in amygdala and caudate nucleus) exhibited a decreased volume with an
increasing longitudinal trend in the recovering alcohol dependent patients compared to healthy controls.
The inverse trend occurred in the ventricles. After multiple comparison correction, only the 7% decrease
in thalamus at first time point, 3% decrease in hippocampus at first time point, and 5% decrease in the
thalamus volume at the second time point were significant. None of the interscan differences within the

alcohol dependent group were significant.

3.4 Hippocampal Differences (HIPS)

The anatomical differences in the hippocampal subfields from the HIPS pipeline are summarized in Table
3.4. Hippocampal volume as a whole as well as its subfields exhibited decreased volume in the patient
group at both scan intervals in both three (Kulaga-Yoskovitz) and five subfield (Winterburn)
segmentation protocols. The interscan longitudinal changes in the patient group did not yield significant
changes and showed mixed trends with a positive trend in the three subfield segmentation and unclear
trend in the five subfield segmentation. The Winterburn segmentation resulted in the following significant
differences: 7% overall hippocampus decrease at first time point; 6% CA1 decrease at first time point, 9%
CA4-DG decrease at first time point, 7% decrease in SR-SL-SM at first time point, as well as 6%
decrease in hippocampus as a whole at second time point, 6% decrease in CA1 at second time point, 7%
decrease in CA4-DG at second time point, and 7% decrease in SR-SL-SM at second time point. The
Kulaga-Yoskovitz segmentation resulted in the following significant differences: 5% decrease in overall
hippocampus volume at first time point, 5% decrease in CA4-DG at first time point, and 4% decrease in

Subiculum at first time point, as well as 3% decrease in overall hippocampus at second time point.

54



3.5 Cerebellar Differences (CERES)

The anatomical differences in the cerebellar lobules from the CERES pipeline are summarized in Table
3.5. None of the differences were statistically significant. The inter-subject variability was likely greater
than the changes which could be associated with alcohol use disorder. The longitudinal differences were
also negligible and in some lobules even suggest an unexpected negative trend within the first month of
abstinence. Greater scan inhomogeneities in the cerebellar regions close to the edge of the field of view
and smaller region of interest size might have also contributed to tissue classification variability and

unclear results.

3.6 Clinical Correlations

The clinical correlations between nuisance-corrected volumetric data and clinical scale scores in the
patients are summarized in Table 3.6 to 76Table 3.9. The higher severity of alcohol use disorder measure
by the AUDIT scale was associated with a significant increase in cerebrospinal fluid volume (Pearson
correlation coefficient of 0.40) and unexpected increase in cerebellar white matter (0.37) as well as
decrease in whole brain grey matter (-0.45), total cerebrum volume (-0.43), cerebral grey matter (-0.45),
thalamus (-0.50), hippocampus (-0.46 in Winterburn HIPS, -0.41 in Kulaga-Yoskovitz HIPS and -0.37 in
VolBrain), nucleus accumbens (-0.36), all of the Winterburn hippocampal subfields (-0.34 CA1l, -0.30
CA2-CA3, -0.42 CA4-DG, -0.40 SR-SL-SM, -0.41 Subiculum), and CA1-3 Kulaga-Yoskovitz
hippocampal subfield. The dependence severity of the ADS scale was positively correlated with
cerebrospinal fluid volume (0.40), lateral ventricles (0.61) and unexpectedly with cerebellar white matter
(0.27) and subiculum (0.34) as well as decrease in total grey matter (-0.49), total cerebrum (-0.41),
cerebral grey matter (-0.52), nucleus accumbens (-0.41), lobule V of cerebellum (-0.47), and Winterburn
hippocampal subfields of CA1 (-0.42) and CA2-CA3 (-0.34). The severity of daily alcohol consumption
was unexpectedly positively correlated with cerebellar total volume (0.40), cerebellar white matter (0.49),

brainstem (0.44), cerebellar Crus I (0.48). The severity of the OCDS was positively correlated with
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cerebrospinal fluid volume (0.26), lateral ventricles (0.41), and unexpectedly with Kulaga-Yoskovitz
subiculum (0.31) and negatively correlated with caudate (-0.40), thalamus (-0.31), globus pallidus (-0.36),
and Winterburn CA2-CA3 hippocampal subfield (-0.30). The compulsive drinking subscale (CDS) of the
OCDS scale was significantly correlated with increased volume of cerebrospinal fluid (0.29), lateral
ventricles (0.41), as well as unexpectedly with subiculum from both Winterburn (0.33) and Kulaga-
Yoskovitz (0.39) segmentations and also decreased volumes in caudate nucleus (-0.33), Winterburn
hippocampal subfields CA2-CA3 (-0.43) and CA4-DG (-0.47) and Kulaga-Yoskovitz hippocampal
subfields CA1-3 (-0.36). Increased severity on the obsessive drinking subscale (ODS) from the OCDS
correlated with increased volume of lateral ventricles (0.36) and decreased volumes of caudate nucleus (-
0.39) and globus pallidus (-0.40). In summary, clinical severity scales were generally positively correlated
with increased cerebrospinal fluid and lateral ventricle volumes and negatively correlated with most other
grey matter regions. AUDIT severity was significantly correlated with 52% of analyzed brain regions,
ADS with 27%, daily ethanol consumption with 10%, OCDS with 17%, CDS with 22%, and ODS only
with 7%. The strongest and most commonly significant correlation was observed between increased
clinical severity and increased ventricular volume. Of note is the regionally specific correlation of striatal
subfields with different addiction scales. Decreased volumes of potentially reward-dominated ventral
striatum regions such as nucleus accumbens were correlated with increased dependency scores on scales
like ADS and AUDIT while decreased volume of dorsal striatum regions such as caudate nucleus which
are potentially dominant in executive function (impulsivity / response inhibition) were associated with

increased severity on the OCDS and its obsessive and compulsive subscales.

4 Discussion

The aim of this study was to analyze longitudinal volumetric changes in deep brain structures,
hippocampal subfields, and cerebellar lobules in recovering AUD patients during their first month of

abstinence in comparison to matched healthy volunteers. Our results indicate a broad single digit
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percentage volume decrease across most of the examined structures (except cerebrospinal fluid and
ventricles which exhibited double digit increases) in AUD patients compared to the healthy controls (in
accord with our a priori hypothesis). The most significant differences were observed in the hippocampal
subfields while no significant changes were observed in the cerebellar lobules. These structural deficits
persisted in the approximately two and a half weeks between the first (approximately 16 days of
abstinence) and second (approximately 34 days of abstinence) scanning session, with only small, non-
significant interscan differences (contrary to our a priori hypothesis). The magnitude of structural deficits
was positively correlated with AUD clinical severity scales, especially AUDIT score. The highest
correlations were observed in the regions which demonstrated the most substantial deficits compared to
the healthy controls. Even though this study included a larger sample size (which was approximately one
and a half times larger than average of previously published AUD cross-sectional and longitudinal
neuroimaging studies) and included more clinically homogeneous sample with above average clinical
severity, the results did not replicate several previously published findings or observe anticipated
significant structural recovery during the approximately two and a half week interscan interval. These
differences may be due to large natural variability in the data (associated for example with age range of

23 to 64) as well as a relatively short interscan interval in our study.

There is a scarcity of longitudinal AUD neuroimaging studies compared to other common
neurodegenerative disorders. The first longitudinal structural neuroimaging study in AUD was published
in 1978 and since then at least 35 cross-sectional and longitudinal (CT, MRI, and DTI) studies (including
multiple publications based on the same or partially same neuroimaging datasets) have been published in
English language peer-reviewed journals (Agartz et al., 2003; Artmann, Gall, Hacker, & Herrlich, 1981;
Bartsch et al., 2007; Cardenas et al., 2007; Carlen & Wilkinson, 1980; Carlen, Wilkinson, Wortzman, &
Holgate, 1984; Carlen, Wortzman, Holgate, Wilkinson, & Rankin, 1978; Demirakca et al., 2011;
Deshmukh, Rosenbloom, De Rosa, Sullivan, & Pfefferbaum, 2005; Durazzo & Meyerhoff, 2019;

Durazzo, Mon, Gazdzinski, & Meyerhoft, 2017; Durazzo et al., 2015; Fein & Fein, 2013; Gazdzinski et
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al., 2005; Hoefer et al., 2014; Kiihn et al., 2014; R. S. Liu, Lemieux, Shorvon, Sisodiya, & Duncan, 2000;
Mann et al., 2005; Mon, Delucchi, Durazzo, Gazdzinski, & Meyerhoff, 2011; Muuronen, Bergman,
Hindmarsh, & Telakivi, 1989; Pfefferbaum et al., 2014; Pfefferbaum et al., 1995; Ron, Acker, Shaw, &
Lishman, 1982; Schroth, Naegele, Klose, Mann, & Petersen, 1988; Segobin et al., 2014; Shear et al.,
1994; van Eijk et al., 2013; G. Y. Wang et al., 2016; Wobrock et al., 2009; Yeh, Gazdzinski, Durazzo,
Sjostrand, & Meyerhoff, 2007; Zipursky, Lim, & Pfefferbaum, 1989; X. Zou, Durazzo, & Meyerhoff,
2018; Y. Zou et al., 2017). Published evidence ranges from longitudinal case reports (single individual) to
large cross-sectional studies (100 participants); including on average about 39 AUD participants. The
literature is inconsistent in the terminology and clinical profile of the participants. The range of average
abstinence at first scanning time point extends from 0 to 503 days (overall average of 46 days across 33
studies) to a second time point from 14 to 2,722 days (overall average of 290 days across 29 studies) and
a third time point from 91 to 226 days (overall averages of 226 days across 8 studies). This is particularly
relevant, since structural brain recovery occurs non-linearly, with most rapid recovery over the first few
weeks of sustained abstinence (Durazzo et al., 2015; Gazdzinski et al., 2005; Pfefferbaum et al., 1995; Y.
Zou et al., 2017). In fact, structural recovery might occur up to six times faster (and up to 50% of the total
recovery) during the first 3 weeks than during the subsequent year (Charlet et al., 2018; Gazdzinski et al.,
2005). Hence, the results from longitudinal studies with such disparate lengths of abstinence might yield
inconsistent results and may fail to detect significant recovery due to underestimation of the extent of the
initial AUD-related brain damage. A small number of studies did not disclose the duration of abstinence
in their clinical cohort, including recent single time point studies such as (Shim, Kim, Kim, & Baek,
2019). Many studies also did not disclose other variables such as presence or absence of clinical
comorbidities. Studies reporting comorbidities have disclosed up to 91% comorbid nicotine dependence
(and significantly higher percentage of smokers in AUD than controls in almost all studies), up to 29%
comorbid substance use disorder (including stimulants, marihuana, and benzodiazepines), up to 63%
comorbid psychiatric disorders (most commonly unipolar mood disorders), and up to 51% other somatic

disorders (Hepatitis C etc.). Despite such liberal inclusion criteria, many studies still reported issues with
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recruitment, retention, and relapse in the longitudinal AUD samples. Most AUD studies focused primarily
on male working age adults (average of average ages of 47 years, which is slightly older but comparable
to our study). The average amount of alcohol abused prior to treatment ranged from 115 grams to 264
grams of ethanol per day, with an overall average of 178 grams, which is substantially less than our

cohort’s 286 grams per day.

Most published longitudinal and cross-sectional studies did not quantify the volume or percentage
changes in deep brain regions, hippocampal subfields, or cerebellar lobules. Some earlier studies only
reported case observations or provided qualitative rankings of perceived severity of brain atrophy. More
recent voxel-based morphometry studies typically did not quantify regional changes and usually reported
only significant cluster location, size, and level of significance. Most commonly quantified longitudinal
changes included sizes of ventricles and cerebrospinal fluid volume. The summary below lists the
publicly available volumetric changes. It is important to note that the discussed values were not always
explicitly listed or tested for significance in the original publications. Moreover, most of the values
obtained from the literature were not corrected for natural variability in total intracranial volume, age, sex,
and other variables, although we tried to normalize the values at least for total intracranial volume, when

the data was disclosed in the publication.

In terms of gross anatomical changes, there are structural data available on total cerebral volume, grey
matter volume, white matter volume, and cerebrospinal fluid volume. Our study reported a non-
significant increase of 0.18% (although a negative t-value when correcting for nuisance variables) from
5.70% to 5.53% atrophy at 16.44 and 34.23 days of abstinence. A case report by Liu et al. (2000) reported
an 11% increase from 0 to 1,278 days of abstinence. Bartsch et al. (2007) reported 1.85% increase from
4.23% to 3.14% atrophy from 3 to 38 days of abstinence (24 and 15 subjects). Gazdzinski et al. (2005)
reported a 0.96% and subsequent 1.00% increase in a mixed study from 6 to 33 to 212 days of abstinence

(23, 18, and 7 subjects). Yeh et al. (2007) reported a 1.36% increase and subsequent 3.18% increase from
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3.97% to 2.66% to 0.89% atrophy from 5.76 to 31.98 to 209.90 days of abstinence (44, 46, and 17
subjects). Finally, Mann et al. (2005) reported 1.15% increase from 4.23% to 3.14% atrophy in a

longitudinal study of 76 AUD patients from 20.26 to 55.26 days of abstinence.

Our study indicates a non-significant increase of 1.30% in total grey matter from atrophy of 4.30% to
3.06% over 16.44 to 34.23 days of abstinence. Agartz et al. (2003) reported 0.60% and 0.41% recovery
respectively, from 0 to 28 to 91 days of abstinence (7 and 6 subjects). Van Eijk (2013) reported a 0.95%
increase from atrophy of 6.99% to 6.21% over 1 to 14 days of abstinence (49 subjects). Cardenas et al.
(2007) reported 7-12% faster volumetric recovery from 5.8 to 243.5 days of sustained abstinence in
parietal and frontal lobes in AUD patients compared to light drinkers in 47 versus 25 subjects. Mon et al.
(2013) reported a 0.72% increase from 6 to 34 days of abstinence (62 and 41 subjects). Durazzo et al.
(2015) reported 0.97% and subsequent 0.78% recovery from atrophy of 4.23% to 3.29% to 2.54% from 7
to 32.88 to 226.12 days of abstinence respectively (in 82 subjects). Pfefferbaum et al. (1995) reported a
3% anterior grey matter increase in 12 to 23.4 days of abstinence (58 subjects). Demirakca et al. (2011)
reported 0.47% increase from 1.38% atrophy from 21 to 1,921.5 days of abstinence (50 and 14 subjects).

Shear et al (1994) reported a 0.68% increase from 28.7 to 107 days of abstinence (24 and 15 subjects).

Our study reported a non-significant decrease of 1.35% in total white matter from atrophy of 6.58% to
7.84% from 16.44 to 34.23 days of abstinence. This was contrary to our expectations and most published
evidence. Agartz et al. (2003) reported a respective 11.26% and 3.21% recovery over 0 to 28 to 91 days
of abstinence (7 and 6 subjects). Van Eijk et al. (2013) reported a 0.27% decrease from atrophy of 0.66%
to 0.79% over 1to 14 days of abstinence in 49 subjects. Cardenas et al. (2007) reported a faster recovery
from 5.8 to 243.5 days of abstinence respectively in parietal and frontal lobes compared to light drinkers
in 47 versus 25 AUD subjects. Mon et al. (2013) reported 0.41% increase from 6 to 34 days of abstinence
(62 and 41 subjects). Durazzo et al. (2015) reported 0.42% and subsequent 1.82% from atrophy of 0.94 to

atrophy of 0.53% to hypertrophy of 1.28% in 7 to 32.88 to 226.12 days of abstinence in 82 subjects.
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Demirakca et al. (2011) reported 1.54% increase from atrophy of 2.95% between 21 and 1,921.5 days of
abstinence (50 and 14 subjects). Shear et al. (1994) reported 3.99% increase from 28.7 to 107 days of

abstinence (24 and 15 subjects).

Our study indicates a non-significant decrease of 1.27% in cerebrospinal fluid (CSF) from enlargement of
31.53% to 29.86% from 16.44 to 34.23 days of abstinence. Agartz et al. (2003) reported 11.51% and
4.53% decrease in CSF volume from 0 to 28 to 91 days of abstinence (7 and 6 subjects). Van Eijk et al.
(2013) reported 0.99% decrease from 19.41% to 18.24% enlargement from 1 to 14 days of abstinence in
49 subjects. Schroth et al. (1988) reported a 30.50% decrease from 5.2 to 40.2 days of abstinence in 9
subjects. Gazdzinski et al. (2005) reported 0.48% and 0.50% decrease from 6 to 33 to 212 days of
abstinence in a mixed design study (23, 18, and 7 subjects). Mann et al. (2005) reported 8.17% decrease
from 46.15% to 34.22% enlargement from 20.26 to 55.26 days of abstinence in 76 subjects. Demirakca et
al. (2011) reported 3.27% decrease from a 7.49% enlargement from 21 to 1,921.5 days of abstinence (50
and 14 subjects). Shear et al. (1994) reported 12.42 decrease from 28.7 to 107 days of abstinence (24 and

15 subjects).

In terms of deep brain structures, existing literature has documented recovery in the ventricular
enlargement and generally non-significant or mixed evidence on deep grey matter brain structures. Our
study indicates a non-significant 6.77% decrease in the lateral ventricle volume from 18.68% to 10.64%
enlargement from 16.44 to 34.23 days of abstinence. Schroth et al. (1988) reported a 14.70% decrease
from 5.2 to 40.2 days of abstinence in 9 subjects. Yeh ef al. (2007) reported 8.18% decrease and a 4.60%
enlargement from 21.94% to 33.39% to 53.64% compared to healthy controls from 5.76 to 31.98 to
209.90 days of abstinence (44, 46, 17 subjects). Gazdzinski et al. (2005) reported a 0.18% and 0.12%
decrease from 6 to 33 to 212 days of abstinence in a mixed design study with 23, 18, and 7 subjects.
Durazzo et al. (2015) reported 2.96% and 2.79% decrease from 10.92% to 7.64% to 4.63% from 7 to
32.88 to 226.12 days of abstinence in 82 subjects. Zipursky et al. (1989) reported a decrease of 15.22%
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from 37.31% to 16.42% in 10 patients from 7.4 to 22.6 days of abstinence. Wobrock et al. (2009)
reported a 5.50% decrease from 37% enlargement from 11 to 228.28 days of abstinence in 56 subjects
with substantial mental health comorbidities. Pfefferbaum et al. (1995) reported an 8% and 16% decrease
in third ventricle volume from 12 to 23.4 to 121.6 days of abstinence (58, 58, 19 subjects). Mann et al.
(2005) reported 7.04% decrease from 21.94% to 13.35% enlargement from 20.26 to 55.26 days of

abstinence in 76 subjects.

A number of studies such as Pfefferbaum (1995) reported no significant changes in basal ganglia. For
caudate nucleus, our study reported a non-significant increase of 1.67% from 0.10% to 1.78%
enlargement during the interscan interval. Mon et al. (2013) reported a 2.11% decrease in caudate volume
from 6 to 34 days of abstinence (62 versus 41 subjects). Fein ef al. (2013) reported a 5.23% increase from

4.19% atrophy to 0.82% hypertrophy from 69 to 2,722.49 days abstinence (36 and 47 subjects).

For nucleus accumbens, our study reported a non-significant increase of 0.19% from atrophy of 5.90% to
5.73% from 16.44 to 34.23 days of abstinence. Fein et al. (2013) reported 4.22% increase from atrophy of

8.90% to 5.05% from abstinence of 69 to 2,722.49 days.

Our study has measured a non-significant 0.06% increase in putamen atrophy from 2.19% to 2.24%
during the interscan interval. Even though we did not expect an increase in the putamen atrophy, the same
trend has been reported in the literature. Durazzo et al. (2015) reported a 1.46% and 0.93% increase in
lenticular nucleus (putamen and globus pallidus) atrophy from 6.34% to 7.71% to 8.57% atrophy from 7
to 32.88 to 226.12 days of abstinence in 82 subjects. Fein et al. (2013) reported a 1.49% increase in

atrophy from 1.35% to 2.82% from 69 to 2,722.49 days of abstinence (36 and 47 subjects).

For globus pallidus, our study has measured a 2.55% recovery from atrophy of 3.44% to 0.98% during the

interscan interval. Durazzo et al. (2015) reported the lenticular nucleus change described above. Fein ef

62



al. (2013) reported 1.76% increase from atrophy of 5.28% to 3.60% from 69 to 2,722.49 days of

abstinence.

For thalamus, our study has measured a non-significant increase of 1.70% from atrophy of 6.82% to
5.24% during the interscan interval. Mon et al. (2013) reported a 2.70% improvement from 6 to 34 days
of abstinence (62 and 41 subjects). Durazzo et al. (2015) reported a decrease of 0.29% and an increase of
5.41% from atrophy of 14.09% to 14.33% to 9.70% from 7 to 32.88 to 226.12 days of abstinence in 82
subjects. Pfefferbaum et al. (1995) reported no significant change and did not quantify the volumetric
change in thalamus from 12 to 23.4 to 121.6 days of abstinence. Demirakca et al. (2011) reported 4.35%
improvement from 0.54% atrophy between 21 and 1,921.5 days of abstinence (50 and 14 subjects). Fein
et al. (2013) reported 1.48% decrease from 0.71% hypertrophy to 0.78% atrophy from 69 to 2,722.49

days of abstinence (36 and 47 subjects).

For amygdala, our study has measured a non-significant decrease of 0.34% from 0.52% hypertrophy to
0.17% hypertrophy. Zou et al. (2018) reported mixed changes in the amygdala atrophy from 3.25% to
2.49% to 4.18% from comparison of 6.5, 33.5, and 218.3 days of abstinence (mixed study with 65, 82,
and 36 subjects). Demirakca et al. (2011) reported 2.04% improvement from 5.92% atrophy between 21
and 1,921.5 days of abstinence (50 and 14 subjects). Fein et al. (2013) reported 1.26% increase in atrophy

from 1.03% to 2.27% in 69 to 2,722.49 days of abstinence (36 and 47 subjects)

For hippocampus, our study has revealed a range of results, depending on the segmentation protocol used:
non-significant longitudinal improvements of 1.07%, 1.49%, and 1.80% from an atrophy of 7.12% to
6.12%, 4.68% to 3.27%, and 2.63% to 0.88%, respectively. Liu et al. (2000) reported a 7.70% increase
from 0 to 1,278 days of abstinence in a single case report. Van Eijk et al. (2013) reported no improvement
from an initial 3.45% atrophy from 1 to 14 days of abstinence in 49 subjects. Zou et al. (2018) reported

1.47% and no subsequent improvement from estimated 9.53% to 8.20% to 8.20% atrophy from 6.5 to
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33.5 to 218.3 days of abstinence in a mixed study of 65, 82, and 36 subjects. Hoefer et al. (2014) reported
mixed results of 6% to 8% to 6% atrophy from 7 to 33 to 213 days of abstinence in a mixed study of 84,
121, and 37 subjects. Kiihn ef al. (2014) reported 4.56% increase from atrophy of 5.83% to 1.54% from
9.4 to 23.2 days of abstinence specifically in the cornu ammonis (CA) 2 and 3. Demirakca et al. (2011)
reported 2.04% increase from atrophy of 5.92% in amygdala and hippocampus region from 21 to 1,921.5
days of abstinence (50 and 14 subjects). Fein ef al. (2013) reported 1.14% increase from atrophy of 5.88%
to 4.81% from 69 to 2,722.49 days of abstinence (36 and 47 subjects). A recent meta-analysis has
revealed a moderate effect size (d=-0.53) for AUD-related hippocampal atrophy from 23 AUD versus
control group single time point analyses (but it did not fully explore the effect of abstinence other than
excluding studies with more than a year of abstinence) (Wilson, Bair, Thomas, & lacono, 2017). The
meta-analysis has also revealed a publication bias with small sample studies reporting larger effects. Post-
hoc power analysis suggested future studies should enroll at least 60 subjects per group when studying
hippocampal atrophy in AUD compared to healthy controls (with 83% of published papers relying on
smaller datasets). Wilson also commented on similar issues which we noted in the longitudinal AUD
literature, such as substantial clinical heterogeneity, modest sample sizes, and lack of correction for

nuisance variables such as total intracranial volume in the reported results.

Other than Kiihn et al. (2014), only single time point studies, such as Zahr et al. (2019), Lee et al.
(2016), and Shim et al. (2019) reported measurements of comparable hippocampal subfields in AUD in
comparison to controls (at average abstinence lengths of 105.7, 402.6, and unknown days). Zahr reported
a significantly lower CA2+3 volumes in the AUD group at over three months of abstinence and a
significant AUD-age interaction associated with the hippocampal atrophy (Zahr, Pohl, Saranathan,
Sullivan, & Pfefferbaum, 2019). Lee reported significant hippocampal atrophy in presubiculum,
subiculum, and fimbria and a non-significant trend in all other measured regions, even at more than a year
of abstinence (Lee et al., 2016). Shim did not disclose the length of abstinence in their clinical cohort and

did not quantify hippocampal subfield changes other than reporting surface reduction in the presubiculum,
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hippocampal tail, hippocampal molecular layer, hippocampal fissure, fimbria, and CA3 in their vertex
analysis (Shim et al., 2019). These studies suggest that despite the potential for adult neurogenesis and
some encouraging clinical and preclinical results, AUD-related structural damage in the hippocampus and
its subfields can persist for many months and years. Histological cadaver studies, moreover, suggest
structural recovery of the hippocampus would most likely be due to white matter repair rather than

neuronal proliferation (Sutherland et al., 2014b).

For cerebellum and its lobules, our study has revealed mixed non-significant results without a clear
improvement trend, potentially driven by an underlying structural improvement in grey matter volume
while continued white matter volume deterioration during the early recovery phase. Liu et al. (2000)
reported a 20% improvement from 0 to 1,278 days of abstinence in a single patient. Van Eijk ef al. (2013)
reported 1.95% improvement from an 8.89% to 7.39% atrophy from 1 to 14 days of abstinence in 49
subjects. Mon et al. (2013) reported 0.51% improvement from 6 to 34 days (62 and 41 subjects). Durazzo
et al. (2015) reported 1.42% and subsequent 1.44% improvement from atrophy of 3.32% to 1.95% to

0.54% from 7 to 32.88 to 226.12 days of abstinence in 82 subjects.

The published data on structural changes in cerebellar lobules in uncomplicated AUD (not Wernicke-
Korsakoff syndrome) is sparse and available only from single time point AUD versus control group
comparisons. Sullivan et al. (2019) studied an AUD cohort with the shortest abstinence (105.7 days) and
used the closest segmentation technique to our analysis (CERES pipeline), reporting significant atrophy
in lobules I-V, Crus I, VIIIB, and IX in 24 AUD subjects compared to 20 matched controls (Sullivan,
Zahr, Saranathan, Pohl, & Pfefferbaum, 2019). Zhao et al. (2019) reported significant atrophy in total
corpus medullare and surface shrinkage in lobules I-V, IX, and vermian X at 248 days of abstinence in
135 AUD patients compared to 128 controls (Zhao, Pfefferbaum, Podhajsky, Pohl, & Sullivan, 2019).
Sawyer et al. (2016) reported persistent cerebellar atrophy even at 8 years of abstinence in 44 AUD

subjects (Sawyer et al., 2016). The overall results were mixed: -1.89% total cerebellum, -5.50% cerebellar
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white matter, -0.31% cerebellar gray matter, 6.36% anterior lobe, -1.93% posterior lobe, 0%
vestibulocerebellum, -1.34% cerebrocerebellum, 1.41% spinocerebellum. Length of abstinence was
positively associated with smaller atrophy in vestibulocerebellum and vermal portions of lobule I-1I. The
vestibulocerebellum in AUD was 0.6% larger with each year of abstinence. Sullivan ef al. (2000) reported
grey but not white matter cerebellar hemisphere volume deficits as well as grey and white matter deficits
in the anterior superior (lobules I-VII) but not posterior inferior vermis (lobules VIII-X) in 25 AUD men
of unknown duration of abstinence (Sullivan, Deshmukh, Desmond, Lim, & Pfefferbaum, 2000).
Therefore, cerebellar lobules in the anterior superior vermis (I-V) seem to be most commonly affected by
AUD-related atrophy. The anterior superior vermis atrophy has been well documented in Wernicke-
Korsakoff syndrome, where it is associated especially with a significant loss of Purkinje cells and
associated neurocognitive deficits (Sullivan, Deshmukh, et al., 2000). Even though there is some evidence
of rapid cerebellar recovery in AUD with sustained abstinence in as little as two weeks (van Eijk et al.,
2013), structural damage appears to persist even after multi-year abstinence. Because cerebellum is
susceptible to poor imaging quality (partial field of view, movement artifacts, inhomogeneity due to poor
shimming etc) as well as because of its tightly folded anatomy with many tissue boundaries, segmentation
of traditional non-specific 1mm’ whole-brain structural scans might not have sufficient resolution (mixed
tissue partial volumes across multiple voxels) and quality (artifacts and poor tissue contrast) to reliably

measure cerebellar lobules or detect changes in such a small and structurally complex anatomical region.

Our study aimed to document longitudinal changes in less commonly examined brain regions, including
basal ganglia, hippocampus, and cerebellum during the first month of recovery from AUD. Even though,
all of these regions are important components of addiction-related reward, executive control, and stress
pathways as well as important functional hubs implicated in a range of cognitive, neurological, and
behaviour deficits observed in AUD and other alcohol-related neurological conditions (for reviews and
meta-analyses see: (Crews & Nixon, 2009; Crowe et al., 2019; Fein & Cardenas, 2015; Koob & Volkow,

2010; Moulton, Elman, Becerra, Goldstein, & Borsook, 2014; Stavro, Pelletier, & Potvin, 2013; Wilcox,
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Dekonenko, Mayer, Bogenschutz, & Turner, 2014; Zahr & Sullivan, 2008)), they remain sparsely studied
and are often ignored or misrepresented by more traditional modern structural analytical techniques, such
as voxel-based morphometry (Bergouignan et al., 2009; G. Y. Wang et al., 2016). Although we have
failed to observe a significant volumetric recovery over the approximately two and a half weeks interscan
interval, our study has still documented a broadly positive trend from single digit percentage atrophy,
which is generally comparable to the sparsely documented longitudinal changes during sustained
abstinence and AUD recovery, which we summarized above. The lack of significant improvement or
clear and consistent results in the literature suggest that the structural recovery of the basal ganglia,
hippocampus, and cerebellum during early abstinence is not very robust and should be interpreted with

caution.

Moreover, the timeline of longitudinal structural changes as well as functional improvement in
neurocognitive and behavioural measures from acute withdrawal and detoxification (first few days), early
recovery (first few weeks), to prolonged sustained abstinence (months or years) is even less consistently
documented in the literature and remains poorly understood. Our study aimed to compare detoxified
patients after their withdrawal symptoms have subsided (verified by CIWA scale during structured
clinical interview) — unlike several other studies which have relied on sometimes still intoxicated or
acutely withdrawing patients (usually with appropriate pharmacological treatment) (for example (Agartz
et al., 2003; Bartsch et al., 2007; R. S. Liu et al., 2000; van Eijk et al., 2013; G. Y. Wang et al., 2016)).
Although some of these studies have demonstrated significant structural recovery within the acute
withdrawal phase and there is even some evidence of limited neurocognitive functional improvement
(Petit et al., 2017), the early detoxification phase is still marked by a number of potentially confounding
underlying processes undergoing biochemical allostatis for example from abnormally elevated levels of
glutamate (Hermann et al., 2012), cortisol (Stephens & Wand, 2012), and systemic inflammation
(Leclercq, De Saeger, Delzenne, de Timary, & Stirkel, 2014). These confounding biochemical

imbalances should be mostly normalized by the time of our first scanning time point. Studies with
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prolonged abstinence at first time point (such as (Carlen et al., 1978; Fein & Fein, 2013; Pfefferbaum et
al., 2014)) also might have understimated level of initial AUD damage since other studies have revealed
more rapid rate of structural recovery in the first few weeks of sustained abstinence (i.e. before their
baseline scan) rather than subsequent months (Charlet et al., 2018; Durazzo et al., 2015; Gazdzinski et al.,

2005; Pfefferbaum et al., 1995; Y. Zou et al., 2017).

It is also important to consider potential limitations when comparing our results to second-time point
findings of cross-sectional studies. Due to high AUD relapse and dropout rates (R. H. Moos & Moos,
2006; Walitzer & Dearing, 2006; Witkiewitz, 2011), cross-sectional studies might be exaggerating the
magnitude of structural recovery by underestimating baseline structural damage. Several studies reported
an underlying survival bias, with patients who exhibit less structural atrophy and better initial
neurocognitive performance having higher prospective likelihood of sustaining their abstinence (for
example (Beck et al., 2012; J. Camchong, A. Stenger, & G. Fein, 2013a; Durazzo et al., 2017; Rando et
al., 2011; S. F. Sorg et al., 2012; Zois et al., 2017; Y. Zou et al., 2018)). This is especially relevant when
interpreting very long term cross-sectional analyses (for example (Fein & Fein, 2013)) since most likely
only the least affected and highest functioning minority of AUD patients would likely successfully

sustained their abstinence for multiple years after their initial treatment.

Even though the effect of sustained abstinence on structural changes might not be very robust, there is
encouraging evidence suggesting active brain plasticity during AUD recovery. For a successful recovery
and sustained long-term abstinence, all of the regions examined in this study need to undergo extensive
plasticity, due to their involvement in the addiction related circuitry (Fein & Cardenas, 2015; Koob &
Volkow, 2010; Moulton et al., 2014; Zahr & Sullivan, 2008). The recovering brain needs to repair
damage associated with chronic ethanol abuse as well as remodel and optimize its physical connections to
help over-compensate for maladaptively reinforced addiction pathways and less efficient compensatory

recruitment of parallel pathways. Although the mechanism of AUD damage and recovery has been
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extensively documented in preclinical models (for review of model timeline of neuronal and glial changes
as well as degeneration stimulated regeneration hypothesis and global abstinence-stimulated trophic
NMDA receptor hyperactivity hypothesis see (Crews & Nixon, 2009)), the precise mechanism in human
brain is still not fully understood and often confronted by contradictory evidence (N. D. Volkow et al.,
2017; Zahr & Pfefferbaum, 2017). Nonetheless, the functional and behavioural improvements observed in
patients during their detoxification (our baseline scan) and subsequent residential treatment (our follow-
up scan) support underlying brain plasticity. Some studies report significant recovery of most
neurocognitive domains within the first month to a year of abstinence (Munro, Saxton, & Butters, 2000;
Sullivan, Rosenbloom, Lim, et al., 2000; Sullivan, Rosenbloom, & Pfefferbaum, 2000) and largely
normalized cognitive performance (except for spatial processing) in very long-term abstinent AUD
patients (Fein, Torres, Price, & Di Sclafani, 2006; Stavro et al., 2013). A recent comprehensive cross-
sectional meta-analysis (Crowe et al., 2019) has contradicted these findings, suggesting significant
cognitive impairment in AUD might persist not only beyond the first few weeks but also beyond one
year. The results of this meta-analysis should, however, be considered with caution since it did not
examine longitudinal changes in AUD during these intervals, unlike Sullivan et al., but only compared
significance of differences between controls and recovering AUD patients, which persisted across most

domains at all stages.

Structural human neuroimaging studies have validated an association between functional neurocognitive
improvements (memory/learning, processing speed, visuo-spatial function, attention, ataxia, static
balance) and longitudinal volumetric brain recovery with both short- and long-term abstinence (Mon et
al., 2013; Muuronen et al., 1989; M. J. Rosenbloom et al., 2007; Sullivan, Rosenbloom, Lim, et al., 2000;
Yeh et al, 2007). These macroscopic findings have been corroborated by magnetic resonance
spectroscopy (MRS) studies, which have revealed that metabolite changes (lower ratios of N-
acetylaspartate (NAA) and choline-containing compounds (Cho) as well as elevated myo-inositol (ml) to

total creatine and phosphocreatine (tCr)) appear to largely normalize with sustained abstinence (1-3 days
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up to 1.7 years) (Bendszus et al., 2001; Durazzo, Gazdzinski, Rothlind, Banys, & Meyerhoff, 2006; Parks
et al., 2002; B. C. Schweinsburg et al., 2000). These metabolite changes suggest increased neuronal
integrity (NAA), increased cell-membrane synthesis and turnover as well as cellular density (Cho), and
greater osmolar stability or reduced glial cell activation (ml) with sustained abstinence. These changes
could represent neuronal healing as well remyelination and white matter recovery during sustained
abstinence. The molecular MRS findings have been further supported by diffusion tensor imaging (DTI)
which has revealed significant white matter microstructure recovery from a week to first month of
abstinence (Gazdzinski, Durazzo, Mon, Yeh, & Meyerhoff, 2010; Y. Zou et al., 2017) as well as from
weeks to years of sustained abstinence (Alhassoon et al., 2012; Pfefferbaum et al.,, 2014). These
molecular and microstructural markers have been also correlated to functional improvements in the
recovering AUD patients (Alhassoon et al., 2012; Bendszus et al., 2001; Durazzo et al., 2006).
Underlying processes responsible for functional recovery during sustained AUD abstinence occur at the
cellular level and might not occur at sufficiently pronounced scale or sufficiently rapid timeline
(progenitor cell generation, migration, maturation etc. takes multiple weeks in preclinical models) to
manifest themselves as a significant change at the macroscopic resolution of structural MRI, especially
only after a relatively brief interscan interval of this study and in the context of large natural anatomical

variability (due to aging, interscan variability, etc.).

Future studies should rely on larger sample sizes (exceeding 60 participants per group: (Wilson et al.,
2017), higher resolution and more sensitive scanning parameters (multimodal T1 and T2 scans to assist
with segmentation), longer interscan intervals, and more homogeneous longitudinal samples (narrower
age range) in order to measure the relatively small volumetric changes during the early recovery of AUD
patients with greater accuracy and certainty. Due to inherent issues with recruitment and subject retention,
future longitudinal studies should strive for collaboration and concurrent recruitment from multiple
clinical sites. Future studies should also specify and declare whether their aim is to obtain a representative

clinical sample or a homogeneous AUD-specific sample to test their hypotheses. Our study, for example,
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has helped to document longitudinal changes in AUD during early abstinence but it is not broadly
representative of the typical clinical population. We had to screen out approximately 19 patients for every
participant and only included otherwise healthy working age adult men who were steady, chronic AUD
patients right after acute detoxification phase (excluding most of the clinical volunteers due to comorbid
substance abuse, concurrent psychiatric complications, and magnetic resonance safety criteria). Other
studies have chosen much more liberal recruitment criteria and included convenience samples with some
less severe secondary comorbidities and also participants who engaged primarily in binge drinking rather
than steady chronic alcohol abuse as well as participants with broad ranges of baseline abstinence. Liver
health and its potential impact on brain atrophy as well as other characteristics, such as iron deposition in
the basal ganglia (Juhas et al., 2017), should be also documented in future studies and considered when
interpreting results of studies which included AUD patients with concurrent Hepatitis C. Correction for
smoking, aging, and natural brain volume variability should be also included in future statistical designs

and reported results should be corrected for multiple comparison correction.

5 Conclusion

In conclusion, our region-based morphometry study has successfully documented single digit atrophy
across most measured regions in basal ganglia and hippocampal subfields, with unclear results in the
cerebellar lobules of recovering AUD patients. The atrophy persisted from 16 to 34 days of abstinence,
although a broadly positive nonsignificant trend towards recovery was noted across multiple regions. The
magnitude of structural atrophy was correlated with several AUD clinical severity scores. These findings
broadly agree with the published literature, despite of the inconsistent and poorly documented published
evidence on longitudinal structural recovery with sustained abstinence. Our study used larger and more
homogeneous clinical sample compared to existing literature. It is also one of only a few longitudinal
studies reporting on structural changes in non-cortical regions during AUD recovery. To our knowledge

this is the second longitudinal study which has documented changes in hippocampal subfields as well as
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the first to measure cerebellar lobules during AUD recovery. The mixed results of our study as well as the
published literature suggest that the structural recovery during sustained abstinence is not a very robust
finding and should be considered with caution, until larger studies with higher neuroimaging resolution
and more as well as longer interscan intervals can replicate these findings with higher accuracy and
confidence. Future structural studies should strive for more robust design, greater transparency about the
clinical profile of their participants (such as the length of abstinence at baseline), as well as the evaluation

of under-studied non-cortical regions, such as those included in this study.
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Table 3.2: Large Brain Structural Differences

AUD 1 AUD 2 CTL AUD 1 vs CTL AUD 2 vs CTL AUD 2 vs AUD 1

X% SEM X % SEM | X% SEM | %A t-Value % A t-Value % A t-Value
Grey Matter (GM) 47369 0358 | 47.983 0.522 | 49.497 0.395| -430 -4.94%** | -3.06 -2.64 1.30 0.90
White Matter (WM) | 34.070 0.505 [ 33.611 0.492 | 36.469 0.522 [ -6.58 -2.16 -7.84 -3.18* -1.35 -1.01
Cerebrospinal Fluid | 18.630 0.656 | 18.393  0.699 | 14.164 0.489 | 31.53  5.26*** | 29.86 4.99%** -1.27 0.21
Cerebrum Total 70.309 0.639 [ 70.432  0.639 | 74.558 0.456 | -5.70 -5.06%** | -5.53 -5.05%** 0.18 -0.31
Cerebrum GM 39.769 0322 | 40.315 0.466 | 41.869 0.344 | -5.02 -5.19*** | -3.71 -2.81 1.37 0.91
Cerebrum WM 30.540 0.471 [ 30.117 0.431 | 32.689 0.461 [ -6.58 -2.13 -7.87 -3.17* -1.38 -1.00
Cerebellum Total 9.497 0.122 | 9532  0.137 | 9.718 0.108 | -2.28 -1.70 -1.92 -1.50 0.36 -0.16
Cerebellum GM 7.307 0.096 | 7.356  0.105| 7.347 0.103 | -0.55 -0.99 0.12 -0.57 0.67 0.20
Cerebellum WM 2.190 0.055 | 2.176  0.073 | 2.371 0.076 | -7.63 -1.33 -8.24 -1.66 -0.66 -0.53
Brainstem 1.643  0.020 1.688  0.022 [ 1.718 0.019 | 4.41 -2.56 -1.74 -0.86 2.79 0.77

Table 3.3: Deep Brain Structural Difference

AUD 1 AUD 2 CTL AUD 1 vs CTL AUD 2 vs CTL AUD 2 vs AUD 1

X % SEM X % SEM X% SEM | %A t-Value % A t-Value % A t-Value
Lateral Ventricles 1.336  0.092 [ 1.246  0.093 1.126  0.081 | 18.68 1.76 10.64 1.47 -6.77 -0.23
Caudate 0.488 0.007 [ 0496  0.008 [ 0.487 0.007 [ 0.10 0.12 1.78 0.71 1.67 0.29
Putamen 0.573  0.009 | 0.572  0.011 0.585 0.009 | -2.19 -1.65 -2.24 -1.98 -0.06 -0.54
Thalamus 0.756  0.008 [ 0.769  0.010 [ 0.811 0.010 | -6.82 -5.21%** | -5.24 -3.79%* 1.70 0.29
Globus Pallidus 0.157 0.003 | 0.161 0.003 [ 0.162 0.003 | -3.44 -1.25 -0.98 -0.93 2.55 -0.18
Hippocampus 0.537 0.007 [ 0.546  0.008 [ 0.551 0.006 | -2.63  -2.84* -0.88 -1.83 1.80 0.38
Amygdala 0.120  0.001 | 0.120  0.002 | 0.119 0.002 [ 0.52 -0.22 0.17 0.07 -0.34 -0.57
Accumbens 0.042 0.001 [ 0.042  0.001 0.044  0.001 | -5.90 -1.90 -5.73 -1.87 0.19 -0.37
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Table 3.4: Hippocam

al Structural Differences

AUD 1 AUD 2 CTL AUD 1 vs CTL AUD 2 vs CTL AUD 2 vs AUD 1
X % SEM | x% SEM X% SEM | %A t-Value % A t-Value % A t-Value
Winterburn segmentation
Hippocampus 0.321  0.005 | 0.324 0.006 0.345 0.004 | -7.12 -4.44%** -6.12 -3.59** 1.07 -0.04
CAl 0.118 0.002 | 0.118 0.002 0.126  0.002 | -6.45 -3.46%* -5.85 -2.98* 0.64 -0.07
CA2-CA3 0.024 0.001 | 0.024 0.001 0.025 0.001 | -3.62 -1.36 -2.87 -1.28 0.77 -0.01
CA4-DG 0.087 0.002 | 0.089 0.002 0.095 0.002 | -8.73 =3.71%** -6.78 -2.49% 2.14 0.20
SR-SL-SM 0.059  0.001 | 0.059 0.002 0.064 0.001 | -7.25 -3.36%* -7.47 -3.21%* -0.23 -0.16
Subiculum 0.033 0.001 | 0.034 0.001 0.036 0.001 | -7.33 -1.84 -5.17 -1.59 2.33 -0.33
Kulaga-Yoskovitz segmentation
Hippocampus 0.482 0.006 | 0.489 0.007 0.505 0.005 | -4.68 -4,19%%* -3.27 -2.58* 1.49 0.46
CAl-3 0.310 0.005 | 0.315 0.006 0.327 0.005 | -5.23 -3.90%** -3.87 -2.26 1.43 0.53
CA4-DG 0.049  0.001 | 0.049 0.001 0.050 0.001 | -2.08 -0.90 -1.81 -0.96 0.27 -0.31
Subiculum 0.123  0.002 | 0.125 0.002 0.128 0.002 | -4.30 2. 71%* -2.28 -1.89 2.12 0.28
Table 3.5: CERES Cerebellar Lobule Structural Differences

AUD 1 AUD 2 CTL AUD 1 vs CTL AUD 2 vs CTL AUD 2 vs AUD 1

X % SEM | X% SEM X % SEM | %A t-Value % A t-Value % A t-Value
Cerebellum 9.119 0.119 | 9.099 0.123 9.159 0.101 | -0.44 -0.85 -0.65 -1.15 -0.21 -0.37
Lobule I-1I 0.008 0.000 | 0.008 0.000 0.008 0.000 | -0.81 -0.11 -5.06 -0.66 -4.29 -0.90
Lobule IIT 0.092 0.003 | 0.093 0.003 0.093 0.003 | -0.72 -0.39 -0.47 -0.58 0.25 -0.22
Lobule IV 0.304 0.009 | 0.312 0.010 0.313 0.008 | -2.73 -1.14 -0.42 -0.59 2.37 0.16
Lobule V 0.578 0.012 | 0.581 0.011 0.547 0.010 | 5.68 1.95 6.20 1.83 0.50 -0.24
Lobule VI 1.269 0.020 | 1.283 0.024 1.244  0.024 1.98 0.95 3.11 1.33 1.11 0.17
Lobule Crus I 1.884 0.046 | 1.877 0.049 1.901 0.044 [ -0.89 -0.58 -1.24 -0.87 -0.36 -0.50
Lobule Crus II 1.223  0.031 | 1.201 0.030 1.195  0.029 | 2.40 -0.19 0.51 -0.76 -1.85 -0.50
Lobule VIIB 0.696 0.015 | 0.690 0.017 0.681 0.011 2.32 -0.53 1.44 -1.21 -0.86 -0.31
Lobule VIIIA 0.851 0.018 | 0.837 0.019 0.863 0.016 | -1.39 0.70 -2.92 -1.41 -1.55 -0.20
Lobule VIIIB 0.573  0.009 | 0.581 0.011 0.592 0.011 | -3.11 1.03 -1.76 -0.40 1.40 0.50
Lobule IX 0.498 0.016 | 0.505 0.015 0.515 0.014 | -3.38 -1.08 -2.02 -0.70 1.41 0.29
Lobule X 0.093  0.002 | 0.094 0.002 0.094 0.002 [ -1.60 -0.88 -0.65 -0.56 0.97 0.29




Table 3.6: Correlations of Large Brain Structural Changes

AUDIT ADS Ethanol g/day OCDS CDS ODS
Grey Matter -0.45%%* -0.49%** -0.17 -0.22 -0.26 -0.15
White Matter -0.18 -0.04 -0.21 -0.21 -0.22 -0.17
Cerebrospinal Fluid 0.40% 0.40* 0.29 0.26* 0.29* 0.19
Cerebrum Total -0.43%* -0.41%* -0.30 -0.21 -0.24 -0.13
Cerebrum GM -0.45%%* -0.52%%* -0.21 -0.18 -0.21 -0.11
Cerebrum WM -0.21 -0.04 -0.24 -0.21 -0.22 -0.16
Cerebellum Total 0.29 0.30 0.40% -0.23 -0.22 -0.20
Cerebellum GM -0.18 -0.10 -0.01 -0.31 -0.30 -0.25
Cerebellum WM 0.37* 0.27* 0.49* -0.15 -0.14 -0.14
Brainstem -0.09 0.03 0.44** -0.25 -0.27% -0.18
Table 3.7: Correlations of Deep Gray Matter Structural Changes

AUDIT ADS Ethanol g/day OCDS CDS ODS
Lateral Ventricles 0.29 0.61%** 0.04 0.41%** 0.43%%* 0.35**
Caudate -0.41 -0.38 0.23 -0.40%* -0.33%* -0.39%*
Putamen -0.31 -0.23 -0.13 -0.18 -0.05 -0.28
Thalamus -0.50* -0.19 -0.12 -0.31% -0.27 -0.30
Globus Pallidus -0.18 -0.24 -0.06 -0.36* -0.24 -0.40%*
Hippocampus -0.37%* -0.26 -0.27 -0.10 -0.20 -0.05
Amygdala -0.22 -0.07 -0.24 -0.27 -0.25 -0.25
Accumbens -0.36* -0.41% -0.23 -0.30 -0.24 -0.30
Table 3.8: Correlations of Hippocampus Structural Changes

| AUDIT ADS | Ethanol g/day | OCDS CDS ODS
Winterburn segmentation
Hippocampus -0.46%** -0.27 -0.31 -0.18 -0.27 -0.10
CAl -0.34% -0.42%* -0.31 -0.20 -0.23 -0.13
CA2-CA3 -0.30%* -0.34* -0.23 -0.30** -0.43%** -0.21
CA4-DG -0.42%%* -0.05 -0.20 -0.24 -0.47%%* -0.08
SR-SL-SM -0.40%* -0.30 -0.29 -0.04 0.14 -0.09
Subiculum -0.41* 0.34%* -0.11 0.24 0.33** 0.14
Kulaga-Yoskovitz segmentation

Hippocampus -0.41%%* -0.14 -0.29 -0.11 -0.19 -0.03
CA1-3 -0.39%** -0.19 -0.29 -0.27 -0.36%* -0.15
CA4-DG -0.20 -0.03 -0.09 -0.08 -0.14 -0.03
Subiculum -0.25 -0.01 -0.19 0.31%* 0.39%* 0.21
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Table 3.9: Correlations of CERES Cerebellar Lobule Structural Changes

AUDIT ADS Ethanol g/day OCDS CDS ODS

Cerebellum 0.33 0.24 0.36 -0.17 -0.14 -0.17
Lobule I-1I -0.08 -0.09 -0.22 0.23 -0.09 0.36
Lobule III 0.16 -0.20 0.18 -0.19 -0.34 -0.06
Lobule IV -0.07 -0.30 0.23 -0.27 -0.26 -0.24
Lobule V 0.09 -0.47* 0.10 -0.09 -0.07 -0.10
Lobule VI -0.05 -0.31 0.05 -0.24 -0.31 -0.16
Lobule Crus I 0.30 0.25 0.48*** -0.19 -0.19 -0.16
Lobule Crus II 0.36 0.27 0.09 -0.09 0.10 -0.17
Lobule VIIB 0.27 0.27 0.13 0.06 0.10 0.01
Lobule VIIIA 0.18 0.25 0.07 0.03 0.01 0.04
Lobule VIIIB 0.22 0.35 0.06 0.05 0.09 -0.07
Lobule IX 0.16 0.43 0.15 -0.05 0.04 -0.08
Lobule X 0.21 0.01 0.18 -0.06 -0.16 0.08

76




Chapter 4 - White Matter Microstructure Changes during
First Month of Recovery from Alcohol Use Disorder

Abstract

Alcohol use disorder (AUD) is associated with widespread structural brain damage, which is thought to
disproportionately affect white matter microstructure. This damage might be at least partially reversible
with sustained abstinence during recovery from AUD. Mechanism and timeline of the white matter
recovery remain poorly understood. This study measured longitudinal differences in commonly used
diffusion tensor imaging (DTI) scalars in 40 recently detoxified AUD men compared to 51 matched
healthy volunteers at two time points — a baseline at 18 days of abstinence and follow-up at 35 days. AUD
patients exhibited significantly lower axial diffusivity (AD) and fractional anisotropy (FA) while
significantly higher radial diffusivity (RD) and mean diffusivity (MD) at both time points (AD -4.81%, -
3.75%; FA -6.20%, -5.71%; MD +5.60%, +4.41%; RD +7.37%, +6.09%, respectively). Longitudinal
changes in the patients were not significant but described a normalizing trend across all scalars (AD
+1.12%; FA +0.52%; MD -1.13%; RD -1.20%). These changes suggest that AUD is associated with
diffuse microstructural white matter damage which appears consistent with an axonal and/or myelin
injury pattern, which experiences a small but positive recovery trend during the first month of sustained
abstinence. Anatomical distribution of the affected white matter tracts spanned most of the brain,
especially for FA. AD was not significantly decreased in the frontal and superior regions while MD and
RD were not significantly increased in right posterior regions and cerebellum. Clinical severity scales
were correlated with the magnitude of most of the DTI scalars’ impairment. This study alludes to an
encouraging trend of a microstructural brain healing process corresponding to the early stages of clinical

AUD recovery.

Key terms

alcohol use disorder; abstinence; diffusion tensor imaging; fractional anisotropy; magnetic resonance

imaging
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1. Introduction

Alcohol use disorder (AUD) is one of the most prevalent, harmful and costly preventable disorders in the
world, affecting over 283 million people and being responsible for approximately 5.1% of global burden
of disease and 5.9% of all deaths globally (Nutt et al., 2010; World Health Organization, 2018). AUD
(formerly also classified as alcohol dependence, alcohol addiction, harmful use of alcohol, or alcoholism)
is a mental disorder characterized by uncontrolled recurrent excessive consumption of alcohol despite its
significant interference in the individual’s mental wellbeing, physical health, and ability to function in
their daily lives (American Psychiatric Association & American Psychiatric Association, 2013).
Cognitive and behavioural deficits underlying AUD’s clinical progression and potential recovery are

modulated through functional and structural changes in the alcohol dependent brain.

There is extensive evidence documenting structural brain damage associated with AUD (for reviews see
(Biihler & Mann, 2011; Fritz et al., 2019; Harper et al., 2003)). Recurrent toxic exposure to alcohol, leads
to wide-spread brain atrophy, enlargement of pericerebral spaces, as well as region-specific
microstructural damage (including demyelination and glial cell loss; dendritic thinning, shrinking of cell
bodies, and region-specific neuronal loss; inflammation, cell membrane damage, blood-brain barrier
injury; et cetera) (Harper et al., 2003; Sutherland, Sheedy, & Kril, 2014a). The extent of cellular damage
can be quite substantial, even in functionally neurocognitively uncomplicated AUD brains, with up to
27% regional neuronal loss (especially in the frontal cortex) and even more severe loss in the glial cells,
with up to 37% regional loss in hippocampus (Korbo, 1999; Miguel-Hidalgo et al., 2002). Severity of
alcohol abuse, including cumulative lifetime amount of alcohol consumption, has been correlated to the
extent of cellular brain damage (Harding et al., 1996). White matter is often considered as especially
vulnerable to alcohol-related damage and was historically thought to account for most of the overall
AUD-related brain atrophy (Agartz et al., 2003; Fortier et al., 2014; Kril, Halliday, Svoboda, &

Cartwright, 1997).
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Neuroimaging studies have demonstrated wide-spread as well as region-specific structural white matter
damage in AUD (for an overview see (M. Rosenbloom, Sullivan, & Pfefferbaum, 2003)). AUD has been
associated with a complex pattern of structural deficits affecting disproportionately frontal and superior
brain regions, including tracts linking prefrontal and limbic regions (Sullivan, Harris, & Pfefferbaum,
2010). Region-specific changes include thinning and microstructural deficits in corpus callosum
(primarily in genu / anterior regions), pons / brain stem, cerebellar white matter, cingulum bundles,
centrum semiovale, internal and external capsules, fornix, superior and inferior longitudinal fasciculi,
fronto-occipital fasciculus, uncinate fasciculus, arcuate fasciculus, corona radiata, orbitofrontal white
matter, frontolimbic fibres, hippocampus, corticopontine bundles, as well as more diffuse deficits in wider
regions occupied by regional association fibres (Alhassoon et al., 2012; Monnig et al., 2014; Sullivan et
al., 2010; Sullivan & Pfefferbaum, 2005; Yeh, Simpson, Durazzo, Gazdzinski, & Meyerhoff, 2009; Zahr,
2014). The complexity of the reported structural changes has made a synthesis of a unified narrative on
AUD-related structural damage quite challenging. Monnig et al. has, therefore, performed a meta-analysis
and reliably confirmed the robustness of the negative association between AUD and white matter
structural integrity. This meta-analysis has also revealed a significant inverse association between the
length of abstinence and magnitude of the AUD-related white matter structural damage (Monnig,

Tonigan, Yeo, Thoma, & McCrady, 2013).

Several longitudinal and cross-sectional studies have confirmed this trend by demonstrating that alcohol-
related structural damage is at least partially reversible with sustained abstinence (Sullivan &
Pfefferbaum, 2005). Longer abstinence has been associated with white matter volume recovery (Agartz et
al., 2003; Demirakca et al., 2011; Durazzo et al., 2015; Gazdzinski et al., 2010; O'Neill, Cardenas, &
Meyerhoff, 2001; Shear et al., 1994), white matter microstructural recovery (Alhassoon et al., 2012;
Gazdzinski et al., 2010; Pfefferbaum et al., 2014; Y. Zou et al., 2017), as well as normalization of

underlying molecular neurochemical markers (Bendszus et al., 2001; Durazzo et al., 2006; Parks et al.,
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2002; B. C. Schweinsburg et al., 2000) which are thought to describe underlying patterns of physiological
stabilisation, increased neuronal integrity, as well as re-myelination and white matter recovery. Changes
in these volumetric, microstructural, and molecular marker measurements have been also correlated to
functional improvements in the recovering AUD patients (Alhassoon et al., 2012; Bendszus et al., 2001;
Durazzo et al., 2006). Several studies have attempted to better characterize the trajectory of structural
white matter recovery with sustained abstinence by deriving mathematical models describing the non-
linear positive relationship between the variables (Mon et al., 2011). However, the clinical evidence
documenting trajectory of white matter structural changes during sustained abstinence and recovery from
AUD remain conflicting and incomplete (De Santis et al., 2019; Monnig, Tonigan, et al., 2013). Several
studies have reported opposite findings, non-significant results, or failed to replicate published findings

from independent modalities in comprehensive, unified, multimodal analyses.

Preclinical models of AUD have extensively documented possible mechanisms of AUD-related structural
brain damage and subsequent recovery. The neurotoxic effect of AUD may follow repeated sequelae of
acute intoxication (increased oxidative stress, toxic acetaldehyde and aldehydic metabolites,
inflammation, chronic glutamate / calcium excitotoxicity, decreased pro-survival factors such as BDNF,
decreased neurogenesis) while structural recovery might be due to degeneration stimulated regeneration,
global abstinence-stimulated trophic NMDA receptor hyperactivity, or other mechanisms associated with
rapid repair and neuro- and glio-genesis (occurring primarily within the first month of abstinence) (Crews
& Nixon, 2009). The pre-clinical findings have, however, been difficult to translate into the clinical
domain, partly due to the sparse and conflicting evidence describing the progression of AUD-related brain
damage and recovery. The capacity for structural recovery of the AUD-related structural brain damage as
well as the precise mechanisms associated with alcohol intoxication, AUD-related structural damage, and
clinical recovery are not yet fully understood (R. A. Harris et al., 2008; Sutherland et al., 2014b; N. D.

Volkow et al., 2017; Zahr & Pfefferbaum, 2017).
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Our study has attempted to help address this gap, by documenting longitudinal changes in the white
matter microstructure properties in a homogeneous clinical cohort undergoing supervised AUD recovery,
compared to matched healthy controls, using magnetic resonance-based diffusion tensor imaging (DTI)
and tract-based spatial statistics (TBSS). To the best of our knowledge, approximately thirty-five
quantitative DTI studies in AUD have been published to this date. Only 5 of these have compared cross-
sectional, mixed-design, or longitudinal differences, analyzing the effect of sustained abstinence on white
matter microstructure using comparable techniques to our study (Alhassoon et al., 2012; De Santis et al.,

2019; Gazdzinski et al., 2010; Pfefferbaum et al., 2014; Y. Zou et al., 2017).

DTI is a non-invasive quantitative neuroimaging technique which can indirectly assess microstructural
integrity of white matter tracts by measuring the directionality of water diffusion in tissue (for review
examples, see (Basser & Jones, 2002; Beaulieu, 2002; de Figueiredo, Borgonovi, & Doring, 2011; Soares,
Marques, Alves, & Sousa, 2013)). Briefly, DTI can quantify the relative diffusion in different directions
in each voxel. The directionality of the diffusion (anisotropy), can thus describe local patterns of
restriction on the movement of water molecules, and thus help broadly elucidate the average
microstructural properties of the analyzed tissue (which can change in relation to axon diameter, axonal
density, fibre tract complexity, integrity of the cell membranes and myelin sheaths, etc.). Water molecules
experience random Brownian motion in an unobstructed environment (such as cerebrospinal fluid in the
ventricles) and thus on average will not exhibit any directional-dependence in their movement, and would
thus be isotropic. On the other hand, tightly packed dense environment of white matter tracts will
selectively obstruct the random movement of water molecules perpendicular to the axis of the axons, due
to poorly permeable myelin sheaths, cell membranes, and other cellular and extracellular components.
The water molecules in the white matter tracts will, therefore, experience a hindered diffusion pattern
with greater directionality in parallel rather than perpendicular to the tightly packed axons and thus
exhibit large average anisotropy in the analysed voxel. Commonly reported DTI scalars used to

summarize the diffusion properties include, axial diffusivity (AD), fractional anisotropy (FA), mean
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diffusivity (MD; also referred to as apparent diffusion coefficient), and radial diffusivity (RD). These
different measures can help characterize microstructural tissue properties. In comparison to a reference
value, they can also help elucidate changes in microstructural tissue integrity such as demyelination or
axonal injury (Beaulieu, 2002; Pfefferbaum & Sullivan, 2005). Compared to traditional morphometric
techniques, DTI has been also demonstrated to outperform in its sensitivity, detecting patterns of
underlying white matter changes before they became apparent to the other techniques (Pfefferbaum &
Sullivan, 2002, 2005; Pfefferbaum et al., 2000). In order to facilitate a more robust group-level analysis,
this study has selected tract-based spatial statistics (TBSS; (Smith et al., 2006)) to analyze the DTI data.
TBSS creates a mean FA skeleton representing the centre of major white matter bundles common to all
subjects and projects the average DTI scalar values to the skeleton voxels. This technique should
minimize anatomic distortion due to acquisition artifacts, reduce partial volume effects, and thus improve
the sensitivity, objectivity, and interpretability of our results, although it also includes several drawbacks
such as lack of anatomical specificity of the sample-based skeletons or incorrect characterisation of multi-
directional crossing or merging fibres, which are to some extent present in most white matter voxels (M.

Bach et al., 2014; Jones, Kndsche, & Turner, 2013; Smith et al., 2006).

Our hypotheses were that (1) AUD patients will exhibit a middle to high single percentage drop in FA
and AD and increase in MD and RD; 2) longitudinal differences in the AUD group will exhibit a positive
middle single digit percentage increase; and 3) the magnitude of the DTI scalar structural damage will
correlate to the measures of AUD clinical severity. Although the directionality of changes in FA and MD
have been quite extensively documented in both short-term and long-term abstinent AUD patients, their
magnitude as well as directionality and magnitude of changes in the other scalars remain poorly

documented in the literature with conflicting reports.
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2. Materials and Methods

2.1 Subjects

The analysis is based on longitudinal data from 40 recently detoxified adult male alcohol dependent
patients (DSM-IV-TR criteria)(American Psychiatric Association, 2000) and matched 51 healthy non-
alcohol abusing men. The demographic and clinical overview of the 91 participants is summarized in

Table 4.1.

The alcohol dependent participants were recruited from a pool of patients referred to supervised
residential treatment programs in Edmonton, Canada and Mannheim, Germany as part of the
TRANSALC research project. DSM-IV-TR diagnostic interviews were carried out by a psychiatrist, using
the Structured Clinical Interview for the DSM-IV-TR (SCID-I) (First et al., 2002). All of the patients
were consistent, steady, heavy drinkers. All of the analyzed patients met the highest Zone IV cut-off score
on the Alcohol Use Disorders Identification Test (AUDIT) with an average score of 28 out of 40
(Saunders et al., 1993). The AUD patients exhibited on average an intermediate level of alcohol
dependence (second quartile) according to the Alcohol Dependence Scale (ADS) with the average score
of 17 out of 47 (Skinner & Allen, 1982). The patients did not abuse non-beverage ethanol or other
substances except nicotine. The patients were recruited within the first two weeks of abstinence and
underwent longitudinal scanning sessions at two time points: first after approximately two weeks of
abstinence (17.82 days on average) and second after approximately one month of abstinence (35.15 days
on average). Abstinence was verified at each scanning session in all participants by an alcohol
breathalyser (BACtrack S50 Personal Breathalyzer, Portable Breath Alcohol Tester) and a urine drug

screen (nal von minden GmbH Drug-Screen® Diptest, Version 1.0).

Controls were recruited concurrently to match the patients' general demographic profile (including sex,

age, handedness, general occupation/education background). The controls had no history of alcohol or
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drug addiction and consumed alcohol below the Canada's Low-Risk Alcohol Drinking Guidelines (Butt,
2011). Participants in both arms were excluded if they had any history of serious medical (including
psychiatric or neurological) complications, brain injury, use of psychotropic medications (other than
during the detoxification process), or did not meet magnetic resonance safety criteria for our imaging
facilities. The study was approved by the University of Alberta Health Research Ethics Board (study ID:

Pro00019424).

Table 4.1: Summary of Key Demographic and Clinical Variables

AUD Patients (n=40) Controls (n=51)
Mean SEM Mean SEM % A t-value sig.
Age 44.65 1.51 4241 1.43 5 1.07 not sig
Ethanol (grams/day) 265.28 29.60 5.40 0.77 4,813 9.82 ol
AUDIT 28.08 0.87 2.62 0.29 972 30.56 otk
ADS 17.00 1.31 1.66 0.31 924 12.58 ol
OCDS 18.92 1.27 1.34 0.19 1,312 14.77 HEE
ODS 6.85 0.74 0.19 0.10 3,505 9.59 HEE
CDS 12.08 0.64 1.15 0.16 950 17.69 HEE
Abstinence 1 (days) 17.82 1.25 N/A
Abstinence 2 35.15 1.23 N/A

*p<0.05, ** p<0.01, *** p<0.001 Bonferroni-corrected; SEM = standard error of mean

2.2 MRI Acquisition

The neuroimaging data was acquired at two clinical sites. Canadian data was acquired using 4.7 Tesla
Varian Inova whole-body MRI scanner, located at the University of Alberta, Edmonton. German data was
acquired using 3 Tesla Siemens MAGNETOM TRIO whole-body MRI scanner, located at the Central
Institute of Mental Health, Mannheim. The scanning protocol included anatomic imaging using T1-
weighted magnetization-prepared rapid acquisition echo (MPRAGE) as well as diffusion tensor imaging
(DTI) scans. The MPRAGE acquisition parameters were TR 1505.9 ms, inversion time 300.0 ms,
relaxation delay time (after readout prior to inversion) 300.0 ms, linear phase encoding, TE 3.71 ms,
matrix 240x192x128, field of view 240x192x192 mm’, 1.0x1.0x1.5 mm’ voxels, whole brain coverage.

Edmonton DTI scans were acquired using echo planar imaging sequence with TR 7.5 ms, TE of 52.31
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ms, 30 diffusion-encoding directions with b-value of 996 s/mm”, 5 non-diffusion-weighted images (b-
value 0 s/mm?”), with whole-brain coverage, matrix size 120x120x80, 2 mm® isotropic voxels, with 80
slices with no interslice gap. The German DTI scans were acquired using echo planar imaging sequence
with TR 14 ms, TE of 84 ms, 41 diffusion-encoding directions with b-value of 1,000 s/mm’, 1 non-
diffusion-weighted images, with whole-brain coverage, matrix size 128x128x64, 2 mm’ isotropic voxels,

with 64 slices with no interslice gap.

All of the scans were visually reviewed by two independent neuroimaging experts for gross
abnormalities. None of the subjects exhibited any clinically significant structural abnormalities other than

what may be expected from normal aging or prolonged alcohol abuse.

The raw data was also anonymized before any pre-processing and the researchers were blinded to the

subject or group label key until the final statistical analysis.

2.3 Diffusion Tensor Preprocessing

Diffusion tensor imaging (DTI) preprocessing was performed using FMRIB Software Library version 6.0
(FSL; https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FSL; (Jenkinson, Beckmann, Behrens, Woolrich, & Smith,
2012)). The anonymized data was reconstructed and quality checked for imaging artifacts, signal dropout,
or partial brain coverage in both anatomical MPRAGE and associated DTI scans. The acceptable raw data
was then pre-processed through FSL Diffusion Toolbox (FDT; (Behrens et al., 2003)), where the DTI
volumes were corrected for eddy currents and subject motion distortions (EDDY; (J. L. R. Andersson &
Sotiropoulos, 2016)), de-skulled (masked based on BET-extracted brain image from the b0 average image
(Smith, 2002)), and fitted with voxel-specific diffusion tensors (DTIFIT; (Behrens et al., 2003)). The
output of diffusion tensor model included axial diffusivity (AD; output as first eigenvalue L1), fractional

anisotropy (FA), mean diffusivity (MD), and radial diffusivity (RD; calculated as the average of 2™ and
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3" eigenvalues). All of the output images were inspected for any abnormalities. Voxelwise statistical
analysis of the tensor data was performed using Tract-Based Spatial Statistics toolbox (TBSS; (Smith et

al., 2006)).

Using the TBSS toolbox, a two-step normalization was performed using the most-representative FA
volume and associated anatomical scan to guide non-linear registration (using FNIRT; (J. L. Andersson,
Jenkinson, & Smith, 2007)) to a 1 mm?® isotropic MNI152 template, to transform all of the DTI scalar
images into the standard MNI space. A mean FA image from all of the normalized data was calculated
and thinned to create a mean FA skeleton, representing lines of voxels of highest FA values at the centre
of all white matter tracts which were common to all of the volumes. Each of the individual normalized FA
images was then projected onto this mean FA skeleton. This projection process was repeated for all of the
associated AD, MD, and RD images. The skeletonized images should help minimize interscan spatial
normalization imperfections between different subjects. Quality assurance checks were performed at each
of the TBSS steps. The skeletonized FA, AD, MD, and RD scalars in the MNI space were subsequently

fed into voxel-wise group statistical analysis.

2.5 Statistical Analyses

After the quality assurance of the DTI scalar skeletons was complete, the label key was returned to the

blinded researcher to allow for group comparison and statistical analysis.

The participant profile summary statistics and group comparison were generated using SPSS (version 20)
(IBM Corp, 2011) and MATLAB (version R2018b) (The MathWorks Inc, 2018). The summary statistics
included group mean (X) and standard error of mean (SEM). After verifying validity of the assumptions

(including Levene’s test of homogeneity), two sample t-tests were used to compare group differences (A).
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The input data for demographic and clinical summary statistics was not corrected for nuisance variables

(such as age).

The neuroimaging group comparison analysis was performed using general linear models and voxel-wise
non-parametric permutation tests in FSL (Jenkinson et al., 2012). The linear models included predictors
for group status (dummy variables for first and second scans for patients and controls) as well as z-
normalized nuisance variables (scanning site, age, and length of abstinence at first scan). The contrasts
compared first time point group differences, second time point group differences, as well as interscan
longitudinal differences in the AUD group. The group differences were tested using 10,000 permutations
in FSL’s Randomise algorithm with Threshold-Free Cluster Enhancement (TFCE), using the

recommended TBSS skeleton parameters (Winkler, Ridgway, Webster, Smith, & Nichols, 2014).

Post-hoc region-of-interest analysis was performed using normalized data extracted from the significant
clusters identified in the neuroimaging group analysis. The significance of the Pearson correlation
coefficients to the clinical severity scales was tested using two-tailed t-tests. Anatomical location of the
significant clusters was summarized using John Hopkins University DTI-based white matter atlas (Mori,

Wakana, Van Zijl, & Nagae-Poetscher, 2005).

For all analyses, the null hypothesis was rejected and group differences were considered as significant at a
global alpha threshold of 0.05. The p-values were corrected for multiple comparison using Family-Wise
Error (FWE) correction. FWE-correction was estimated either through permutations for neuroimaging

data or using Bonferroni method for summary statistics and post-hoc comparisons (Bonferroni, 1936).
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3 Results

3.1 Participant profile

The healthy controls were recruited to match the general demographic profile of the AUD patients. As a
result, the groups were not significantly different in their general demographic profile. The clinical
measures were 9 to 48 times more severe in the AUD group than in the healthy control, as summarized in

Table 4.1.

3.2 Longitudinal Differences in the White Matter Microstructure

Detoxified AUD patients have demonstrated significantly lower axial diffusivity (AD) and fractional
anisotropy (FA) while significantly greater mean diffusivity (MD) and radial diffusivity (RD) at both 18
days and 35 days, compared to matched healthy controls. The longitudinal interscan comparison during
the first month of sustained abstinence did not reveal significant improvement in the AUD group,
although a generally positive trend persisted. Figure 4.1 to Figure 4.4 illustrate these changes (red

signifying increase while blue signifying decrease).

Table 4.2 provides a summary of the raw diffusion scalars in different groups. Table 4.3 provides a
quantitative overview of the average group differences depicted in Figure 4.1 to Figure 4.4. Note the non-
significant improvement trend in both increasing AD and FA values as well as decreasing MD and RD
values at the follow-up scan. Table 4.4 provides MNI coordinates of peak voxels as well as the cluster as
centre-of-gravity (COG). Due to the implementation of skeletonized projections in the statistical analysis
and wide-spread clusters, both the peak as well as the centre-of-gravity provide only limited interpretive
value. As a result, we have also provided a summary of the anatomical regions through which the
significant cluster skeletons have been passing, according to the John Hopkins University DTI-based

white matter atlas (Mori et al., 2005) in the following paragraphs.
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Clusters of significantly lower axial diffusivity in the AUD patients compared to healthy controls at the
first time point included the following regions: cerebellar peduncle (left, right, middle, superior); pontine
crossing tract; corpus callosum (body, splenium); corticospinal tract (bilateral); medial lemniscus (left);
cerebral peduncle (bilateral); anterior limb of internal capsule (bilateral); posterior limb of internal
capsule (bilateral); retrolenticular part of internal capsule (bilateral); anterior corona radiata (left);
superior corona radiata (bilateral); posterior corona radiata (bilateral); posterior thalamic radiation
(including optic radiation; bilateral); sagittal stratum (including inferior longitudinal fasciculus and
inferior fronto-occipital fasciculus; bilateral); external capsule (bilateral); cingulum (right); fornix / stria
terminalis (bilateral); superior longitudinal fasciculus (bilateral); and uncinate fasciculus (right). Clusters
of significantly lower axial diffusivity in the AUD patients compared to healthy controls at the second
time point included the following regions: cerebellar peduncle (middle, right superior, right inferior);
pontine crossing tract; corpus callosum (body, splenium); corticospinal tract (bilateral); medial lemniscus
(bilateral); inferior cerebellar peduncle (right); superior cerebellar peduncle (right); cerebral peduncle
(bilateral); anterior limb of internal capsule (bilateral); posterior limb of internal capsule (bilateral);
retrolenticular part of internal capsule (bilateral); superior corona radiata (right); posterior thalamic
radiation (including optic radiation; bilateral); sagittal stratum (including inferior longitudinal fasciculus
and inferior fronto-occipital fasciculus; bilateral); external capsule (bilateral); cingulum (right); fornix /
stria terminalis (bilateral); superior longitudinal fasciculus (bilateral); and tapetum (right). Therefore, at
the second time point, axial diffusivity changes in left anterior corona radiata, left superior corona radiata,
left posterior corona radiata, as well right uncinate fasciculus were no longer significant. On the other
hand, right medial lemniscus, right inferior cerebellar peduncle, and right tapetum showed additional

significant decrease of axial diffusivity in the AUD group at the second time point.

Clusters of significantly lower fractional anisotropy in the AUD patients compared to healthy controls at

the first time point included the following regions: cerebellar peduncle (middle, left inferior; right
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superior); pontine crossing tract; corpus callosum (genu, body, splenium); fornix (column and body of
fornix); corticospinal tract (bilateral); cerebral peduncle (bilateral); anterior limb of internal capsule
(bilateral); posterior limb of internal capsule (bilateral); retrolenticular part of internal capsule (bilateral);
anterior corona radiata (bilateral); superior corona radiata (bilateral); posterior corona radiata (bilateral);
posterior thalamic radiation (including optic radiation; bilateral); sagittal stratum (including inferior
longitudinal fasciculus and inferior fronto-occipital fasciculus; bilateral); external capsule (bilateral);
cingulum (bilateral; left hippocampus); fornix / stria terminalis (bilateral); superior longitudinal fasciculus
(bilateral); superior fronto-occipital fasciculus (right); uncinate fasciculus (bilateral); and tapetum
(bilateral). Clusters of significantly lower fractional anisotropy in the AUD patients compared to healthy
controls at the second time point included the following regions: cerebellar peduncle (middle; bilateral
inferior and superior); corpus callosum (genu, body, splenium); fornix (column and body of fornix);
corticospinal tract (right); cerebral peduncle (bilateral); anterior limb of internal capsule (bilateral);
posterior limb of internal capsule (bilateral); retrolenticular part of internal capsule (bilateral); anterior
corona radiata (bilateral); superior corona radiata (bilateral); posterior corona radiata (bilateral); posterior
thalamic radiation (include optic radiation; bilateral); sagittal stratum (include inferior longitudinal
fasciculus and inferior fronto-occipital fasciculus; bilateral); external capsule (bilateral); cingulum
(bilateral); fornix / stria terminalis (bilateral); superior longitudinal fasciculus (bilateral); superior fronto-
occipital fasciculus (right); uncinate fasciculus (bilateral); and tapetum (bilateral). Therefore, at the
second time point, differences in lower fractional anisotropy in the pontine crossing tract, left
corticospinal tract, and left hippocampal portion of cingulum were no longer significant, while cerebellar
peduncle and superior cerebellar peduncle showed bilaterally significant changes in the fractional

anisotropy.

Clusters of significantly higher mean diffusivity in the AUD patients compared to healthy controls at the
first time point included the following regions: corpus callosum (genu, body, splenium); fornix (column

and body of fornix); anterior limb of internal capsule (bilateral); posterior limb of internal capsule
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(bilateral); retrolenticular part of internal capsule (left); anterior corona radiata (bilateral); superior corona
radiata (bilateral); posterior corona radiata (left); posterior thalamic radiation (including optic radiation;
left); sagittal stratum (including inferior longitudinal fasciculus and inferior fronto-occipital fasciculus;
left); external capsule (bilateral); cingulum (left); fornix / stria terminalis (bilateral); superior longitudinal
fasciculus (bilateral); uncinate fasciculus (left); and tapetum (left). Clusters of significantly higher mean
diffusivity in the AUD patients compared to healthy controls at the second time point included the
following regions: corpus callosum (genu, body, splenium); fornix (column and body of fornix); anterior
limb of internal capsule (bilateral); posterior limb of internal capsule (bilateral); retrolenticular part of
internal capsule (left); anterior corona radiata (bilateral); superior corona radiata (bilateral); posterior
corona radiata (left); posterior thalamic radiation (including optic radiation; left); external capsule
(bilateral); cingulum (left); fornix / stria terminalis (right); superior longitudinal fasciculus (bilateral);
superior fronto-occipital fasciculus (right); uncinate fasciculus (bilateral); and tapetum (left). Therefore, at
the second time point, abnormally high mean diffusivity differences in the left sagittal striatum were no
longer significant in the AUD group. On the other hand, abnormally high mean diffusivity in the left

fornix, superior fronto-occipital fasciculus, and right uncinate fasciculus reached significance.

Clusters of significantly higher radial diffusivity in the AUD patients compared to healthy controls at the
first time point included the following regions: corpus callosum (genu, body, splenium); fornix (column
and body of fornix); cerebral peduncle (bilateral); anterior limb of internal capsule (bilateral); posterior
limb of internal capsule (left); retrolenticular part of internal capsule (left); anterior corona radiata
(bilateral); superior corona radiata (bilateral); posterior corona radiata (bilateral); posterior thalamic
radiation (including optic radiation, bilateral); sagittal stratum (including inferior longitudinal fasciculus
and inferior fronto-occipital fasciculus, left); external capsule (bilateral); cingulum (left cingulate gyrus
and hippocampus); fornix / stria terminalis (bilateral); superior longitudinal fasciculus (bilateral); superior
fronto-occipital fasciculus (right); uncinate fasciculus (left); and tapetum (bilateral). Clusters of

significantly higher radial diffusivity in the AUD patients compared to healthy controls at the second time
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point included the following regions: corpus callosum (genu, body, splenium); fornix (column and body
of fornix); anterior limb of internal capsule (bilateral); posterior limb of internal capsule (bilateral);
retrolenticular part of internal capsule (bilateral); anterior corona radiata (bilateral); superior corona
radiata (bilateral); posterior corona radiata (bilateral); posterior thalamic radiation (including optic
radiation; bilateral); sagittal stratum (including inferior longitudinal fasciculus and inferior fronto-
occipital fasciculus, bilateral); external capsule (bilateral); cingulum (left cingulate gyrus and
hippocampus); fornix / stria terminalis (bilateral); superior longitudinal fasciculus (bilateral); superior
fronto-occipital fasciculus (right); uncinate fasciculus (bilateral); and tapetum (bilateral). Therefore, the
interscan differences during the first month of sustained abstinence included, lack of significance in
abnormally high radial diffusivity of the cerebral peduncle, while posterior limb of internal capsule,
retrolenticular part of internal capsule, sagittal striatum, and uncinate fasciculus all showed significant

changes across both hemisphere and not just the left hemisphere, as observed in the first set of scans.
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Figure 4.1: Longitudinal Changes in Axial Diffusivity (AD) during AUD Recovery

AUDvsCTL1
,,'p"_‘ﬁ._

Figure 4.1depicts t-map skeleton projections (blue decrease, red increase) overlayed with filled-in significant p-maps
(bright blue indicating significantly lower AD; FWE corrected for multiple comparison) of the longitudinal changes in
AD in recovering AUD patients. Top row indicates abnormally low AD at approximately 18 days of abstinence.
Middle row depicts persistent abnormally low AD at approximately 35 days of abstinence. Bottom row indicates lack
of significant longitudinal interscan changes in the AUD group. Images are projected on HCP1065 template in MNI
space. (AD = axial diffusivity; AUD = alcohol use disorder group; CTL = healthy control group)
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Figure 4.2: Longitudinal Changes in Fractional Anisotropy (FA) during AUD Recovery

AUDvsCTL1

AUDvs CTL 2

AUD2vsAUD1

Figure 4.2 depicts t-map skeleton projections (blue decrease, red increase) overlayed with filled-in significant p-maps
(bright blue indicating significantly lower FA; FWE corrected for multiple comparison) of the longitudinal changes in
FA in recovering AUD patients. Top row indicates abnormally low FA at approximately 18 days of abstinence. Middle
row depicts persistent abnormally low FA at approximately 35 days of abstinence. Bottom row indicates lack of
significant longitudinal interscan changes in the AUD group. Images are projected on HCP1065 template in MNI
space. (FA = fractional anisotropy; AUD = alcohol use disorder group; CTL = healthy control group)
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Figure 4.3: Longitudinal Changes in Mean Diffusivity (MD) during AUD Recovery

AUDvsCTL1

Figure 4.3 depicts t-map skeleton projections (blue decrease, red increase) overlayed with filled-in significant p-maps
(bright red indicating significantly higher MD; FWE corrected for multiple comparison) of the longitudinal changes in
MD in recovering AUD patients. Top row indicates abnormally high MD at approximately 18 days of abstinence.
Middle row depicts persistent abnormally high MD at approximately 35 days of abstinence. Bottom row indicates lack
of significant longitudinal interscan changes in the AUD group. Images are projected on HCP1065 template in MNI
space. (MD = mean diffusivity; AUD = alcohol use disorder group; CTL = healthy control group)
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Figure 4.4: Longitudinal Changes in Radial Diffusivity (RD) during AUD Recovery
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AUDvs CTL 2

Figure 4.4 depicts t-map skeleton projections (blue decrease, red increase) overlayed with filled-in significant p-maps
(bright red indicating significantly higher RD; FWE corrected for multiple comparison) of the longitudinal changes in
RD in recovering AUD patients. Top row indicates abnormally high RD at approximately 18 days of abstinence.
Middle row depicts persistent abnormally high RD at approximately 35 days of abstinence. Bottom row indicates lack
of significant longitudinal interscan changes in the AUD group. Images are projected on HCP1065 template in MNI
space. (RD = radial diffusivity; AUD = alcohol use disorder group; CTL = healthy control group)
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Table 4.2: Summary of DTI Scalar Longitudinal Values from Significant Regions

AUD1 AUD 2 CTL
X SEM X SEM X SEM
AD 1.06E-03 6.57E-06 1.07E-03 4.31E-06 1.11E-03 4.31E-06
FA 4.19E-01 2.66E-03 4.22E-01 2.50E-03 4.47E-01 2.56E-03
MD 7.99E-04 4.61E-06 7.90E-04 4.31E-06 7.57E-04 3.86E-06
RD 5.77E-04 4.28E-06 5.70E-04 4.00E-06 5.37E-04 3.79E-06

SEM = standard error of mean

Table 4.3: Longitudinal and Group Differences in DTI Scalars in Significant Regions

AUD vs CTL 1 AUD vs CTL 2 AUD 2 vs AUD 1
A% t-value sig. A% t-value sig. A% t-value sig.
AD -4.81 -7.06 ok -3.75 -5.77 otk 1.12 1.33 not sig
FA -6.20 -7.43 ok -5.71 -7.01 oAk 0.52 0.60 not sig
MD 5.60 7.10 ok 4.41 5.77 otk -1.13 -1.43 not sig
RD 7.37 6.93 ok 6.09 5.89 otk -1.20 -1.18 not sig

*p<0.05, ** p<0.01, *** p<0.001 Bonferroni-corrected
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Table 4.4: MNI Coordinates of Significant Clusters from 1st and 2nd Group Comparisons

Comparison Voxels N{$§1)X N{ﬁlﬁl)Y N([gi)l C(glﬁ)x C(glﬁ)Y C(gg)z
AD 1 20282 -4 -29 -25 14 -29.2 9.16
853 26 -51 -37 19.8 -59.5 -32.7
664 -14 -86 -3 -22.8 -83.5 1.35
577 -13 -81 20 -15.6 -81.5 22.8
454 -19 -59 -32 -18.6 -55.9 -34.3
326 -19 34 26 -18.3 32.1 25.7
221 18 27 37 18.7 25.2 35.8
96 -18 -6 42 -18.2 -5.6 42.8
21 -19 -70 38 -19.1 -69.2 37.1
9 -24 -2 -12 -24.8 -2.56 -11.1
4 =27 -82 -8 -26.5 -81.5 -8
4 -26 -65 27 -25.3 -64.3 27.7
2 -27 -2 -12 -27.5 -2 -12
2 -32 -66 3 -32 -66 3.5
AD?2 22876 -6 -26 -30 3.54 -37.7 4.01
100 -24 -47 -36 -22.8 -52.7 -35
82 21 -51 23 23.9 -51.8 21.7
37 52 -29 -12 51.5 -29.7 -11.6
FA'1 61577 -34 -1 -36 -2.09 -14.7 14.8
2261 23 -60 21 -2.59 -57.6 -25.1
FA 2 66552 -32 2 -38 0.617 -16.3 15.4
2906 19 -64 -23 7.69 -58.7 -28.7
793 -29 -45 -29 -19.3 -51.2 -22.9
66 -31 -40 49 -31.8 -41.7 49.2
31 -39 32 6 -37.8 32.6 7.19
MD 1 19558 -20 -50 9 -6.69 -11 23.1
6570 -24 21 -6 -30.2 4.77 -6.31
1153 3 1 4 -1.82 -16.3 8.99
4 -23 -68 0 -23.7 -68 0.25
MD 2 25905 -31 -44 35 -9.02 -3.08 20.1
364 -2 -14 18 -1.69 -13.2 13.7
105 20 -35 8 134 -30 11.6
17 -21 -36 6 -19.4 -36.4 6.94
RD 1 45918 14 33 1 -9.45 -9.84 16.9
162 22 -49 19 23.5 -50.6 19.3
81 -13 -14 -14 -13 -13.4 -12.5
63 32 -49 16 323 -48.8 17.6
6 34 -46 12 34 -45.2 12.2
RD 2 49207 33 7 2 -2.04 -12.2 18.1
598 -2 -15 16 1.06 -18.7 13

COG = centre of gravity
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3.3 Correlation between White Matter Microstructural Properties and Clinical
Severity

All of the tested clinical severity scales — Alcohol Use Disorders Identification Test (AUDIT), Alcohol
Dependence Scale (ADS), Obsessive Compulsive Drinking Scale (OCDS) and its obsessive (ODS) and
compulsive (CDS) subscales, as well as average ethanol consumption before detoxification showed
positive correlation with increasing MD and RD values and negative correlation with decreasing AD and
FA values in a post-hoc analysis. FA and RD showed significant correlation with all clinical severity
scales, whole AD only with AUDIT and CDS and MD with all but CDS. The correlation values are

summarized in Table 4.5.

Table 4.5: Pearson Correlations of Clinical Severity to DTI Scalar

AUDIT ADS OCDS ODS CDS # Drinks
AD -0.28 #*x -0.05 -0.15 -0.07 -0.20 ** -0.10
FA -0.39 -0.27 -0.35 #x -0.32 ok -0.35 #x -0.30
MD (0.39 *#* 0.34 #xx* 0.18 * 0.23 ok 0.13 0.27 ***
RD 0.41 *** 0.49 #xx* 0.43 *** 0.43 #xx 0.39 *** 0.45 #xx

*p<0.05, ** p<0.01, *** p<0.001 Bonferroni-corrected

4 Discussion

The objective of this study was to compare longitudinal changes in DTI scalars in white matter of
recovering AUD patients between 18 and 35 days of sustained abstinence. Our study has revealed
anatomically wide-spread significant changes across both time points in the recovering AUD patients,
compared to the matched healthy controls. The most wide-spread deficits were observed in the FA
(Figure 4.2) and RD (Figure 4.4), with still wide-spread but less diffused changes in the AD (Figure 4.1)
and MD (Figure 4.3). On average, the patients have exhibited -6.20% difference in FA at the first time
point and -5.71% difference in FA at the second time point. The interscan change of +0.52% was,

however, not significant. Similarly AUD patients exhibited on average -4.81% difference at the first
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timepoint and only -3.75% difference at the second time point but the interscan change of 1.12% was also
not significant. Unlike FA and AD, the MD and RD have exhibited abnormal increases in their average
values. At the first time point, AUD exhibited +5.60% increase which decreased to +4.41% at the second
time point, for a non-significant interscan change of -1.13%. RD has exhibited +7.37% increase at first
scan, +6.09% at second scan, and a non-significant interscan change of -1.20%. Note, that contrary to our
expectations, the anatomical extent of significantly impaired voxels did not always shrink during the
interscan period. While the extent of the significant voxels for AD and FA shrunk by 2 and 3% between
the first and second time point, for both FA and RD, the number of significantly different voxels has
increased by 10 and 8%. Similarly, the overall average whole-skeleton DTI scalar measurements as well
as average t-values across all voxels have suggested a non-significant negligible deterioration trend
between the two time periods across all white matter DTI scalars. These observations remain to be
explained by future studies. Similar results have been recently reported by De Santis ef al. who have
reported decreasing FA and inrceasing RD trend in recovering AUD patients from 2 to 6 weeks (De
Santis et al., 2019). However, the consistent overlapping voxels of significant clusters across all scalars
in our study as well as between the two time periods for specific scalars support the overall effect of
normalizing microstructural deficits between the two time points, compared to both healthy controls and
within-group interscan differences in the AUD group. Moreover, the magnitude of the DTI scalar deficits
were weakly to moderately correlated with the baseline AUD-related severity scales. FA and RD were
correlated across all of the measures while MD was correlated with all except for the Compulsive
Drinking Subscale (CDS) and AD was significantly correlated only with CDS and the AUDIT scores.
AUDIT scores exhibited the strongest correlation on average across all of the DTI scalars. Although our
study has failed to characterize significant longitudinal changes in the white matter microstructural
properties, as measured by the four analysed DTI scalars, our results are generally in agreement with our

a priori hypotheses.
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To the best of our knowledge in the past twenty years, approximately thirty-five AUD DTI studies have
been published in peer-reviewed English language scientific journals (Alhassoon et al., 2012; De Santis et
al., 2019; Durkee, Sarlls, Hommer, & Momenan, 2013; Fortier et al., 2014; Galandra et al., 2020;
Gazdzinski et al., 2010; G. J. Harris et al., 2008; Konrad et al., 2012; I. C. Liu et al., 2010; McEvoy et al.,
2018; Monnig, Caprihan, et al., 2013; Monnig et al., 2014; Monnig, Tonigan, et al., 2013; Monnig et al.,
2015; Muller-Oehring, Schulte, Fama, Pfefferbaum, & Sullivan, 2009; Pandey et al., 2018; Pfefferbaum,
Adalsteinsson, & Sullivan, 2006a, 2006b; Pfefferbaum, Rosenbloom, Rohlfing, & Sullivan, 2009;
Pfefferbaum, Rosenbloom, Adalsteinsson, & Sullivan, 2007; Pfefferbaum et al., 2014; Pfefferbaum,
Rosenbloom, Fama, Sassoon, & Sullivan, 2010; Pfefferbaum & Sullivan, 2002, 2005; Pfefferbaum et al.,
2000; Pitel, Chanraud, Sullivan, & Pfefferbaum, 2010; Schulte, Muller-Ochring, Sullivan, &
Pfefferbaum, 2012; Schulte, Sullivan, Muller-Oehring, Adalsteinsson, & Pfefferbaum, 2005; Scott F.
Sorg et al., 2015; S. F. Sorg et al., 2012; Trivedi et al., 2013; J. J. Wang et al., 2009; Yeh et al., 2009;
Zorlu et al., 2013; Zorlu et al., 2014; Y. Zou et al., 2017). They have included 10 to 332 AUD individuals
(generally in their forties or fifties on average) and 0 to 88 healthy controls. The duration of abstinence
ranged from acute AUD without detoxification to an average of 5.7 years (which included participants
with up to 28 years of abstinence). Several studies included large percentage participants with past history
or concurrent polysubstance abuse (most frequently cocaine, cannabis, and methamphetamine). The data
was acquired on MRI with 1.5T to 4.0T with 6 to 203 different diffusion-weighted gradients. Only five of
these studies included a cross sectional, mixed, or longitudinal design, examining different lengths of
abstinence (Alhassoon et al., 2012; De Santis et al., 2019; Gazdzinski et al., 2010; Pfefferbaum et al.,
2014; Y. Zou et al., 2017). Earlier DTI studies have almost exclusively focused on corpus callosum
region-of-interest analyses, while later studies have more commonly deployed TBSS and tract-specific
analyses. Although most studies have generally reported lower FA across AUD samples of both short and
long term abstinence, the other DTI scalars are less frequently reported and vary in direction (with RD
and MD being reported as elevated in AUD compared to controls). The overall reported magnitude of

change has also been largely dependent on the measured region — whether reporting an average of a large
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region (like corpus callosum or centrum ovale) or just the average across a very specific small significant
cluster. Due to frequent disclosure of nuisance-corrected values and figures rather than raw values, the
percentage change across different studies has been challenging to summarize and frequently had to be

extrapolated from graphs.

From shortest to longest baseline abstinence, the following are quantifiable DTI scalar findings available
in the existing literature. At 4.54 days of abstinence, frontal white matter FA was reported to be -3.26%
lower in AUD, with subsequent longitudinal improvement within the AUD group by +1.18% from 4.45 to
34 days of abstinence (Gazdzinski et al., 2010). At 6 days of abstinence, AUD compared to light drinkers
have exhibited mean differences in significant clusters in the right hemisphere for AD +5.66%, FA -
13.46%, MD +12.99%, and RD +16.92% on average while AD +5.98%, FA -11.11%, MD +6.49%, and
RD +13.56% in clusters in the left hemisphere (Yeh et al., 2009). Note the opposite direction of AD
compared to our study. At approximately 1 week of abstinence, De Santis et al. mixed design study
reported in AUD compared to healthy controls AD of -9%, FA of -7%, MD of +6%, and RD difference
of 11% (De Santis et al., 2019). At the subsequent 2-3 week interval and 4-6 week interval, the within
AUD interscan differences revealed continued deterioration of FA by -6% and -7%, slight positive trend
in AD +1% and +1%, and continued deterioration in MD with +4% and +4% and in RD with +8% and
+9%. The pattern of continued longitudinal deterioration is contradictory to our significant findings,
although similar non-significant negligible trends could be observed across the overall averages of entire
skeleton DTI scalar values and t-maps. At 10.24 days of abstinence, significant negative change in FA
was reported in corpus callosum (-12.90%), right cingulum (-13.46%), right external capsule (-9.44%),
and right hippocampus (-17.54%) in a mixed design study (Y. Zou et al., 2017). At second time point of
32.92 days, the same study did not find significant differences in these regions, except for the body of the
corpus callosum with interscan FA improvement of +5.09%, +5.07%, +1.40%, and +9.45% in the
respective regions. This study also indicated +27 to +61% higher MD values at one month of abstinence,

but none of these measures were significant. At approximately 2 weeks of abstinence, longitudinal study
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by Alhassoon et al. has reported AUD-associated changes in corpus callosum FA or -6.92% (genu), -
8.86% (body), and -4.15% (splenium) while increased AD (note the opposite effect to our study)
respectively of +6.16%, +2.93%, and +1.49% as well as higher RD respectively of +13.32%, +14.75%
and +10.24%. After a 372 day interscan interval, the FA and RD values have demonstrated normalization
trend while AD exhibited mixed results. After one year, the FA in AUD was -2.78%, -4.75%, -1.36%
lower than in the healthy controls (corresponding to an interscan AUD improvement of +4.45%, +4.50%,
+2.91%). RD exhibited +4.06%, +9.33%, and +4.97% difference (AUD interscan improvement of -
8.17%, -4.73%, -4.78%). AD was still +4.24%, +2.90% and +2.13% higher in AUD, compared to
controls (interscan AUD difference of -1.81%, -0.03%, and +0.63 (Alhassoon et al., 2012). At 15.56 days
of abstinence, Durkee et al. reported 0 to -25.6% decrease in FA in AUD, however, the AUD group was
also 24% older than the controls (Durkee et al., 2013). At median of 17 days of abstinence, Trivedi et al.
reported decreased FA in the following cluster regions -9.52% in right inferior longitudinal fasciculus, -
5.26% in right anterior thalamic radiation, -4.65% in right arcuate fasciculus, -6.25% in fornix, and -
6.12% in corpus callosum as well as an abnormally increased MD in fornix +12.12% and corpus callosum
+10% (Trivedi et al., 2013). At 17.1 days of abstinence, Zorlu et al. reported -10.53% to -14.29% change
in FA across different clusters while 9.26% to 15.52% increase in RD and -2.24% to -4.00% decrease in
AD in AUD compared to healthy controls (Zorlu et al., 2013). These studies encompassed early average
abstinence before or comparable to our first time point. They indicate that AUD-related microstructural
damage is detectable within the first few days of abstinence (with sample sizes as small as 10 participants
per group) and might experience longitudinal changes during an interscan interval of as little as few
weeks to over a year. Note the inconsistent direction of AUD-related AD change in the literature. The
calculation of AD and RD especially in pathological conditions might be problematic and the validity of
their interpretation in pathological conditions has been questioned in the past (Wheeler-Kingshott &

Cercignani, 2009).
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Only four studies with short-term average abstinence comparable to the second time-point of study have
been reported. These included three above described studies with a second time point (De Santis et al.,
2019; Gazdzinski et al., 2010; Y. Zou et al., 2017) and one cross sectional study. At 34.8 days of
abstinence, Liu ef al. reported lower FA in all measured corpus callosum regions (-3.15% to -10.55%),

but only the -10.55% decrease in the orbitofrontal regions was significant (I. C. Liu et al., 2010).

The remaining studies have analysed clinical samples with an average and median abstinence length of
several months or years. In several instances, the range of abstinence in the AUD cohorts has been
extremely heterogeneous, including patients abstinent for days to decades within the same group. At
91.49 days of abstinence, Pfefferbaum et al. reported decrease in corpus callosum FA (-10.21% genu, -
7.81% body, and -11.31% splenium) and increase in MD (+12.35%, +8.62%, and +10.15% respectively)
(Pfefferbaum et al., 2006a). At 113.9 days of abstinence, AUD participants compared to healthy controls
have exhibited -1.08% to -6.65% decrease in FA +1.28% to +3.24% increase in AD and +6.82% to
+13.92% increase in RD in different transcallosal white matter tracts (Pfefferbaum et al., 2010). At 172
days of abstinence, Pitel et al. demonstrated -8.33% decrease in FA and +10% increase in MD in total
corpus callosum in elderly AUD (genu -11.36% and +10.00%, body -10.87% and +12.90%, and splenium
-71.27% to +10.71%) (Pitel et al., 2010). At 322 median days of abstinence for men and 677 days for
women, Pfefferbaum et al have reported a decrease in FA of -7.40% in genu of corpus callosum, -3.38%
in splenium of corpus callosum, and -6.42% in centrum ovale (Pfefferbaum & Sullivan, 2002;
Pfefferbaum et al., 2000). At 847.9 days of abstinence, Zorlu et al. have reported elevated diffusivity in
significant clusters of +10-18% for RD and +7-10% for AD (Zorlu et al., 2014). Note the opposite effect
in AD, compared to results of our own study. At 2081.9 days of abstinence 2 studies have reported
significantly lower FA values across several small right hemisphere clusters -36.11% to -44.44% while
also reporting significantly lower FA (-6.23% to -1.76% in significant regions), higher MD (+1.74% to
+11.10% in significant regions), AD (+3.04% to +9.31% in significant regions), and RD (+2.22% to

+12.33% in significant regions) in specific white matter tracts (G. J. Harris et al., 2008; Pfefferbaum et
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al., 2009). These long-term abstinent studies document that white matter microstructure might exhibit
abnormal diffusivity patterns even after years of sobriety. The evidence of persistent structural deficits is
discouraging to our study design of only approximately 17 day interscan interval. This is especially
relevant, considering a potential survival bias in cross-sectional studies, especially in long-term abstinent
AUD participants. Greater a priori integrity of white matter has been associated with better remission
outcomes (S. F. Sorg et al., 2012). Given the high relapse rates in AUD (R. H. Moos & Moos, 2006;
Walitzer & Dearing, 2006; Witkiewitz, 2011), there is a potential in cross-sectional studies to over-
estimate the relative amount of structural recovery due to the gradual drop-out of the most a priori
structurally compromised patients who are more likely to fail to maintain long-term abstinence. As a
result, longitudinal AUD studies are very important in more accurately characterizing the structural trends

during the clinical recovery process.

All together, the existing literature has revealed quite consistently lower FA, higher MD, higher RD, and
sometimes higher (5/7 studies) and sometimes lower (2/7 studies) AD in AUD compared to healthy
controls. These patterns of microstructural deficits have been observed in studies reporting on AUD
abstinence of several days as well as multiple years. Overall, there does not appear to be a clear pattern
between the magnitude of reported microstructural DTI scalar deficits and the length of abstinence across
the varied single time-point studies, although this might be in part due to limitations of heterogeneous
abstinence composition of the comparison groups. Significant change in the DTI scalars from weeks to
over a year interscan interval in multiple time-point studies have revealed a generally positive trend of
low to middle single percentage point towards normalization of the microstructural deficits (but with
occasional opposite evidence of continued deterioration during the first few weeks of abstinence). AUD
patients who do not maintain their sobriety do not experience a similar normalization trend (Alhassoon et
al., 2012; Pfefferbaum et al., 2014; S. F. Sorg et al., 2012). Smoking might also negatively interfere with

the white matter microstructural recovery in the abstinent AUD patients (Gazdzinski et al., 2010).
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Although most DTI studies have attributed various biological meaning to the changes in the DTI scalars,
the interpretation of the microstructural differences should be done with great caution, due to the
degenerate nature of the DTI signal, with no particular aspect of tissue microstructure being likely
responsible for the observed change (Jones et al., 2013). Despite of the concerns about over-interpretation
of DTI changes in the clinical literature, DTI can still serve as a proxy for evaluating microstructural
changes in living humans in neurodegenerative disorders with well documented microstructural damage.
Both post-mortem pathological evidence and pre-clinical models of AUD have demonstrated extensive
evidence of white matter damage (for reviews see: (Crews & Nixon, 2009; Harper et al., 2003; Sutherland
et al., 2014b)). The wide-spread alcohol-related overall white matter volume reduction is associated with
specific microstructural changes, including demyelination, microtubule disturbance, axonal subtraction,
cell body volume reduction, dendritic thinning, and regional neuronal loss (Alling & Bostrom, 1980; de la
Monte, 1988; Harper, 1998; Harper et al., 2003; Harper & Kril, 1989, 1991; Harper, Kril, & Daly, 1987;
Jensen & Pakkenberg, 1993; Kashem, Harper, & Matsumoto, 2008; Kril et al., 1997; Lewohl et al., 2000;
Mayfield et al., 2002; Paula-Barbosa & Tavares, 1985; Putzke et al., 1998; Tarnowska-Dziduszko,
Bertrand, & Szpak, 1995; Wiggins et al., 1988). These pathological microstructural changes may decrease
the intracellular and extracellular tract complexity, thus permitting less obstructive water diffusion in the
white matter tissue, which can be quantified using DTI. Abstinence-related microstructural recovery has
been extensively documented in preclinical models of AUD, which exhibit bursts of axonal remodeling
and rapid structural recovery within the first few weeks of sustained abstinence (Crews, 2008). The
preclinical alcohol-related deficits as well as longitudinal changes in white matter microstructure have
been, furthermore, also validated using DTI and show similar patterns of DTI scalar differences to clinical
samples (De Santis et al., 2019; Pfefferbaum, Zahr, Mayer, Rohlfing, & Sullivan, 2015). Magnetic
resonance spectroscopy (MRS) in clinical participants has, furthermore, documented metabolic evidence
suggesting potential neuronal healing and remyelination associated with sustained abstinence (Bendszus

et al., 2001; Durazzo et al., 2006; Ende et al., 2005; Parks et al., 2002; B. C. Schweinsburg et al., 2000).
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As a result, it should be reasonable to infer at least broad microstructural biological interpretation of DTI

structural changes in AUD given this context.

Fractional anisotropy (FA) describes intravoxel directional coherence of water diffusion along the
primary direction of diffusion and is commonly interpreted as a proxy measure of the microstructural
white matter integrity (Le Bihan et al., 2001; Pierpaoli & Basser, 1996). Higher FA is interpreted as
representing greater white matter structural integrity, while lower FA (as reported in our results) can be
associated with degradation of myelin sheaths and axonal membranes, abnormalities in myelination, as
well as reduced density of axons in the measured tissue (Gulani, Webb, Duncan, & Lauterbur, 2001;
Pierpaoli et al., 2001; S. K. Song et al., 2002; Takahashi et al., 2002; Werring et al., 2000). Axial
diffusivity (AD) describes the movement of water parallel to the primary direction of diffusion. Decrease
in AD is interpreted as being associated with axonal injury (Ito, Mori, & Melhem, 2002; Lazar et al.,
2003; S. K. Song et al., 2003; S. K. Song et al., 2002). Mean diffusivity (MD) describes the overall mean
displacement of water molecules in the measured voxel. It is impacted by the cytoarchitectural restrictions
in the voxel and can be impacted by cellular density, integrity of cellular membranes, changes in the
volume of the intracellular, extracellular and interstitial spaces (Gass, Niendorf, & Hirsch, 2001; Neil et
al., 1998; Sotak, 2004). Higher MD could thus represent lower tissue integrity, wider interstitial spaces, or
fluid build-up in the measured tissue. Radial diffusivity (RD) describes the movement of water
perpendicular to the primary direction of diffusion. Increased RD may represent increased interstitial
water movement, potentially reflecting demyelination or dysmyelination (Harsan et al., 2006; S. K. Song

et al., 2003; S. K. Song et al., 2002).

All together, the four DTI scalars can describe diffusion patterns associated with different conditions. For
example, dense axonal packing would result in high FA, unaffected AD, low MD, and low RD; large
axonal diameter and high myelination would result in high FA, high AD, and low RD; axonal

degeneration would result in low FA, low AD, high MD, and high RD; demyelination would result in low
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FA, unaffected AD, high MD, and high RD (Feldman, Yeatman, Lee, Barde, & Gaman-Bean, 2010). The
pattern observed in our study most closely resembles that of axonal degeneration in AUD at both the first
and second time point, with a small improvement trend with sustained abstinence. Since the directionality
of AD has been inconsistent in the literature, it has been the weakest difference in our data, and it has
also been questioned in the past (Wheeler-Kingshott & Cercignani, 2009), the pattern could also resemble
that of demyelination, which is also supported by increased RD. The evidence could also describe both
since the known pathological changes and preclinical evidence associated with AUD support both
possibilities. The DTI signal is only a proxy for changes in water diffusion patterns and thus cannot be
directly linked to a specific pathology without additional evidence. Nonetheless, other AUD DTI studies
have also generally interpreted their findings as being associated with a loss of tissue integrity due to
demyelination or axonal injury (De Santis et al., 2019) with longitudinal recovery during prolonged
abstinence thought to be associated with fibre reorganization, myelin repair, remyelination, or glial cell
proliferation (Alhassoon et al., 2012; Gazdzinski et al., 2010; Pfefferbaum et al., 2014; Sullivan &

Pfefferbaum, 2005; Y. Zou et al., 2017), consistent with our interpretation.

There are several limitations which should be considered when interpreting the findings of our study. DTI
is an indirect proxy for microstructural white matter changes with a degenerate signal which could be
impacted by a variety of changes (Jones et al., 2013) and should be interpreted with caution, especially in
pathological conditions (Wheeler-Kingshott & Cercignani, 2009). DTI scalars used in our study can
provide incorrect description of the white matter structural properties in voxels with multi-directional
crossing or merging fibres (which have been estimated to be present at least to some extent in most white
matter voxels) as well as in voxels impacted by partial volume inhomogeneities (Jones et al., 2013;
Pfefferbaum, Adalsteinsson, & Sullivan, 2003; Pierpaoli et al., 2001). TBSS also has limitations beyond
those of the DTI itself, including the lack of anatomical specificity, since it is based on data-derived
skeleton projections that may not accurately correspond to anatomical tracts. Our study also included

several design-related limitations. Although we have tried to mitigate for site- and scanner-specific
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variability in our statistical model, our data is based on pooled analysis from two different clinical sites in
Canada and Germany. Our data is based only on treatment-seeking male participants with a very
homogeneous AUD clinical sample without polysubstance abuse or other comorbidities who were
recruited from supervised treatment centres. This makes our sample unrepresentative of the general AUD
population or even the typical treatment-seeking patient at the recruitment sites. Furthermore, our study
has collected baseline data at an average of 18 days of abstinence with longitudinal follow up after
additional 17 days of supervised abstinence. Even though our study was conducted within the early
abstinence period which is thought to represent most rapid structural recovery (Crews & Nixon, 2009;
Durazzo et al., 2015), it might have missed the very early changes occurring during the first two to three
weeks of abstinence (for example (Kiihn et al., 2014)) or might have followed-up patients too soon to
allow for sufficiently pronounced structural changes to occur in the brain (progenitor cell generation,
migration, maturation etc. takes multiple weeks in preclinical models) to be detectable using DTI. Our
study also had quite large age heterogeneity with participants ranging from 23 to 64 years old. Although
we have tried to account for the age-related structural changes in our statistical design, the age-related
within group variability in both patients and controls might have precluded us from detecting stronger
effect even in the longitudinal within-subject comparison. Older AUD patients might not experience as
large structural recovery following sustained abstinence and age might also negatively exacerbate the
alcohol-related structural damage (Pfefferbaum et al., 2006a; Pfefferbaum et al., 1992; Pfefferbaum et al.,
2014; Scott F. Sorg et al., 2015; Sullivan et al., 2010; Yeh et al., 2007). Our study relied on self-reported
measures of alcohol severity and history. Although we conducted tests for alcohol and drug use, we did
not collect independent tests or quantitative assays to test liver health, malnutrition, smoking, or other
potential confounding variables which could have impacted structural integrity and recovery in the
participants. Our study also did not include any measures of functional neuro-cognitive performance to

test the association between microstructural changes and functional improvement.
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Future studies should disclose their intentions to analyze clinically-representative samples or
homogeneous AUD samples and interpret their findings in the appropriate context. The existing literature
includes very heterogeneous clinical cohorts with wide-range of abstinence, frequent polysubstance abuse
comorbidities, and cross-sectional designs. In order to better characterize the non-significant but positive
trend observed in our study, future studies should consider conducting longitudinal analyses in more
homogeneous (i.e. age) samples over multiple intervals spanning both very early abstinence (first few
days to weeks) as well as prolonged abstinence and correlating structural differences to functional
improvement. Due to high relapse rates in AUD and the need for restrictive recruitment criteria, future
studies should aspire for multi-site collaborations and data sharing in order to recruit sufficient numbers

of comparable participants to draw more conclusive results.

5 Conclusion

This study has analyzed white matter microstructural changes in recovering AUD patients during the first
month of sustained abstinence. The AUD patients in our homogeneous longitudinal sample have
exhibited wide-spread microstructural white matter deficits at both 18 and 35 days of abstinence, with a
nonsignificant normalization trend. Axial diffusivity (AD) and fractional anisotropy (FA) were
significantly lower while radial diffusivity (RD) and mean diffusivity (MD) were significantly higher at
both time points. Longitudinal changes in the patients were not significant but described a normalizing
trend across all scalars. These changes describe a pattern of (gradually improving) reduced coherence in
directional water diffusion in the white matter tissue due to both reduced diffusion along the primary
direction of diffusion as well as increased interstitial orthogonal diffusion. These microstructural
differences could indirectly represent a pattern of axonal degeneration and/or demyelination, which are
both supported by the preclinical and histological evidence as well as the interpretations of other AUD
DTI results documented in the literature. Clinical severity of AUD has been weakly to moderately

correlated to the magnitude of the microstructural damage. This study alludes to an encouraging trend of
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microstructural brain healing process corresponding to the early stages of clinical AUD recovery and is
only one of very few existing longitudinal studies investigating microstructural changes during AUD
recovery. Future studies with more powerful design will be needed to more conclusively characterize the

process of white matter microstructural recovery in AUD during sustained abstinence.
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Chapter S - Regional Functional Connectivity Changes
during First Month of Recovery from Alcohol Use Disorder

Abstract

Alcohol use disorder (AUD) is associated with widespread structural and functional brain pathology,
which is at least partially reversible during sustained abstinence. Regional functional connectivity
changes during the early recovery period of the first few weeks have not been previously explored. Our
study has compared longitudinal changes in amplitude low frequency fluctuations (ALFF), regional
homogeneity (ReHo), and degree of centrality (DC) in 41 recently detoxified adult male alcohol
dependent patients from 19 to 36 days of abstinence, compared to 50 healthy non-alcohol abusing
matched controls. Our analysis has revealed significantly decreased regional functional connectivity in
basal ganglia across all measures and persistent at both time points, as well as increased regional
functional connectivity in the frontal cortex in the AUD patients compared to the healthy controls.
Longitudinal interscan differences within the AUD cohort were not statistically significant, except for a
small DC cluster, which exhibited continued longitudinal deterioration. Magnitude of most of the
functional changes in the AUD group was weakly to moderately correlated to AUD severity scales. In the
context of the existing literature, these findings should be interpreted with caution, potentially providing
additional evidence of over-compensatory adaptation in the abstinent AUD patients of decreased reward
and increased executive control functional connectivity to help sustain their remission. This was the first
longitudinal study to explore regional functional connectivity changes in AUD recovery; the regional
functional connectivity study with the largest sample size; and also the first regional functional

connectivity study based on a North American and/or European clinical cohort.

Key terms

alcohol use disorder; abstinence; resting state; regional homogeneity; functional magnetic resonance

imaging
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1. Introduction

Alcohol is one of the most commonly abused and yet one of the most harmful psychoactive substances in
the world (Nutt et al., 2010). Excessive chronic alcohol abuse can lead to alcohol use disorder (previously
also referred to as alcoholism, alcohol dependence, alcohol addiction, or harmful use of alcohol). Alcohol
use disorder (AUD) is a psychiatric disorder characterized by uncontrolled recurrent alcohol abuse despite
its significant interference in the individual’s mental wellbeing, physical health, and ability to function in
their daily lives (American Psychiatric Association & American Psychiatric Association, 2013). The
prevalence of alcohol use disorder (AUD) is estimated at 5.1% (2.6% dependence) worldwide in the
general population over the age of fifteen (World Health Organization, 2018). Harmful use of alcohol is a
leading preventable cause of death (5.9%) and disability (5.1% of global burden of disease) worldwide
(World Health Organization, 2018). Even though AUD is a significant, widespread, and costly health
problem which has a long pervasive history and well-recognized clinical symptoms, neither the exact
mechanism of action of alcohol on the brain nor the mechanism of recovery during prolonged abstinence
are fully understood (R. A. Harris et al., 2008; Sutherland et al., 2014b; N. D. Volkow et al., 2017; Zahr

& Pfefferbaum, 2017).

Pathological and neuroimaging studies have revealed extensive structural brain damage associated with
chronic alcohol abuse (for reviews see (Biihler & Mann, 2011; Fritz et al., 2019; Harper et al., 2003; M.
Rosenbloom et al., 2003)). The damage includes gross anatomical structural atrophy as well as region-
specific microstructural damage and significant loss in glial cells and neurons. Cross-sectional and
longitudinal clinical studies as well as preclinical models have revealed that at least part of this damage is
reversible with sustained abstinence (for reviews see (Crews & Nixon, 2009; Fein & Cardenas, 2015;
Sullivan & Pfefferbaum, 2005)). The mechanism and precise timeline of structural recovery is not fully
understood, but is thought to occur non-linearly, with most rapid recovery during the first few weeks of

remission (Durazzo et al., 2015; Gazdzinski et al., 2005; Pfefferbaum et al., 1995; Y. Zou et al., 2017). In
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fact, structural recovery might occur up to six times faster (and up to 50% of the total recovery) during the
first 3 weeks than during the subsequent year (Charlet et al., 2018; Gazdzinski et al., 2005). The first
month of sustained abstinence is, therefore, an especially relevant period to study brain changes
associated with AUD recovery. The structural brain changes underlie functional changes which are
interlinked with cognitive processing and behavioural changes necessary for a successful addiction

remission process.

AUD is also associated with extensive functional deficits. Cognitive, emotional, and behavioural deficits
have been all described in AUD (for reviews see (Bernardin, Maheut-Bosser, & Paille, 2014; Le Berre,
Fama, & Sullivan, 2017; Oscar-Berman & Marinkovi¢, 2007)). Two recent meta-analyses have revealed
that cognitive deficits in AUD include significantly poorer performance in speed of processing, executive
function, impulsivity, working memory, verbal fluency, verbal learning, and other aspects of learning and
memory (Crowe et al., 2019; Stavro et al., 2013). These deficits appear to be at least partially reversible
but much of the global functional dysfunction might persist up to the first year of abstinence (Crowe et
al., 2019; Stavro et al., 2013). Cognitive improvements can be observed within as early as the first few
weeks of abstinence (Mann, Giinther, Stetter, & Ackermann, 1999; Oscar-Berman & Marinkovi¢, 2007;
Petit et al., 2017). Nonetheless, some functional deficits, such as in visuospatial processing or long-term
memory, might persist even after several years of sustained sobriety (Brandt, Butters, Ryan, & Bayog,
1983; Fein et al., 2006). The association between structural and functional brain changes and cognitive
improvements in recovering AUD have been substantiated by multimodal neuroimaging studies with
tissue volume recovery, microstructural integrity, as well as changes in chemical metabolites all being
associated with functional improvement (for example see (Alhassoon et al., 2012; Bartsch et al., 2007;
Bendszus et al., 2001; Mon et al., 2013; Muuronen et al., 1989; M. J. Rosenbloom et al., 2007; Sullivan,

Rosenbloom, Lim, et al., 2000; Yeh et al., 2007)).
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Functional neuroimaging and electrophysiological studies have, moreover, revealed that AUD patients
exhibit a potentially disorganized inefficient pattern of brain activation with additional recruitment of
sometimes far-reaching anatomical regions, in order to compensate for AUD-related impairment
(Chanraud & Sullivan, 2014; Sullivan & Pfefferbaum, 2005). For example, AUD patients performing a
simple finger-tapping task have exhibited slower performance and yet did not exhibit a proportionate
decrease in fronto-cerebellar activation but instead recruited additional cortical regions when completing
the task (Parks et al., 2010). Other studies have also revealed that AUD patients recruit additional cortical,
subcortical, and cerebellar regions when performing tasks at both worse as well as comparable levels to
healthy controls (Chanraud-Guillermo et al., 2009; Gilman & Hommer, 2008; Marinkovic et al., 2009).
There is also a growing body of evidence suggesting altered functional connectivity associated with AUD
observed at a resting state. Camchong et al. have documented what are thought to be adaptive
compensatory mechanisms in medium (about 73 days) and long-term (about 2,889 days) abstinent AUD,
whereby they appear to exhibit decreased bottom-up reward and greater top-down executive control
functional connectivity, potentially compensating for the pathologically reinforced connection developed
before remission from the alcohol addiction (for review see (Fein & Cardenas, 2015)). Other studies have
reported abnormal patterns of functional connectivity within and between functional networks (Chanraud,
Pitel, Pfefferbaum, & Sullivan, 2011; Miiller-Oehring, Jung, Pfefferbaum, Sullivan, & Schulte, 2015).
The changes in functional connectivity with sustained abstinence, especially at the regional level remain

not fully understood.

To the best of our knowledge, there are only 5 AUD studies which have examined regional changes in
functional connectivity (H. Kim et al., 2015; R. Liu et al., 2018; X. Luo et al., 2017; Tu, Wang, Liu, &
Zheng, 2018; Weng, Chou, Huang, Tyan, & Ho, 2018) in AUD and one which has examined the effect of
acute ethanol intoxication in healthy controls (Zheng, Kong, Chen, Zhang, & Zheng, 2015). None of the
existing studies have quantified the length of abstinence of their clinical cohort (only Kim et al. disclosed

at least 2 weeks of abstinence as an inclusion criterion). To the best of our knowledge, there are no
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published cross-sectional or longitudinal studies which would explore abstinence-related changes in
regional functional connectivity in AUD. There are also no clinical studies from North American or

European clinical context.

Our study aimed to address this gap in the literature. We have implemented longitudinal analysis of
regional functional connectivity changes in AUD patients during approximately the first month of
sustained abstinence compared to matched healthy controls. This study has examined resting state
regional functional connectivity changes using indices approximating functional connectivity from the
voxel-specific fluctuations to local neighbouring clusters to whole-brain functional connectome in resting
state functional magnetic resonance imaging (fMRI) to try to better characterize the pattern of regional

functional connectivity and its changes with successful AUD remission.

Functional magnetic resonance imaging (fMRI) is a non-invasive neuroimaging technique which can
indirectly approximate changes in the brain activation by measuring changes in magnetic susceptibility
contrast due to different properties in oxygenated (diamagnetic) and de-oxygenated (paramagnetic)
hemoglobin in response to an increased metabolic load of activated brain tissue (for an overview see
(Glover, 2011)). This blood-oxygen-level-dependent (BOLD) signal has been demonstrated to be linearly
correlated to simultaneous electrophysiological recordings and thus directly reflects neural activation due
to a stimulus (for review see (Logothetis, 2003)). These activation changes occur both due to a specific
task-based activation but also due to spontaneous low-frequency (< 0.1Hz) fluctuations in a resting state.
Resting state BOLD fluctuations originate (at least partially) due to spontaneous neuronal activity in
highly correlated anatomically and functionally linked brain regions, reflecting ongoing functional
connectivity at rest (for an overview see (van den Heuvel & Hulshoff Pol, 2010)). Analyzing these
spontaneous resting state BOLD fluctuations can, thus, be a robust measure to evaluate functional

connectivity between local as well as distant brain regions across the entire brain.
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To examine regional functional connectivity changes, several voxel-specific indices are commonly
computed, including amplitude low frequency fluctuations (ALFF), regional homogeneity (ReHo), and
degree of centrality (DC). ALFF is the most regionally specific measure which quantifies the total power
of low frequency oscillation of the BOLD signal within a specific voxel (Y. F. Zang et al., 2007). ReHo
measures the BOLD signal synchronization across neighbouring voxels surrounding the specific voxel
(Y. Zang, Jiang, Lu, He, & Tian, 2004). DC measures local network connectivity across the entire
functional connectome by counting the number of direct connections between all nodes, thus reflecting
both local as well as long-distance whole brain functional connectivity (Buckner et al., 2009). Together,
these three measures should help us explore both local as well as whole-brain functional connectivity and
thus characterize any AUD-related regional functional connectivity changes and their longitudinal

progression.

Our a priori hypotheses were 1) AUD patients will on average exhibit more diffuse patterns of
significantly increased and decreased regional functional connectivity compared to the healthy controls
(less efficient organization); 2) abnormal regional functionality connectivity pattern will be associated
with abnormal whole-brain functional connectivity (links to compensatory recruitment); 3) longitudinal
differences will result in a normalizing trend (functional recovery); and 4) greater magnitude of regional
functional connectivity deficits will be correlated to AUD severity measures. This was the first

longitudinal study to characterize longitudinal changes during early recovery from AUD.

2. Materials and Methods

2.1 Subjects

The analysis is based on longitudinal data from 41 recently detoxified adult male alcohol dependent

patients (DSM-IV-TR criteria)(American Psychiatric Association, 2000) and matched 50 healthy non-
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alcohol abusing men. The demographic and clinical overview of the 91 participants is summarized in

Table 5.1.

The analysed sample encompasses all of the usable neuroimaging data drawn from a larger dataset
consisting of 59 recently detoxified male alcohol dependent patients and 54 matched healthy controls.
Unfortunately, 18 patients and 4 controls had to be excluded from the analysis. 4 of the excluded patients
and controls had severe imaging artifacts in the first set of scans and 14 of the excluded patients did not
have an acceptable second scan (2 had severe second scan artifacts, 2 were too anxious/claustrophobic to
undergo or complete the second scanning sequence in its entirety, 5 patients suffered a confirmed relapse,
1 patient died, 1 could not attend the scanning session due to adverse winter weather, 2 confirmed to be
unavailable due to out-of-town work by relatives, and the remainder were lost to follow-up and could not
be reached or refused to confirm abstinence and participate in the second scanning session). There were
no statistically significant differences between the dropped-out participants and the participants included

in our longitudinal analysis (also see Figure 5.1).

The alcohol dependent participants were recruited from a pool of patients referred to supervised
residential treatment programs in Edmonton, Canada and Mannheim, Germany as part of the
TRANSALC research project. DSM-IV-TR diagnostic interviews were carried out by a psychiatrist, using
the Structured Clinical Interview for the DSM-IV-TR (SCID-I) (First et al., 2002). All of the patients
were consistent, steady, heavy drinkers. All of the analyzed patients met the highest Zone IV cut-off score
on the Alcohol Use Disorders Identification Test (AUDIT) with an average score of 28 out of 40
(Saunders et al.,, 1993). The AUD patients exhibited on average an intermediate level of alcohol
dependence (second quartile) according to the Alcohol Dependence Scale (ADS) with the average score
of 16 out of 47 (Skinner & Allen, 1982). The patients did not abuse non-beverage ethanol or other
substances except nicotine. The patients were recruited within the first two weeks of abstinence and

underwent longitudinal scanning sessions at two time points: first after approximately two weeks of
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abstinence (18.63 days on average) and second after approximately one month of abstinence (35.76 days
on average). Abstinence was verified at each scanning session in all participants by an alcohol
breathalyser (BACtrack S50 Personal Breathalyzer, Portable Breath Alcohol Tester) and a urine drug

screen (nal von minden GmbH Drug-Screen® Diptest, Version 1.0).

Controls were recruited concurrently to match the patients' general demographic profile (including sex,
age, handedness, general occupation/education background). The controls had no history of alcohol or
drug addiction and consumed alcohol below the Canada's Low-Risk Alcohol Drinking Guidelines (Butt,
2011). Participants in both arms were excluded if they had any history of serious medical (including
psychiatric or neurological) complications, brain injury, use of psychotropic medications (other than
during the detoxification process), or did not meet magnetic resonance safety criteria for our imaging
facilities. The study was approved by the University of Alberta Health Research Ethics Board (study ID:

Pro00019424).

Table 5.1: Summary of Key Demographic and Clinical Variables

AUD Patients (n=41) Controls (n=50)
Mean SEM Mean SEM % A t-value sig.
Age 45.09 1.46 42.17 1.40 7 1.40 not sig
Ethanol (grams/day) 252.78 19.90 5.47 0.55 4,521 13.58 oAk
AUDIT 27.62 0.65 2.69 0.21 927 39.79 otk
ADS 16.49 0.90 1.73 0.22 853 17.15 HHE
OCDS 18.24 0.88 1.26 0.12 1,348 20.23 HEE
ODS 6.46 0.50 0.09 0.04 7,078 13.36 HEE
CDS 11.78 0.46 1.17 0.11 907 23.72 *EE
Abstinence 1 (days) 18.63 0.82 N/A
Abstinence 2 35.76 0.80 N/A

*p<0.05, ** p<0.01, *** p<0.001 Bonferroni-corrected; SEM = standard error of mean

2.2 MRI Acquisition

The neuroimaging data was acquired at two clinical sites. Canadian data was acquired using a 4.7 Tesla

Varian Inova whole-body MRI scanner, located at the University of Alberta, Edmonton. German data was
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acquired using a 3 Tesla Siemens MAGNETOM TRIO whole-body MRI scanner, located at the Central
Institute of Mental Health, Mannheim. The scanning protocol included anatomic imaging using T1-
weighted magnetization-prepared rapid acquisition echo (MPRAGE) as well as resting state functional
MRI (rs-fMRI) using single-shot, T2*-weighted echo planar imaging (EPI). During rs-fMRI participants

were asked to remain still, close their eyes, not fall asleep, and not to think of anything in particular.

Edmonton MPRAGE acquisition parameters were TR 1,505.9 ms, inversion time 300.0 ms, relaxation
delay time (after readout prior to inversion) 300.0 ms, linear phase encoding, TE 3.71 ms, matrix
240x192x128, field of view 240x192x192 mm’, 1.0x1.0x1.5 mm’ voxels, whole brain coverage.
Mannheim MPRAGE acquisition parameters were TR 2,300 ms, inversion time 900 ms, TE 3.03 ms,

matrix 256x256x192 with identical field of view, 1.0x1.0x1.0 mm® voxels, with whole brain coverage.

Edmonton rs-fMRI EPI scans had acquisition parameters of TR 1500 ms, TE 19 ms, matrix 72x68%36,
field of view 216x204x126 mm3, 3x3x3.5 mm3 voxels, whole brain coverage, and with 320 volumes.
Mannheim rs-fMRI EPI scans had acquisition parameters of TR 1500 ms, TE 28 ms, matrix 64x64x30,

field of view 192x192x120 mm3, 3x3x4 mm3 voxels, whole brain coverage, and with 240 volumes.

All of the scans were visually reviewed by two independent neuroimaging experts for gross
abnormalities. None of the subjects exhibited any clinically significant structural abnormalities other than
what may be expected from normal aging or prolonged alcohol abuse. Only subjects without severe

motion and other noise artifacts in both the first and second fMRI scan were included in the final analysis.

The raw data was also anonymized before any pre-processing and the researchers were blinded to the

subject or group label key until the final statistical analysis.
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2.3 Neuroimaging Data Preprocessing

The fMRI data was preprocessed using the Data Processing Assistant for Resting-State fMRI Advanced
Edition (DPARSFA; version 4.1 160415; http://rfmri.org/DPARSF) (Chao-Gan & Yu-Feng, 2010).
Preprocessing steps included: removal of first 10 time points to allow for signal stabilization; slice timing
correction; head motion realignment; brain extraction (using BET) (Smith, 2002); nuisance covariate
regression (using 2 polynomial trend with Friston 24 head motion parameters as well as white matter and
cerebral-spinal fluid regressors based on CompCorr with 6 principal components) (Behzadi, Restom,
Liau, & Liu, 2007; Friston, Williams, Howard, Frackowiak, & Turner, 1996); normalization to Montreal
Neurological Institute (MNI) space using the default EPI template in a 3x3x3 mm’ isotropic space;
smoothing using a 9 mm isotropic Gaussian kernel (FWHM); and temporal filtering in 0.01 to 0.1 Hz
band. The preprocessed data was also masked using a common dataset mask, which included brain voxels
common to all scans and was created using FSL (Jenkinson et al., 2012). The order of the preprocessing
steps varied based on the type of analysis according to the appropriate reference (for example, Regional
Homogeneity and Degree of Centrality measures were calculated on unsmoothed data and the resultant
normalized statistical maps were smoothed before group analysis in order to avoid overestimating the

voxel-specific measures). Quality assurance steps were undertaken after each preprocessing step.

The preprocessed data was split into equal halves before any subject or group level analysis. The first half
was used to calculate regional changes in functional connectivity (see section 2.4). The second half of the
preprocessed data was saved for subsequent region of interest (ROI) analysis, which explored long
distance whole-brain functional connectivity of the significant clusters, identified by the regional analysis

(see section 2.5). This was done to mitigate double-dipping circular analysis error.
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2.4 Regional Functional Connectivity Analysis

We have used DPARFSA to calculate three different measures of regional functional connectivity
changes: Amplitude of Low Frequency Fluctuations (ALFF), Regional Homogeneity (ReHo), and

weighted Degree of Centrality (DC).

ALFF quantifies the total power of low frequency oscillations in the resting state blood-oxygen-level
dependent (BOLD) signal in the 0.01 to 0.1 Hz frequency range in the fully preprocessed data (Y. F. Zang
et al., 2007). The z-scores of the sum of the amplitudes across the frequency range calculated using

DPARFSA were then used for group comparison.

ReHo measures the similarity of signal synchronization across neighbouring voxels by calculating
Kendall’s coefficient of concordance for each voxel (Y. Zang et al., 2004). The coefficient was calculated
based on the surrounding 27 neighbouring voxels (faces, edges and corners) based on the time-series of
each unsmoothed preprocessed signal. Standardized z-score maps for each subject calculated using

DPARFSA were then smoothed and used for group comparison.

DC measures local network connectivity across the entire functional connectome by counting the number
of direct connections between all nodes (Buckner et al., 2009). The connection strength was based on
weighted correlation values with a default threshold of 0.25 based on un-smoothed preprocessed data.
Standardized z-score maps for each subject calculated using DPARFSA were then smoothed and used for

group comparison.
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2.5 Region of Interest (ROI) Analysis

Significant clusters from statistical group comparison from section 2.4 were masked, binarized, and used
as seeds in region of interest (ROI) analysis. The analysis was conducted on the second half of the fully
preprocessed fMRI data from section 2.3 using FMRIB Software Library version 6.0 (FSL;
https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FSL; (Jenkinson et al., 2012)) and its Dual Regression function
(Christian F Beckmann, Mackay, Filippini, & Smith, 2009). Briefly, a time course from each of the ROI
seed regions was extracted for each subject from the second half of the preprocessed fMRI time-series.
These ROI time courses were then regressed into the same fMRI time-series, resulting in a subject-
specific spatial map for each ROI. These were then used for statistical group comparison. This analysis
evaluated whether regions of abnormal regional functional connectivity were associated also with long-

distance whole-brain functional connectivity differences between the different groups.

2.5 Statistical Analyses

After the quality assurance of the fMRI analyses were complete for each subject, the label key was

returned to the blinded researcher to allow for group comparison and statistical analysis.

The participant profile summary statistics and group comparison were generated using SPSS (version 20)
(IBM Corp, 2011) and MATLAB (version R2018b) (The MathWorks Inc, 2018). The summary statistics
included group mean (X) and standard error of mean (SEM). After verifying validity of the assumptions
(including Levene’s test of homogeneity), two sample t-tests were used to compare group differences (A).
The input data for demographic and clinical summary statistics was not corrected for nuisance variables

(such as age).
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The neuroimaging group comparison analysis was performed using general linear models and voxel-wise
non-parametric permutation tests in FSL (Jenkinson et al., 2012). The linear models included predictors
for group status (dummy variables for first and second scans for patients and controls) as well z-
normalized nuisance variables (scanning site, age, and length of abstinence at first scan). The contrasts
compared first time point group differences, second time point group differences, as well as interscan
longitudinal differences in the AUD group. For completeness, a separate due diligence analysis was also
performed on the usable first-time point neuroimaging data of all of the excluded patients who have
dropped out compared to the patients who have remained in the study. The group differences were tested
using 10,000 permutations in FSL’s Randomise algorithm with Threshold-Free Cluster Enhancement

(TFCE), using the recommended parameters (Winkler et al., 2014).

An exploratory post-hoc statistical analysis was also conducted to explore correlations between
significant neuroimaging results and clinical severity scales. Significance of the Pearson correlation

coefficients was tested using two-tailed t-tests.

For all analyses, the null hypothesis was rejected and group differences were considered as significant at a
global alpha threshold of 0.05. The p-values were corrected for multiple comparison using Family-Wise
Error (FWE) correction. FWE-correction was estimated either through permutations for neuroimaging

data or using Bonferroni method for summary statistics and post-hoc comparisons (Bonferroni, 1936).

3 Results

3.1 Participant profile

The healthy controls were recruited to match the general demographic profile of the AUD patients. As a

result, the groups were not significantly different in their general demographic profile. The clinical
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measures were 9 to 71 times more severe in the AUD group than in the healthy control, as summarized in

Table 5.1.

3.2 Drop-Out Due Diligence

The due diligence comparison of the excluded dropped-out patients compared to the ones included in the
longitudinal study revealed that neither the demographic, clinical, nor neuroimaging profile of the clinical
subjects was significant. Figure 5.1 illustrates the lack of significant differences in the usable fMRI scans
of the 16 dropped-out excluded AUD patients compared to the 41 remaining included AUD patients. The

overwhelmingly green t-maps indicate non-significant group differences.

3.3 Amplitude Low-Frequency Fluctuations Differences

Amplitude low-frequency fluctuations (ALFF) analysis has revealed a significant subcortical decrease in
recovering AUD patients at 19 days of abstinence compared to controls (as illustrated by bilateral blue
clusters in putamen and pallidum in Figure 5.2). This difference has largely persisted at 36 days of
abstinence with an additional increase in ALFF in the frontal regions (frontal pole, superior frontal gyrus,
inferior frontal gyrus, middle frontal gyrus, cingulate gyrus) and decrease in the thalamus, putamen,
occipital lobe and cerebellum compared to the matched healthy controls (as illustrated in red clusters and
blue clusters in Figure 5.3). These differences, however, did not survive multiple comparison correction
in the interscan longitudinal comparison (even though a positive trend of increasing ALFF can be
observed in yellow shade across the t-maps in Figure 5.4). Summary of the average values and
corresponding changes are summarized in Table 5.2. Summary of the coordinates of the significant

clusters are summarized in Table 5.3.
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The above significant regional changes in the ALFF in the first half of the resting state data were
associated with both increased and decreased whole-brain region-of-interest functional connectivity
changes in the second half of the data. Clusters associated with decreased ALFF in AUD patients at the
first time point (putamen and pallidum) were associated with increased whole-brain functional
connectivity in bilateral thalamus, right hippocampus, cingulate gyrus and decreased in right parietal lobe
(inferior parietal lobule), occipital lobe (middle occipital gyrus), temporal lobe (middle temporal gyrus
and inferior temporal gyrus), putamen, and insula in AUD patients compared to healthy controls (as

illustrated by the red and blue clusters in the bottom row in Figure 5.2).

At second time point, clusters of significant increased ALFF (frontal lobe) were associated with decreased
functional connectivity with clusters in frontal lobe (precentral gyrus, superior frontal gyrus, and middle
frontal gyrus) and parietal lobe (postcentral gyrus, and superior parietal lobule). Clusters of significantly
decreased ALFF (cerebellum, occipital lobe, and putamen/thalamus) were associated with decreased
functional connectivity values in the left cerebellum, occipital lobe, and parietal lobe, primarily within the
significant ALFF cluster. These clusters are depicted in red and blue in the third row of Figure 5.3 (seed

region is in green).

Summary of the average region-of-interest analysis ALFF values and corresponding changes are
summarized in Table 5.4. Summary of the coordinates of the significant clusters are summarized in Table

5.5.

3.4 Regional Homogeneity Differences

Regional homogeneity (ReHo) analysis has revealed similar overall patterns to the ALFF analysis. At the
first time point there was a significant ReHo increase in frontal lobe (superior frontal gyrus, middle

frontal gyrus, frontal pole, supplementary motor cortex) and parietal lobe (precuneus), with negligible
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cluster extending to caudate and thalamus (as indicated in red clusters in the second row of Figure 5.5).
On the other hand, bilateral putamen, thalamus, pallidum, and a small extent of frontal orbital cortex have
exhibited significant decrease in ReHo in AUD patients at first time point (as illustrated by blue clusters
in second row of Figure 5.5). At the second time point, these differences largely persisted, with broader
patterns of increased ReHo and more anatomically diffuse patterns of decreased ReHo (as indicated in red
and blue clusters in the second row of Figure 5.6). AUD patients at the second time point exhibited
increased ReHo in bilateral frontal lobe (anterior superior frontal gyrus, medial frontal gyrus, inferior
frontal gyrus, and frontal pole) and parietal lobe (precuneus) and decreased ReHo in cerebellum, bilateral
putamen, occipital lobe (lingual gyrus, cuneus), and insula, compared to the matched healthy controls.
Even though there was an overall trend of increasing ReHo values with prolonged abstinence, none of
these survived multiple comparison correction in the interscan longitudinal comparison. Yellow colour
across multiple anatomical regions across the t-maps in Figure 5.7 illustrates this trend. Summary of the
average values and corresponding changes are summarized in Table 5.6. Summary of the coordinates of

the significant clusters are summarized in Table 5.7.

Region-of-interest whole-brain analysis of the functional connectivity changes associated with the
significant differences in regional homogeneity has revealed significant changes at first time point, second
time point, but not the within patient interscan comparison. At first time point, the increased ReHo
clusters (green clusters in third row of Figure 5.5) in the first half of the data were associated with
significant increased functional connectivity (red clusters) in the second half of the data with right
putamen and pallidum as well as frontal lobe (superior frontal gyrus) and decreased functional
connectivity (blue clusters) in bilateral parietal lobe (post-central gyrus, inferior parietal lobule) and
frontal lobe (precentral gyrus). The clusters of decreased ReHo at first time point (green clusters in fourth
row of Figure 5.5) were associated with increased functional connectivity with frontal lobe (precentral
gyrus) and cerebellum (anterior lobe culmen) and decreased functional connectivity with left temporal

lobe (middle temporal gyrus). At second time point, the increased ReHo clusters (green clusters in third
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row of Figure 5.6) were associated with significant increased functional connectivity (red clusters) with
left frontal lobe (superior frontal gyrus, middle frontal gyrus), occipital lobe (middle occipital gyrus), and
right caudate and decreased functional connectivity (blue clusters) in frontal lobe (precentral gyrus) and
parietal lobe (post-central gyrus). The clusters of decreased ReHo at second time point (green clusters in
fourth row of Figure 5.6) were associated with increased functional connectivity with bilateral cerebellum
and occipital lobe as well as decreased functional connectivity with right parietal lobe (angular gyrus,
precuneus, inferior parietal lobule). Summary of the average region-of-interest analysis ReHo values and
corresponding changes are summarized in Table 5.8. Summary of the coordinates of the significant

clusters are summarized in Table 5.9.

3.5 Weighted Degree of Centrality Differences

Weighted degree of centrality (DC) analysis has revealed a significant decrease in bilateral frontal lobe
(paracingulate gyrus, cingulate gyrus, and superior frontal gyrus), thalamus, putamen, and pallidum in
recovering AUD patients at 19 days of abstinence compared to controls (as illustrated by blue clusters in
second row of Figure 5.8). Contrary to our expectations, the difference was further exacerbated at the
second time point of 36 days of abstinence. At the second time point, the recovering AUD patients have
demonstrated more wide-spread decrease in DC in thalamus, putamen, caudate, and partially occipital
lobe and parietal lobe as well as an increase in the frontal lobe (superior frontal gyrus, medial frontal
gyrus, and middle frontal gyrus) (as illustrated by blue and red clusters in second row of Figure 5.9).
Although comparing extent of the significant cluster changes in Figure 5.8 and Figure 5.9, suggest
interscan DC differences primarily in the deep brain tissue and frontal gyrus, the within subject interscan
comparison in the recovering AUD patients has only revealed a significant decrease in the left occipital
lobe (lingual gyrus), parietal lobe, cerebellum and part of temporal lobe (as illustrated by blue clusters in
second row of Figure 5.10). Summary of the average values and corresponding changes are summarized

in Table 5.10. Summary of the coordinates of the significant clusters are summarized in Table 5.11.
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Region-of-interest whole-brain analysis of the functional connectivity changes associated with the
significant differences in degree of centrality, have revealed significant changes at first time point, second
time point, as well as within patient interscan comparisons. At the first time point, clusters of significantly
decreased DC (in green at the bottom row of Figure 5.8), were associated with increased functional
connectivity (in red at the bottom row of Figure 5.8) in left cerebellum and parietal lobe (precuneus,
angular gyrus) and decreased functional connectivity (in blue at the bottom row of Figure 5.8) in
primarily right frontal lobe (superior frontal gyrus, supplementary motor cortex, precentral gyrus), insula
and part of temporal lobe (temporal lobe), as well as putamen in AUD, compared to the healthy controls.
At the second time point, significantly increased DC in frontal lobe (in green at third row of Figure 5.9),
were associated with increased functional connectivity (in red at the third row of Figure 5.9) in precuneus
and cingulate gyrus as well as decreased functional connectivity (in blue at the third row of Figure 5.9) in
frontal lobe (superior frontal gyrus, middle frontal gyrus) and parietal lobe (supramarginal frontal gyrus)
in AUD, compared to the healthy controls. Significantly decreased DC (in green at the bottom row of
Figure 5.9), were associated with increased functional connectivity (in red at the bottom row of Figure
5.9) in right occipital lobe (middle occipital gyrus, inferior occipital gyrus, and fusiform) and cerebellum
as well as decreased functional connectivity (in blue at the bottom row of Figure 5.9) in left cerebellum
and temporal lobe (fusiform) in AUD, compared to the healthy controls. Clusters of decreased DC
interscan AUD differences (in green at the bottom row of Figure 5.10) were associated with decreased
functional connectivity (in blue in the bottom row of Figure 5.10) in cerebellum and occipital lobe,
substantially overlapping with the significant cluster and extending to the surrounding tissue. Summary of
the average region-of-interest analysis DC values and corresponding changes are summarized in Table

5.12. Summary of the coordinates of the significant clusters are summarized in Table 5.13.
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3.6 Clinical Severity Correlations

An exploratory post-hoc analysis was conducted on the significantly altered clusters of ALFF, DC, and
ReHo and their correlation to the different clinical severity scales. These changes are summarized in
Table 5.14. As anticipated, most of the clinical severity scales showed a positive correlation with
functional connectivity measures extracted from significant clusters with patient minus control contrast
and vice versa. After full Bonferroni correction, Alcohol Use Disorders Identification Test (AUDIT),
Compulsive Drinking Subscale (CDS), and Obsessive Compulsive Drinking Scale (OCDS) scores

demonstrated the most significant correlation across most of the tested clusters.

130



Figure 5.1: Differences Between Dropped-Out versus Included Patients at First Time Point
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Figure 5.1 depicts t-maps of the group differences in the Amplitude Low Frequency Fluctuations (ALFF), weighted
Degree of Centrality, and Regional Homogeneity (ReHo) measures in first time-point scans in patients who dropped
out (n=16) compared to the ones who were included in the final, longitudinal analyses (n=41). As indicated by the

colour bar, blue indicates decrease, green no differences, and red increased values in the dropped-out patients. None of
the changes reached significance. All of the maps are in the MNI space.
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Figure 5.2: Amplitude Low Frequency Fluctuations Differences at First Time Point
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Top row depicts t-map of the group differences in the Amplitude Low Frequency Fluctuations (ALFF) between AUD
patients and controls at the first time point (19 days of abstinence). Blue represents decreased ALFF in AUD, green no
difference, and red increased ALFF in AUD — as illustrated by the colour bar. The middle row depicts significantly
lower clusters in blue. There were no significantly increased clusters which survived Bonferroni multiple comparison
correction. Bottom row indicates in green the significantly different ALFF from middle row, which were used as seeds
in whole brain region-of-interest analysis. Clusters of significantly lower functional connectivity in AUD group are in
blue while those with significantly higher functional connectivity are in red. All of the images are in the MNI space.
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Figure 5.3: Amplitude Low Frequency Fluctuations Differences at Second Time Point
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Top row depicts t-map of the group differences in the Amplitude Low Frequency Fluctuations (ALFF) between AUD
patients and controls at the second time point (36 days of abstinence) . Blue represents decreased ALFF in AUD, green
no difference, and red increased ALFF in AUD — as illustrated by the colour bar. The second row depicts significantly
decreased clusters in blue and significantly increased clusters in red. Bottom two rows depict in green the significantly
different ALFF from the second row (third row are higher clusters while fourth are lower clusters), which were used as
seeds in whole brain region-of-interest analysis and in blue significantly lower and in red significantly higher
functional connectivity clusters. Images are all in the MNI space.
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Figure 5.4: AUD Interscan Difference s in Amplitude Low Frequency Fluctuations
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Top row depicts t-map of the interscan longitudinal group differences in the Amplitude Low Frequency Fluctuations
(ALFF) between AUD patients (19 versus 36 days of abstinence) . Blue represents decreased ALFF in AUD, green no
difference, and red increased ALFF during the interscan interval — as illustrated by the colour bar. None of the
differences survived Bonferroni multiple comparison correction. The statistical map is in the MNI space.
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Figure 5.5: Regional Homogeneity Differences at First Time Point

AUD 1 vs CTL t-map

Top row depicts t-map of the group differences in the Regional Homogeneity (ReHo) between AUD patients and
control at the first time point (19 days of abstinence) . Blue represents decreased ReHo in AUD, green no difference,
and red increased ReHo in AUD — as illustrated by the colour bar. The second row depicts significant clusters (red are
higher in AUD while blue are lower in AUD). The bottom two rows represent results of the region-of-interest (ROI)
analyses of the second row clusters. The third row used increased ReHo clusters as seeds (green) and shows whole-
brain increased functional connectivity clusters in red while decreased in blue. The fourth row depicts the results of the
ROI functional connectivity differences between in AUD and controls at first time point using the decreased ReHo
clusters as the seed region (green). Similarly red indicates regions of increased whole brain functional connectivity
while blue decreased. Images are all in the MNI space.



Figure 5.6: Regional Homogeneity Differences at Second Time Point
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Top row depicts t-map of the group differences in the Regional Homogeneity (ReHo) between AUD patients and
control at the second time point (36 days of abstinence) . Blue represents decreased ReHo in AUD, green no
difference, and red increased ReHo in AUD - as illustrated by the colour bar. The second row depicts significantly
decreased clusters in blue and significantly increased clusters in red. Bottom two rows depict in green the significantly
different ReHo clusters from the second row (third row are higher clusters while fourth are lower clusters), which were
used as seeds in whole brain region-of-interest analysis. Significantly higher whole-brain functional connectivity in
AUD group at the second time point is depicted in blue, while significantly higher in red. Images are all in the MNI
space.



Figure 5.7: AUD Interscan Difference s in Regional Homogeneity
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Top row depicts t-map of the interscan longitudinal differences in the Regional Homogeneity (ReHo) between AUD
patients (19 versus 36 days of abstinence) . Blue represents decreased ReHo in AUD, green no difference, and red
increased ReHo during the interscan interval — as illustrated by the colour bar. None of the differences survived
Bonferroni multiple comparison correction. The statistical map is in the MNI space.
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Figure 5.8: Degree of Centrality Differences at First Time Point
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Top row depicts t-map of the group differences in the weighted Degree of Centrality between AUD patients and
controls at the first time point (19 days of abstinence) . Blue represents decreased Degree of Centrality in AUD, green
no difference, and red increased Degree of Centrality in AUD group — as illustrated by the colour bar. The middle row
depicts significantly lower clusters in blue. There were no significantly increased clusters which survived Bonferroni
multiple comparison correction. Bottom row indicates in green the significantly different clusters from middle row,
which were used as seeds in whole brain region-of-interest analysis and in blue significantly lower and in red
significantly higher functional connectivity clusters. Images are all in the MNI space.
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Figure 5.9: Degree of Centrality Differences at Second Time Point
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Top row depicts t-map of the group differences in the weighted Degree of Centrality between AUD patients and
controls at the second time point (36 days of abstinence) . Blue represents decreased Degree of Centrality in AUD
group, green no difference, and red increased group differences in AUD — as illustrated by the colour bar. The second
row depicts significantly decreased clusters in blue and significantly increased clusters in red. Bottom two rows depict
in green the significantly different clusters from the second row (third row are higher clusters while fourth are lower
clusters), which were used as seeds in whole brain region-of-interest analysis and in blue significantly lower and in red
significantly higher functional connectivity clusters at the second time point. Images are all in the MNI space.



Figure 5.10: AUD Interscan Difference s in Degrees of Centrality
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Top row depicts t-map of the group interscan longitudinal differences in the weighted Degree of Centrality between
AUD patients (19 versus 36 days of abstinence) . Blue represents decreased Degree of Centrality, green no difference,
and red increased Degree of Centrality during the interscan interval — as illustrated by the colour bar. The middle row
depicts significant clusters (blue decreased; no significant increased clusters). The bottom row depicts results of whole-
brain ROI analysis which used the above clusters as seed regions (green). Blue represents significantly lower
functional connectivity at second time point. No clusters associated with increased functional connectivity survived
multiple comparison correction. The statistical maps are in the MNI space.
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Table 5.2: Summary of Amplitude Low Frequency Fluctuations (ALFF) Differences

ALFF AUD 1 AUD 2 CTL AUDI1 vs CTL AUD 2 vs CTL AUD 2 vs AUD 1
Clusters X SEM X SEM X SEM | A% t p A% t p A% t p
AIéIl){ < 0.727 | 0.009 | 0.775 | 0.010 | 0.850 | 0.011 | -14.42 | -8.49 | 8.22E-15 -8.78 | -4.96 | 1.63E-06 | 6.59 | -3.58 | 4.58E-04
AUD 2 >

CTL 0.988 | 0.012 | 1.065 | 0.012 | 0.925 | 0.012 6.81 3.68 3.14E-04 15.13 8.27 | 2.97E-14 | 7.79 | -4.45 | 1.57E-05
Alél;f < 10976 | 0.012 | 0907 | 0012 | 1.078 | 0.014 | -948 | -5.61 | 7.51E-08 | -15.86 | 9.15 | 1.27E-16 | -7.04 | 4.08 | 7.11E-05
Table 5.3: MNI Coordinates of Significant Clusters for ALFF Differences
MAX X MAXY MAX Z COGX COGY COGZ
Contrast Voxels
(mm) (mm) (mm) (mm) (mm) (mm)
203 21 9 -12 26.3 1.4 -1.05
Al<C
194 27 -6 -15 -26.5 -1.96 -0.82
3481 24 33 -18 -0.645 37.6 234
A2>C
1 -30 51 0 -30 51 0
2026 9 -75 -51 -2.61 -69.4 -24.6
129 33 -6 -6 27.2 -5.65 0.954
A2<C 72 3 -30 3 -1.42 -25.9 3.96
60 -30 -12 -6 -28.3 -6.4 -14
4 45 -24 24 457 -24.8 233

A1l = Alcohol Use Disorder (AUD) group at first time point; A2 = AUD group at second time point; C = control group; MAX = peak value coordinate;
COG = centre of gravity
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Table 5.4: Summary of Region of Interest (ROI) Analysis ALFF Differences

ALFF ROI AUD 1 AUD 2 CTL
Cﬁl(ztler Contrast X SEM X SEM X SEM
AL<C Al1>C -0.014 0.026 -0.099 0.026 -0.297 0.035
Al<C 0.009 0.015 0.101 0.019 0.219 0.018
A2>C A2<C -0.202 0.022 -0.308 0.028 -0.097 0.011
A2<C A2<C 0.413 0.03 0.287 0.024 0.488 0.028
Group Differences
ALFF ROI AUD1 vs CTL AUD 2 vs CTL AUD 2 vs AUD 1
Cﬁl(s)tler Contrast | A % t p A% t p A% t p
AL<C Al1>C -95 6.43 1.20E-09 -67 4.56 9.61E-06 586 23 2.29E-02
Al<C -96 -3.74 1.51E-15 -54 -4.48 1.34E-05 965 -3.74 2.63E-04
A2>C A2<C 109 3.02 1.33E-10 218 -7.13 1.33E-10 52 3.02 2.95E-03
A2<C A2<C -15 -1.85 6.64E-02 -41 -5.57 9.39E-08 -31 3.33 1.08E-03
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Table 5.5: MNI Coordinates of Significant Clusters for ALFF ROI Analysis

ROI MAXX | MAXY | MAXZ | COGX | COGY | COG Z
Cluster Contrast | Voxels (mm) (mm) (mm) (mm) (mm) (mm)
Al1>C 58 12 -36 6 9.31 -32.7 7.03
85 60 -30 24 56.4 -33.2 29.7
Al<C 76 42 -87 9 40.6 -81.5 12.9
Al<C 53 57 -63 -3 55.8 -59.3 -0.453
14 33 -6 3 33.6 -6.43 4.07
1 -54 -63 3 -54 -63 3
755 36 -9 54 5.86 -30 64.2
A2>C A2<C 63 -33 -15 48 =314 -19.7 51
17 33 9 36 31.9 12.7 38.5
30 21 -63 -15 -16.7 -61.8 -10
A2<C | A2<C 28 42 66 45 428 | 614 | 428

Al = Alcohol Use Disorder (AUD) group at first time point; A2 = AUD group at second time point; C = control group; MAX = peak value coordinate;
COG = centre of gravity

Table 5.6: Summary of Regional Homogeneity (ReHo) Differences

ReHo AUD 1 AUD 2 CTL AUDI vs CTL AUD 2 vs CTL AUD 2 vs AUD 1
Clusters X SEM X SEM X SEM | A% t p A% t P A% t p
A‘él;llf 1.016 | 0.011 | 1.003 | 0.008 | 0.906 | 0.008 | 12.13 | 8.17 | 1.06E-13 | 10.63 | 833 | 2.35E-14 | -1.34 | 0.99 | 3.26E-01
A[él;ﬁ< 0.919 | 0.010 | 0.945 | 0.011 | 1.038 | 0.010 | -11.50 | 837 | 1.62E-14 | 8.99 | 636 | 1.72E-09 | 2.84 | -1.78 | 7.74E-02
AUD2>

o227 11,032 | 0,006 | 1.063 | 0.006 | 0.973 | 0,005 | 6.00 | 733 | 8.94E-12 | 924 | 1133 | 152E-22 | 3.06 | 371 | 2.84E-04
AUD 2 <

oD 2= 10935 | 0.009 [ 0.878 | 0.010 | 1.004 | 0.009 | 689 | -549 | 13907 | 1259 | 9.51 | 198E-17 | -6.13 | 419 | 458E-05
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Table 5.7: MNI Coordinates of Significant Clusters for ReHo Differences

MAX X MAXY MAX Z COGX COGY COGZ
Contrast Voxels

(mm) (mm) (mm) (mm) (mm) (mm)

237 21 18 33 17.5 21 48.7

214 -12 0 57 -11.9 11.1 57.3

53 0 -3 15 -1.87 3.57 18.2

Al>C 25 18 -54 42 14.6 -55 47.5
15 27 =72 39 25.6 -73.4 37.4

5 30 -54 33 28.8 -53.4 34.2
270 30 3 -6 21.1 1.73 -3.35
Al<C 194 =27 -3 -9 -27 -3.02 -1.01

17 -36 =72 54 -35.8 -69.7 54

3044 -18 60 9 -5.93 29.7 38.8

405 9 -51 42 8.16 -57.1 41.5

27 45 39 18 48.6 37 16.9

13 -54 -60 15 -53.3 -57.7 15.7
A2>C 8 -15 -15 54 -15.7 -15 56.6
6 45 -63 36 46 -62.5 36.5

3 33 36 9 33 35 11

2 27 36 -12 25.5 36 -12

1 -54 -54 6 -54 -54 6
485 -18 -66 -51 -13.3 -69.6 -45.2
429 -39 12 -18 -31.1 -3.83 -2.18

A2 <C 206 -12 -66 3 -2.43 -70.6 5.87
107 33 -9 -9 319 -8.52 -4.35

18 39 -24 24 38.8 -21.8 24.7
4 -9 -51 -6 -9 -51 -5.25

A1 = Alcohol Use Disorder (AUD) group at first time point; A2 = AUD group at second time point; C = control group; MAX = peak value coordinate;
COG = centre of gravity
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Table 5.8: Summary of Region of Interest (ROI) Analysis ReHo Differences

ReHo ROI AUD 1 AUD 2 CTL
Cﬁl(ztler Contrast X SEM X SEM X SEM
AL>C Al>C 0.143 0.021 0.084 0.015 -0.019 0.012
Al<C 0.001 0.029 0.165 0.025 0.229 0.02
AL<C Al1>C 0.085 0.019 -0.027 0.012 -0.115 0.013
Al<C -0.18 0.036 0 0.023 0.061 0.024
A2>C A2>C 0.169 0.02 0.303 0.024 0.057 0.012
A2<C -0.138 0.046 -0.284 0.042 0.093 0.03
A2>C -0.036 0.012 0.066 0.015 -0.112 0.012
A2=<C A2<C -0.268 0.038 -0.422 0.045 -0.052 0.03
Group Differences
ReHo ROI AUDI1 vs CTL AUD 2 vs CTL AUD 2 vs AUD 1
Cﬁl(:tler Contrast | A% t p A% t p A% t p
Al>C Al1>C -840 6.69 6.33E-10 -537 5.38 2.67E-07 -41 2.23 2.73E-02
Al<C -100 -6.48 1.24E-09 -28 -1.98 4.93E-02 27080 -4.3 2.93E-05
AL<C Al1>C -174 8.75 3.97E-15 =77 4.92 1.93E-06 -131 5.02 1.54E-06
Al<C -397 -5.62 9.30E-08 -100 -1.85 6.55E-02 -100 -4.27 3.60E-05
A2>C A2>C 194 4.76 4.99E-06 428 9.08 3.10E-15 80 -4.25 3.69E-05
A2<C -249 -4.23 4.22E-05 -406 -7.28 1.64E-11 106 2.35 2.01E-02
A2>C -68 4.56 9.59E-06 -159 9.27 1.30E-16 -285 -5.19 6.42E-07
Az<C A2<C 418 -4.48 1.38E-05 715 -6.8 2.52E-10 57 2.61 9.97E-03
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Table 5.9: MNI Coordinates of Significant Clusters for ReHo ROI Analysis

ROI Contrast | Voxels MAXX | MAXY | MAXZ | COGX | COGY | COG Z
Cluster (mm) (mm) (mm) (mm) (mm) (mm)
Al1>C 9 21 3 6 22 2.67 7.67
375 57 -30 36 35 -38 56.8
Al>C 102 -45 -33 39 -46.5 -34.5 47.2
Al<C
35 -27 -39 60 -24.6 -35.3 61.1
3 21 30 36 -20 30 35
82 33 -6 57 31.5 -8.63 60.7
39 6 -45 -15 -3.69 -43.4 -15.8
20 48 -24 45 48.6 -24.2 47.1
15 15 -66 -51 15.2 -68.4 -47.4
AL>C 15 36 =72 -15 35.4 -71.8 -16.4
Al<C 14 21 -36 -24 20.1 -37.1 -23.6
12 24 -18 -12 22 -19.2 -11.5
5 -21 -45 -21 -22.8 -46.2 -19.2
5 24 -33 -12 24 -34.2 -11.4
2 24 -24 60 24 -24 61.5
Al<C 3 -57 3 -27 -58 4 -27
93 -18 -3 63 -17.5 -3.1 60.8
48 -36 -75 15 -37.6 -72.6 16.4
45 -3 15 60 -1.13 16.9 59.4
40 12 15 9 13.1 17.4 13.4
a2>c | A*”C 15 24 3 57 234 4 56.4
5 15 0 15 16.2 -0.6 19.2
4 9 0 -12 9 -0.75 -12.7
3 27 -3 66 29 -4 68
A2<C 109 -3 -33 69 0.742 -30.2 74.7
210 -24 -51 -27 -14.6 -59.9 -20.3
111 24 -45 21 21.5 -46.1 -11.8
A2>C 28 39 -69 -9 39.1 -70.6 -7.5
25 -39 -69 0 -42.5 -67.7 0.96
A2<C 21 36 -69 -27 34.6 -67.1 -25.3
2 24 -60 -15 22.5 -60 -15
18 51 -69 39 50.7 -66.7 38.7
A2<C 6 12 -57 18 11 -57.5 15
1 -3 69 21 -3 69 21

Al = Alcohol Use Disorder (AUD) group at first time point; A2 = AUD group at second time point; C =

control group; MAX = peak value coordinate; COG = centre of gravity
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Table 5.10: Summary of Weighted Degrees of Centrality (DC) Differences

Weighted DC | AUD 1 AUD 2 CTL AUDI vs CTL, AUD 2 vs CTL AUD 2 vs AUD 1
Clusters X SEM X SEM X SEM | A% t A% t p A% t p
AEI;LI < | 0965 | 0.016 | 0.996 | 0.016 | 1.227 | 0.022 | -21.36 | -9.54 | 1.36E-17 | -18.80 | -8.36 | 2.01E-14 | 326 | -1.36 | 1.77E-01
AUD 2>

ety 1.000 | 0.029 | 1.059 | 0.026 | 0.826 | 0.021 | 21.10 | 494 | 2.00E-06 | 28.23 | 7.04 | 5.20E-11 | 589 | -1.53 | 1.29E-01
Alé];f < | 1.025 | 0016 | 0.950 | 0.016 | 1.174 | 0.018 | -12.69 | -6.13 | 5.39E-09 | -19.10 | -9.30 | 4.89E-17 | -7.34 | 3.28 | 1.26E-03
AEI?DZF 1553 | 0.040 | 1.249 | 0.033 | 1395 | 0.023 | 1135 | 3.44 | 7.71E-04 | -10.46 | -3.65 | 3.64E-04 | -19.58 | 5.93 | 1.86E-08
Table 5.11: MNI Coordinates of Significant Clusters for DC Differences
MAX X MAX Y MAX Z COG X COG Y COG Z
Contrast Voxels
(mm) (mm) (mm) (mm) (mm) (mm)
109 0 21 30 138 18.9 35
69 0 12 3 ERE [18.4 2
45 3 15 36 -8.58E-05 1153 332
26 24 6 3 263 2496 0.000664
Al<C 4 36 6 18 375 75 18
4 21 3 3 21 15 15
2 6 30 27 6 285 27
1 12 39 54 12 339 54
1 9 45 57 9 45 57
o 16 18 27 D) 5.4 307 40.7
12 24 15 51 223 15.7 53
671 12 9 9 783 1136 1.62
e 101 18 269 18 16.8 75.9 26
3 3 18 27 20.282 231 27
2 6 18 21 6 18 1195
23 9 266 3 115 266.5 3.64
A2 <Al 13 18 48 6 175 1503 6.23
2 30 45 21 315 45 21

A1l = Alcohol Use Disorder (AUD) group at first time point; A2 = AUD group at second time point; C = control group; MAX = peak value coordinate;
COG = centre of gravity
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Table 5.12: Summary of Region of Interest (ROI) Analysis DC Differences

DC ROI AUD 1 AUD 2 CTL
Cﬁl(s)tler Contrast X SEM X SEM X SEM
AL<C Al>C 0.022 0.015 -0.088 0.014 -0.165 0.016
Al<C -0.06 0.024 0.081 0.016 0.186 0.018
A2>C A2>C 0.202 0.028 0.284 0.037 0.07 0.015
A2<C -0.274 0.034 -0.328 0.031 -0.042 0.021
A2 <C A2>C -0.088 0.027 0.103 0.028 -0.144 0.024
A2<C -0.025 0.014 -0.096 0.012 0.067 0.013
A2 <Al | A2<Al 0.596 0.039 0.328 0.024 0.449 0.026
Group Differences
DC ROI AUDI1 vs CTL AUD 2 vs CTL AUD 2 vs AUD 1
Cﬁl(:tler Contrast | A% t p A% t p A% t p
AL<C Al>C -113 8.71 1.98E-15 -46 3.6 4.09E-04 -499 5.35 2.96E-07
Al<C -133 -8.23 7.02E-14 -56 -4.33 2.49E-05 -235 -4.89 2.66E-06
A2>C A2>C 190 4.22 4.61E-05 307 5.35 5.24E-07 40 -1.75 8.26E-02
A2<C 550 -5.73 5.89E-08 681 -7.65 2.23E-12 20 1.19 2.35E-01
A2<C A2>C -39 1.55 1.24E-01 -171 6.64 4.15E-10 =217 -4.88 2.47E-06
A2<C -137 -4.7 5.31E-06 -244 -9.03 2.60E-16 285 3.82 1.91E-04
A2 <Al | A2<Al 33 3.19 1.77E-03 -27 -3.42 7.82E-04 -45 5.89 2.89E-08
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Table 5.13: MNI Coordinates of Significant Clusters for DC ROI Analysis

ROI MAXX | MAXY | MAXZ | COGX | COGY | COG Z
Cluster Contrast | Voxels (mm) (mm) (mm) (mm) (mm) (mm)
112 18 54 51 233 | -546 | -504
51 51 72 33 475 | 693 38.4
Al>C 1 36 57 12 36 57 12
1 9 45 15 9 45 15
A1<C 136 36 3 15 40 719 | -12.3
127 9 6 63 822 | 444 | 703
A1<C 11 33 12 57 308 | -142 | 586
8 39 30 12 405 30.8 131
8 42 18 3 40.9 16.9 412
227 6 57 21 20978 | 548 | 284
7 30 36 -9 272 | 387 | 0292
A2>C 5 3 54 54 3 54 54
2 218 33 39 2195 33 39
Az>C 2 9 39 45 9 405 45
41 30 45 18 325 52.1 23
A2<C 26 42 54 21 37.6 55.5 2.6
8 66 39 36 64.1 379 | 394
2o 38 48 31 9 46.1 805 | -687
14 48 69 39 486 | -681 | 373
15 36 51 15 346 | 508 | -148
Ar<C 10 33 51 30 336 | 495 | 273
8 18 57 51 206 | 577 | -49.1
A2<C
7 15 -66 21 154 | 647 | 223
6 36 24 21 38 235 20
1 48 42 33 48 42 33
202 21 ~60 21 165 | 582 | -122
A2<Al | A2<Al 1 5 o 5 5 B 5

A1 = Alcohol Use Disorder (AUD) group at first time point; A2 = AUD group at second time point; C = control group; MAX = peak value coordinate;

COG = centre of gravity
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Table 5.14: Pearson Correlations of Clinical Severity to Functional Connectivity Measures

Correlations ALFF ReHo DC
Clusters — Al<C A2>C A2<C | A1>C | A1<C | A2>C A2<C Al<C A2>C | A2<C A2 <Al
Abstinence 0.11 0.06 -0.18 -0.17 0.12 -0.11 -0.08
# Drinks 0.21 -0.17 0.12
AUDIT 0.02
ADS 0.21 -0.16 0.08
OCDS -0.04
ODS 0.18 -0.17 -0.01
CDS -0.06

*p<0.05, ** p<0.01, *** p<0.001 Bonferroni-corrected
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4 Discussion

The objective of this study was to compare longitudinal changes in regional functional connectivity in
recovering AUD patients between 19 and 36 days of sustained abstinence. Our study has revealed
substantial decrease across several measures of regional functional connectivity in basal ganglia in AUD
patients compared to healthy controls at both time points and a significant increase in superior frontal
regions at the second time point. Most of these changes were weakly to moderately correlated to the
severity of AUD. Longitudinal interscan changes were not significant across most measures and their
interpretation is not intuitive. The changes could be interpreted in the context of compensatory decreased
bottom-up and increased executive top-down functional changes associated with addiction recovery (for
review of this hypothesis see (Fein & Cardenas, 2015)), although the ROI analysis and deeper
investigation of longitudinal changes in overlapping voxels did not provide evidence supporting this
interpretation. The longitudinal differences were thus largely contrary to our a priori expectations of
progressive functional connectivity normalisation with longer AUD remission. The exploratory region-of-
interest (ROI) analysis using the significant clusters as seeds has also provided inconsistent differences in
the AUD group with both increased and decreased functional connectivity across multiple brain regions.
This was also contrary to our expectation of widespread increased compensatory recruitment (and thus
broadly increased functional connectivity with the most regionally deficient seed regions) (for review see
(Chanraud & Sullivan, 2014; Sullivan & Pfefferbaum, 2005)) and has not revealed additional insights into

the functional plasticity associated with early remission from AUD.

This analysis has taken an inside-out approach to our functional connectivity investigation from voxel-
specific all the way to the whole brain functional connectome measures. The voxel-specific ALFF
analysis has revealed bilateral deficits in low frequency fluctuations in putamen and pallidum in the AUD
group at both first and second time points. At the second time point, there was more anatomically wide-

spread decrease in putamen and pallidum (less anterior/superior extent and more posterior/inferior) and

151



much more broader decrease including areas in bilateral thalamus, lingual gyrus and intracalcarine cortex,
and bilateral cerebellum (wide-spread across posterior regions). The greater the ALFF deficits, the more
severe the clinical correlates across both time points, although the average number of drinks prior to
detoxification was only significant at the second time point. Only the second time point ALFF deficit
contrast exhibited significant correlation with the length of abstinence. Contrary to our a priori
expectation, this correlation was negative. At the second time point, there was also a wide-spread ALFF
increase in bilateral regions of frontal cortex (frontal pole, frontal orbital cortex, frontal medial cortex,
paracingulate gyrus, superior frontal gyrus, middle frontal gyrus, inferior frontal gyrus). These changes
were significantly positively correlated to both AUDIT severity as well as compulsive drinking subscale
(CDS) score as well the length of abstinence at the first time point. The more severe the compulsive
drinking before detoxification and the longer the length of abstinence at the first time point, the greater
the ALFF difference in the AUD group compared to controls. These ALFF changes could thus be
interpreted as serving as a potential compensatory mechanism for maladaptive addiction-related
reinforcement of compulsive functional loops required for sustained remission. 38% of the first time
point-voxels were overlapping across both contrasts. The longitudinal interscan differences were not
significant, but indicated a positive trend across both the basal ganglia as well as the frontal cortex. The
magnitude of differences and the anatomical extent in the contrasts increased from the first to second time
point, contrary to our initial normalization hypothesis. However, examining just the average values from
the overlapping voxels between the significant contrasts of both scans reveal a positive trend from -
15.87% (t -6.09) to -11.34% (t -4.36) with nonsignificant interscan AUD improvement of +5.39% (t

+1.67).

The exploratory ROI analysis using the significant ALFF changes clusters on the second half of untested
data has also revealed significant whole-brain functional connectivity differences between the AUD
patients and healthy controls. At the first time point, the decreased ALFF seed has been associated with

an anatomically questionable ROI cluster of increased deep brain functional connectivity which included
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thalamus, caudate nucleus but also white matter and lateral ventricles. At the same time, ROI clusters of
decreased functional connectivity included right parietal operculum / supramarginal gyrus, right middle
temporal gyrus, as well as right putamen and insula. At the second time point, the lower ALFF seed was
associated with lower whole-brain functional connectivity with further decrease in cerebellum (left Crus I
and II) and left lingual gyrus. The regional clusters of higher ALFF in the frontal cortex were, on the
other hand, associated with decreased whole-brain activation in superior frontal regions of the frontal lobe
(including postcentral gyrus, precentral gyrus, posterior aspects of superior frontal gyrus) as well as

superior aspects of lateral occipital cortex and precuneus.

To the best of our knowledge only two other AUD-related ALFF studies (R. Liu et al., 2018; Weng et al.,
2018) and one ALFF study examining acute ethanol intoxication in healthy controls (Zheng et al., 2015)
have been published to this date. Liu et al. has compared 29 AUD patients of unknown length of
abstinence to 29 healthy controls, revealing higher ALFF in right inferior parietal lobule and right
supplementary motor area while lower ALFF in left precuneus and bilateral cerebellum posterior lobe.
Weng et al. has compared 15 AUD (and nicotine dependent) patients of unknown length of abstinence to
17 healthy controls (and 16 betel nut chewers), revealing higher ALFF in the AUD group in the left
calcarine sulcus (with cluster size of only 3 voxels). The ALFF results reported in the literature are largely
not consistent with each other nor our findings. Our results for the second time point contrast,
nonetheless, have some similarities particularly to Liu et a/. Our study has also revealed higher ALFF
partially in the supplementary motor area (but more medially rather than laterally) and lower ALFF in the
cuneus rather than in the precuneus (near the parietal-occipital fissure as depicted in Liu’s projection) and
also in cerebellum (although again not in overlapping regions). Due to substantial spatial smoothing, the
precise anatomical location should be considered with caution, especially when reporting findings in
boundary regions such as the parietal-occipital fissure. Neither of the ALFF AUD papers has reported
significant decrease in the ALFF in the basal ganglia. Interestingly, Zheng et al. has reported that acute

ethanol intoxication has increased ALFF in the basal ganglia (left caudate and more diffuse cluster across
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left basal ganglia) in 32 healthy subjects. Acute intoxication also resulted in increased ALFF in lthe eft
hippocampus and left inferior frontal lobe and decreased ALFF in the cerebellum, frontal lobe, and
temporal lobe. Chronic, repetitive alcohol intoxication could lead to baseline attenuation of the alcohol-
related brain activation to restore relative allostasis during the addiction. This could consequently reflect
in decreased baseline ALFF in basal ganglia in the recovering addicted brain. However, this postulation
fails to explain decreased ALFF reported in cerebellum both by Zheng et al. during acute intoxication as
well as in recovering chronic AUD patients in our study. Due to partial volume effects and signal
inhomogeneities in regions close to tissue boundaries, the functional differences in cerebellum can be

challenging to observe in traditional fMRI scans which focus their field of view primarily on the cortex.

The ReHo analysis, exploring the pattern of Kendall’s coefficient of concordance with the neighbouring
voxels, has yielded similar results to the voxel-specific ALFF. At the first time point, the AUD group
exhibited abnormally lower ReHo in bilateral putamen, pallidum, thalamus (the smoothed cluster
extending even past subcortical areas into right subcallosal cortex) and abnormally higher ReHo across
bilateral superior frontal gyrus and to a lesser extent also right precuneus, right superior lateral occipital
cortex, and right anterior cingulate gyrus. The ReHo deficits were negatively correlated only with
AUDIT, OCDS, and CDS scores, while the abnormally increased ReHo was positively correlated with all
of the measures except for the length of initial abstinence. Similarly to the ALFF, the second time point
results were opposite to our initial expectations and revealed a much broader anatomical extent of both
increased and decreased ReHo clusters. At the second time point, the AUD group exhibited a broader
anatomical decrease in ReHo, including also bilateral insula (primarily left), bilateral lingual gyrus and
intracalcarine and supracalcarine cortices and bilateral cerebellum. At the second time point, the increased
ReHo clusters were also more wide-spread, including also bilateral precuneus, and bilateral angular gyrus
/ lateral occipital cortex. The magnitude of the ReHo deficits was negatively correlated with all of the
AUD severity scales except for the length of abstinence at the first time point. The magnitude of the

abnormally high ReHo clusters was positively correlated with all of the clinical severity scales and also
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the length of initial abstinence, suggesting similarly to the second time point contrast in ALFF a potential
compensatory role of the frontal regions. The longitudinal interscan AUD differences in ReHo were
similarly to ALFF also not significant but unlike ALFF suggested less uniform trend. 43% of the
significant voxels overlapped for the decreased contrast and 79% for the increased contrast. The changes
only within the overlapping significant regions have revealed very little change in the average magnitude
during the interscan interval. For the lower clusters, the contrasts were -11.86% (t -4.94) to -11.71% (t -
4.94) and +0.18% (t +0.00) for interscan, while for the higher clusters were +12.24% (t +4.26), +11.59%

(t +4.04) and -0.58% (t -0.22).

The exploratory ROI analysis using the significant ReHo clusters as seeds for whole-brain analysis on the
untested second half of the data has revealed different results to the ALFF ROI analysis, even though both
ROI analyses were based on broadly similar seed regions (especially in the second time point contrasts).
At the first time point, clusters of decreased ReHo in the basal ganglia were associated with increased
functional connectivity with the right precentral and postcentral gyri, right occipital fusiform gyrus, and
bilateral cerebellum. The only region of significantly decreased functional connectivity with the
decreased ReHo seed was located in the temporal lobe and should be considered with caution due to its
small cluster size. Increased ReHo seed from the first time point contrast was associated with increased
functional connectivity in the AUD group in the right putamen and right superior frontal gyrus and a
decreased functional connectivity in the superior precentral gyrus, postcentral gyrus, and supramarginal
gyrus (posterior part). Seed clusters from the second time point ReHo contrast revealed different changes
in functional connectivity compared to the first time point. The decreased ReHo seed from the second
time point contrast was associated with increased functional connectivity with cerebellum, right
postcentral gyrus, bilateral lateral occipital cortex (V5), as well as lingual gyrus and temporal-occipital
fusiform gyrus. The decreased ReHo cluster was also associated with decreased functional connectivity
with right inferior parietal lobule, precuneus, left frontal pole, and brainstem. All of the decreased ROI

functional connectivity clusters of decreased ReHo seed were, however, of relatively small size and thus
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should be interpreted with caution. The increased ReHo cluster from the second contrast was associated
with increased functional connectivity with more widespread increase in bilateral superior frontal gyri,
right caudate nucleus, bilateral lateral occipital cortex (inferior parietal lobule, V5) and some non-grey
matter regions. Increased ReHo cluster from the second time point contrast was also associated with
decreased functional connectivity in bilateral superior aspects of precentral and postcentral gyri. The
bigger and less anatomically specific seed regions for the ROI analysis have generally resulted in less
significant group differences since the timecourses of the anatomically different clusters averaged out and

were thus not strongly correlated to any other specific anatomical region.

To the best of our knowledge, only three AUD-related ReHo studies (H. Kim et al., 2015; Tu et al., 2018;
Weng et al., 2018) and one acute ethanol intoxication in healthy controls ReHo study (Zheng et al., 2015)
have been published to this date. Kim et al. has published ReHo differences between 14 young AUD
(average age 29 years) of at least 2 weeks of abstinence (unknown average sobriety length) to 15 healthy
controls (and internet gaming subjects), revealing increased ReHo in the right posterior cingulate cortex
and to lesser extent also right insula and left middle temporal gyrus while decreased ReHo in the right
anterior cingulate cortex. Tu ef al. has compared 29 AUD patients of unknown length of abstinence to
matched 29 controls, revealing wide-spread small clusters of higher ReHo in right superior frontal gyrus,
bilateral medial frontal gyrus, and right inferior temporal gyrus while lower ReHo in right cerebellum
(posterior and anterior lobes), left rectal gyrus, and right pons. Weng et al. has compared 15 AUD (and
nicotine dependent) patients of unknown length of abstinence to 17 healthy controls (and 16 betel nut
chewers), revealing higher ReHo in the right insula (cluster size of just 2 voxels). None of the above
studies reported decreased ReHo in the basal ganglia. Nonetheless, our results overlap to a small extent
with the reported literature in reporting lower ReHo in cerebellum and higher ReHo in superior frontal
gyrus (both primarily in the second time point contrasts) but also differ, for example, in reporting
decreased rather than increased ReHo in the insula in the AUD cohort. Similarly to the ALFF results,

Zheng et al. has also interestingly reported that 32 healthy volunteers who have been exposed to acute
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ethanol intoxication have exhibited increased ReHo in the basal ganglia (spanning left putamen, globus
pallidus, and caudate nucleus). Other regions exhibiting increased ReHo included frontal lobe,
cerebellum, right internal capsule, left hippocampus, and left precuneus, while lower ReHo was reported
in frontal lobe, right temporal lobe, right hippocampus, and left anterior cingulate gyrus. Unlike in the
ALFF results, the ReHo results reported by Zheng et al. appear to be more consistent with the postulation
of allostatic decrease in baseline functional connectivity in recovering AUD brain in response to chronic
repetitive alcohol intoxication. The pattern of increased ReHo in basal ganglia and cerebellum while
decreased ReHo in frontal lobe and cingulate gyrus during acute ethanol intoxication in healthy controls

suggest an inverse trend to the findings reported in the recovering chronic AUD patients in our study.

The Degree of Centrality analysis has explored the most wide-spread functional connectivity patterns
during the AUD recovery, comparing the number of direct connections from each voxel to the entire
functional connectome of the brain. The DC analysis has revealed the most diverging results from the
other analyses, although the negative trend across the basal ganglia has persisted even in DC. This is
interesting since DC 1is especially sensitive for functional connectivity changes in higher association
cortices, rather than the subcortical or paralimbic structures (Zuo et al., 2012). At the first time point, the
AUD group has exhibited a significantly decreased DC in bilateral putamen, pallidum, and thalamus as
well as bilateral cingulate gyrus (anterior, middle) and no significant clusters of increased DC. The
magnitude of the DC deficits was significantly negatively correlated with all of the measured clinical
severity scales but not with the length of abstinence at the first time point. At the second time point, there
was more widespread significant decrease in DC including greater extent of bilateral putamen, pallidum,
and thalamus with the smoothed cluster spanning into bilateral caudate nuclei and even into left insula but
including less cingulate gyrus. The contrast has also revealed decreased DC in a cluster spanning left
cuneus in the occipital cortex. The second time point contrast has also revealed increased DC in the left
superior frontal gyrus in the AUD group; however, this should be interpreted with caution due to the

small cluster size. The magnitude of DC deficits was negatively correlated and excess DC at the second
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time point was positively correlated to all of the clinical severity measures but not to the initial length of
baseline abstinence. Unlike in the other two analyses, the interscan AUD differences were significant in
DC analysis, revealing a significant decrease in the DC spanning left lingual gyrus and very small cluster
in the right occipital fusiform cortex. Contrary to our a priori expectations, this suggests continued
deterioration in the DC with prolonged abstinence. The significant interscan cluster also falls outside of
the significant clusters revealed by the first and second time point AUD minus control contrasts and is
only of modest size so should be interpreted with caution. The magnitude of longitudinal DC changes
were not significantly correlated to any of the clinical severity scales but was negatively correlated to the
baseline length of abstinence. Examining just the overlapping clusters from the two contrasts, we observe
33% overlap and also continued but not significant deterioration from -20.68% (t -4.39) to -22.89% (t -

4.81), equivalent to interscan differences of -2.78% (t -0.40).

The ROI analysis based on the DC contrast cluster seeds has similarly to the main contrasts revealed less
extensive group differences compared to ALFF and ReHo ROI analyses. The decreased DC at first time
point seed region was associated with decreased functional connectivity with superior aspects of bilateral
superior frontal and precentral gyri, and right insula (spanning into right orbital frontal cortex and
temporal pole) as well as increased functional connectivity with left cerebellum and superior left lateral
occipital cortex. The seed region of decreased DC at the second time point was associated with decreased
functional connectivity with right posterior supramarginal gyrus, left temporal occipital fusiform cortex,
and left cerebellum (but these should be all interpreted with caution due to small cluster size) as well as
increased functional connectivity with right lateral occipital cortex and right cerebellum. Because of the
questionably small seed region of the increased DC cluster at the second time point, the results of this
ROI analysis should be disregarded. This seed region was associated with anatomically unclear regions
which included non-grey matter regions and smaller decreased functional connectivity clusters in bilateral
frontal pole and increased functional connectivity clusters in bilateral precuneus and smaller clusters in

cerebellum, insula, temporal lobe, right superior frontal gyrus. The significant interscan cluster seed was

158



associated with a decreased functional connectivity with broader clusters extending lingual gyrus,

temporal occipital fusiform cortex, and cerebellum at the second time point compared to the first one.

To the best of our knowledge, only one AUD-related DC study has been published to this date (X. Luo et
al., 2017). Luo et al. compared DC in 24 treatment-naive AUD of unknown length of abstinence to 24
healthy controls, reporting higher DC in AUD in left precentral gyrus, right hippocampus, left
orbitofrontal cortex while lower DC in left cerebellum posterior lobe, bilateral secondary visual network
(cuneus), and left precuneus. There was no substantial overlap between Luo et al. results and the results

of our study.

In summary, there does not appear to be a consistent pattern of regional functional connectivity changes
across the different measures other than the persistent deficits in basal ganglia and increased regional
functional connectivity patterns in superior frontal regions at the second time point. The bilateral resting
state functional deficits in the putamen and pallidum are the only regions with overlapping voxels across
all of the measures in voxel-specific ALFF activation / fluctuations, ReHo synchrony across neighbouring
voxels, as well as DC whole-brain functional connectivity at both time points in the AUD compared to
the healthy controls. The anatomical extent of the deficits in the basal ganglia has increased with the
prolonged abstinence; however, none of the longitudinal interscan differences were significant in the
basal ganglia within the AUD group. The existing literature has reported quite heterogeneous results of
altered regional functional connectivity in AUD compared to healthy controls. The reported results only
marginally overlapped with our results and did not replicate the main findings of our study. Unlike the
existing literature, our study has generally reported larger clusters (or regional groups of clusters) which
usually persisted in both hemispheres. Assuming global neurotoxic effect of ethanol and at least partially
reversible whole-brain maladaptive processes caused by the chronic recurrent ethanol intoxication (as
suggested by preclinical, histological, and neurochemical evidence summarized in the introduction), a

bilateral rather than unilateral functional connectivity changes appear to be more likely in the recovering

159



AUD brain. Our study also consisted of the largest sample size to this date and was the first longitudinal

study and has replicated broadly consistent main findings at both time points.

The changes in ALFF and ReHo reported by Zheng ef al. (2015) during acute ethanol intoxication have,
nonetheless, revealed a broadly opposite pattern of regional functional connectivity changes to the
differences observed in recovering chronic AUD patients in our study, which could help contextualize our
findings. This inverse pattern in acute one-time intoxication versus chronic AUD could be evidence of
potential baseline functional attenuation in a recovering addicted brain in regions which have been
previously chronically over-activated due to repetitive acute ethanol intoxication. A similar pattern was
recently reported in young healthy social drinkers who were scanned before and during intravenous
binge-level alcohol intoxication, where participants with heavier baseline alcohol consumption exhibited
greater functional connectivity deficits in basal ganglia and where lower impulsivity was associated with
impaired pallidum functional connectivity (Fede et al., 2020). Positron emission tomography (PET)
studies of glucose metabolism during early recovery from AUD have revealed that detoxified AUD
patients exhibit globally decreased glucose metabolism pattern which was especially pronounced and
persistent in the basal ganglia (especially in older AUD), while there was a notable increase in glucose
metabolism in the frontal lobes, especially within the 16-30 day interval (N. D. Volkow et al., 1994).
These metabolic results coincided with the longitudinal window of our study (19 and 36 days of
abstinence) and provided similar functional differences as well as longitudinal changes to our resting state

functional connectivity findings, further supporting this postulation.

Although the longitudinal difference in our results were largely contrary to our initial expectation of
gradual normalization, the decreased regional functional connectivity in basal ganglia and increased
regional functional connectivity in frontal cortical regions which at least from anatomical extent became
more extensive with longer abstinence could be explained in the context of adaptive lower reward and

higher executive control resting state functional activation. This adaptive mechanism of decreased resting
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state synchrony in bottom-up reward networks and increased resting state synchrony in top-down
executive control networks, which increased in magnitude from medium (73 days) to long-term (2,889
days) abstinence was explored in a series of cross-sectional ROI studies by Camchong et al. (Camchong
et al., 2013a; J. Camchong, A. Stenger, & G. Fein, 2013b; J. Camchong, V. A. Stenger, & G. Fein, 2013c¢)
and have been reviewed in (Fein & Cardenas, 2015). These functional changes would imply that
successful remission from AUD might be associated with an adaptive over-compensatory change rather
than a reversal of the addiction-related functional pathology. If this adaptive over-compensatory
functional recovery pattern with sustained abstinence in AUD is replicable and correct, it could help guide
exciting new opportunities for targeted neurofeedback treatment to complement the existing limited
psychosocial and pharmacological interventions. Neuromodulation in addiction and alcohol use disorder
has demonstrated encouraging but inconclusive results in pilot studies and case reports (for reviews see

(Luigjes, Segrave, de Joode, Figee, & Denys, 2019; Spagnolo & Goldman, 2017)).

In addition to the prototypical reward/executive control addiction interpretation of our results, it is also
relevant to consider their context in motor control recovery, even though our research participants were
no longer experiencing acute withdrawal symptoms (such as involuntary tremors) as verified using
Clinical Institute Withdrawal for Alcohol (CIWA) scale during the structured clinical interview and the
anatomical extent of many of the functional changes was exaggerated rather than normalized with
increased length of abstinence. Several of the anatomical regions such as cerebellum, primary motor
cortex, supplementary motor area, as well as basal ganglia are all involved in motor control and their
functional deficits are associated with other neurodegenerative disorders such Parkinson’s (which is
similarly to addiction associated with impaired dopamine signalling, with estimated over 50% loss in
dopaminergic neurons in the substantia nigra and basal ganglia) (Cheng, Ulane, & Burke, 2010). Putamen
deficits have been replicated as consistent Parkinson’s biomarkers, including decreased ReHo (Pan et al.,

2017) as well as abnormal functional connectivity to other motor areas (for example the supplementary
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motor area (Yu, Liu, Wang, Chen, & Liu, 2013)). Functional links between motor task performance and

regional measures of functional connectivity in AUD should be investigated in future studies.

There are several limitations which need to be considered when interpreting the results of our study. The
design of our study was aimed at characterizing AUD-related functional brain changes during early
recovery and has thus focused on a very homogeneous clinical sample of all male, chronic, steady
treatment-seeking AUD patients within the first few days since detoxification with no psychiatric or
neurological comorbidities or history of polysubstance abuse. Similarly the matched control comparison
group consisted entirely of healthy men, many of whom have voluntarily abstained from alcohol
consumption for multiple years. The results of our study are thus not broadly translatable to the clinical
practice since they do not represent typical treatment-seeking patients in the community (who are of both
sexes and frequently suffer from complex psychiatric and somatic comorbidities). Despite of the
homogeneous clinical profile, our study suffered from several nuisance variable shortcomings including
age (range of 23 to 64) and multi-site/scanner study design which were accounted in the statistical models
but could have masked more subtle underlying functional changes due to modest signal-to-noise ratio
inherent in the resting-state fMRI data. In a previous study, we have also demonstrated iron-related
subcortical fMRI signal inhomogeneities in AUD (Juhds et al, 2017), which could have
disproportionately distorted the signal in the patient cohort. Since the decreased regional functional
connectivity in basal ganglia persisted across all measures (including frequency as well as the correlation
based indices), our results should be quite robust. When interpreting our fMRI results one should be
mindful that fMRI is an indirect (but well and consistently replicated) measure of neuronal activity and
resting state functional connectivity is also an indirect measure of structural connectivity (Logothetis,
Pauls, Augath, Trinath, & Oeltermann, 2001; van den Heuvel & Hulshoff Pol, 2010). Changes in large-
scale patterns of resting state functional connectivity can, thus, represent diverse direct and indirect
excitatory as well as inhibitory changes in functional and structural networks and should be interpreted

with caution (Logothetis, 2008). The interpretation should be done especially carefully due to recent
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criticism of the validity of neuroimaging results (Button et al., 2013; David et al., 2013; Eklund et al.,
2016; loannidis, 2011; Woo et al., 2014) due to commonly implemented underpowered study designs as
well as too liberal statistical correction with erroneous cluster-based thresholding. Our study has
implemented Threshold-Free Cluster Enhancement (TFCE) with 10,000 permutations in addition to
Bonferroni correction for multiple contrasts and cautionary interpretation of smaller clusters without
anatomical and functional significance in the discussion. TFCE should remain a valid method with greater
sensitivity and selectivity even with noise, compared to other voxel and cluster-based threshold correction
methods (Han, Glenn, & Dawson, 2019; Pernet, Latinus, Nichols, & Rousselet, 2015; Smith & Nichols,

2009).

Other longitudinal studies aiming to more conclusively characterize functional brain changes associated
with early abstinence should aim to recruit larger sample sizes with more uniform demographic cohorts
(for example in age) and more and longer interscan intervals. The approximately 2 week interscan interval
in our study did not reveal significant interscan changes within the AUD cohort, except for a very small
cluster in the DC. This could be potentially due to missing the early functional changes before the first
time point (and thus underestimating the initial AUD-related functional connectivity deficits) or due to
too short follow-up interval to observe substantially large functional plasticity to be detected by our
analysis technique. Inclusion of functional performance tests would also help to more conclusively
characterize the significance of the resting state changes beyond speculation based on anatomical location

and claims published in other studies.

5 Conclusion

This was the first longitudinal and the largest sample size study to examine regional functional

connectivity changes in AUD. Our study has utilized an inside-out approach, examining functional
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connectivity changes from voxel-specific to whole-brain connectome measures. Our results have revealed
substantial decrease across all measures of regional functional connectivity in the basal ganglia in AUD
patients compared to healthy controls at both 19 and 36 days of sustained abstinence. The second time
point was also associated with increased regional functional connectivity in frontal regions. Other than a
small cluster in one of the measures, the longitudinal interscan differences within the AUD group were
not significant. Exploratory ROI analysis also yielded inconclusive and not intuitively interpretable
results. The magnitude of functional connectivity changes across most measures was significantly
correlated with clinical severity scales. Although these results were largely contrary to our a priori
expectations of gradual normalization of regional functional connectivity deficits with prolonged
abstinence, the results can be interpreted in the context of the existing AUD literature as suggesting
decreased reward and increased executive control resting state functional connectivity, which might
potentially indicate an over-compensatory adaptation during AUD remission and thus a suitable target for
neurofeedback brain modulation therapy. There are only very few regional functional connectivity AUD
studies published to this date and their results overlap only marginally. Future studies should thus aim to
better characterize not only the regional functional connectivity deficits associated with AUD but also the

timeline of functional recovery and its relation to neurocognitive performance.
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Chapter 6 - Independent Component Analysis of Functional
Connectivity Changes during First Month of Recovery from
Alcohol Use Disorder

Abstract

Alcohol use disorder (AUD) is associated with widespread structural and functional brain deficits, which
are at least partially reversible with prolonged abstinence. This exploratory study aimed to characterize
longitudinal changes in whole-brain resting state functional connectivity in 41 AUD men during early
recovery at approximately 19 and 36 days of sustained abstinence, compared to 50 matched healthy
controls. We have implemented 15 dimensional independent component analysis (ICA) and hierarchical
network analysis. Our study has revealed largely inconsistent results with significant differences across all
of the analysed networks. The most consistent differences were observed in the Anterior-Salience / Insula
Network, Posterior Default Mode Network, and the Auditory Network. There was an overall
normalisation trend of strengthening inter-network communication in the recovering AUD patients,
especially in Right Executive Control Network, Mesial-Temporal Network, and Posterior Default Mode
Network. Some networks (such as Primary Visual Network, Sensory-Motor Network, and Language
Network) also exhibited a diverging pattern, potentially indicating adaptive compensation. Approximately
62% of the significant changes were correlated with at least one AUD severity measure while 36% were
correlated with three or more, highlighting the clinical significance of our results. All together, these
findings suggest a pattern of global hypoconnectivity in the AUD with encouraging functional
connectivity convergence across the plurality of the networks. The results should be considered with
caution due to limited spatial and longitudinal reproducibility of the significant clusters. To the best of our
knowledge, this was the first longitudinal study which explored resting state functional connectivity

changes in recovering AUD patients.

Key terms
alcohol use disorder; abstinence; resting state; independent component analysis; functional magnetic

resonance imaging
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1. Introduction

Alcohol is one of the most harmful and commonly abused psychoactive substances in the world (Nutt et
al., 2010). Harmful use of alcohol is a leading preventable cause of death (5.9%) and disability (5.1% of
global burden of disease) worldwide (World Health Organization, 2018). Prevalence of alcohol use
disorder (AUD) is estimated at 5.1% (with dependence at 2.6%) worldwide (World Health Organization,
2018). AUD is a chronic relapsing psychiatric disorder characterised by uncontrolled recurrent alcohol
abuse despite its significant interference in the individual’s mental wellbeing, physical health, and ability
to function in their daily lives (American Psychiatric Association & American Psychiatric Association,
2013). AUD under its different historical names (such as drunkenness, disease of the will, alcoholism, et
cetera) has been documented as a clinical disorder at least since the early 19™ century, by which end there
was already a growing scientific evidence and clinical understanding of AUD as a disorder of the brain
(Marchiafava, 1933; Tabakoff & Hoffman, 2013). Despite of the gradual scientific advancement spanning
over 120 years, the precise mechanism of action of alcohol in the brain, AUD-related damage, and brain
recovery during sustained abstinence remain not fully understood (R. A. Harris et al., 2008; Sutherland et
al.,, 2014b; N. D. Volkow et al., 2017; Zahr & Pfefferbaum, 2017). Modulation of the pathological
changes in the alcohol dependent brain structure and function, nonetheless, remains necessary for

cognitive and behavioural recovery in successful AUD remission.

AUD is associated with wide-spread macroscopic as well as microscopic structural brain damage
affecting neurons, their connections, as well as glial support cells (for reviews see (Biihler & Mann, 2011;
Fritz et al., 2019; Harper et al., 2003; M. Rosenbloom et al., 2003)). This structural damage is at least
partially reversible with prolonged abstinence (for reviews see (Crews & Nixon, 2009; Fein & Cardenas,
2015; Sullivan & Pfefferbaum, 2005)). The structural recovery is thought to occur non-linearly, with most
rapid recovery during the first few weeks of remission but potentially with some persistent structural

deficits (Durazzo et al., 2015; Gazdzinski et al., 2005; Pfefferbaum et al., 1995; Y. Zou et al., 2017). The
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first month of abstinence is, therefore, a very important window of time to observe brain changes

associated with successful AUD recovery.

Similarly to structural brain damage, AUD is also associated with extensive functional deficits. Cognitive,
emotional, and behavioural deficits have been all described in AUD (for reviews see (Bernardin et al.,
2014; Le Berre et al., 2017; Oscar-Berman & Marinkovi¢, 2007)). These deficits are also at least partially
reversible with prolonged abstinence. Some functional improvement has been noted within the first few
weeks of sustained abstinence (Mann et al., 1999; Oscar-Berman & Marinkovi¢, 2007; Petit et al., 2017),
with recent meta-analysis suggesting most global dysfunction should improve within the first year of
abstinence (Crowe et al., 2019; Stavro et al., 2013). Some functional deficits, such as in visuospatial
processing or long-term memory, however, might persist even after several years of remission (Brandt et
al., 1983; Fein et al., 2006). The timeline of functional improvement in the published literature, thus,

largely parallels that of the structural improvement.

Multimodal neuroimaging studies have provided evidence linking structural brain changes (tissue
morphometry, microstructural integrity, chemical metabolites), functional brain changes
(electrophysiology, functional magnetic resonance imaging (fMRI) connectivity, chemical metabolites),
and neurocognitive performance in both AUD-related damage as well as recovery with sustained
abstinence (for example see (Alhassoon et al., 2012; Bartsch et al., 2007; Bendszus et al., 2001; Mon et
al., 2013; Muuronen et al., 1989; M. J. Rosenbloom et al., 2007; Sullivan, Rosenbloom, Lim, et al., 2000;
Yeh et al., 2007)). The multimodal results are quite complex and not always in concordance across the
different measures and across different studies. Nonetheless, the converging multimodal evidence
suggests that there should be substantial underlying structural and functional plasticity in parallel to the
successful clinical remission and behavioural recovery during the first few weeks of abstinence.

Moreover, these changes should be detectable using the established neuroimaging techniques.
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Neuroimaging and electrophysiological evidence of functional brain changes in AUD has generally been
more complex than the structural evidence. On average, AUD patients appear to exhibit a less efficient,
potentially disorganized pattern of brain activation with additional recruitment of sometimes far-reaching
anatomical regions, in order to compensate for AUD-related impairment (Chanraud & Sullivan, 2014;
Sullivan & Pfefferbaum, 2005). For example, AUD patients performing a simple finger-tapping task have
exhibited increased functional activation with recruitment of additional cortical regions even when
completing the task at a slower performance level, which would normally be associated with a
proportional decrease within the fronto-cerebellar activation (Parks et al., 2010). Other studies have also
revealed that AUD patients recruit additional cortical, subcortical, and cerebellar regions when
performing tasks at both worse as well as comparable levels to healthy controls (Chanraud-Guillermo et

al., 2009; Gilman & Hommer, 2008; Marinkovic et al., 2009).

There is also a growing body of evidence suggesting aberrant AUD functional connectivity observed in a
resting state (when participants are asked to lie awake in a scanner at rest, with eyes opened or closed
without thinking of anything in particular or performing any task). Resting state brain fluctuations
originate (at least partially) due to spontaneous neuronal activity in highly correlated anatomically and
functionally linked brain regions which continue to exhibit robust ongoing functionally connectivity at
rest (for an overview see (van den Heuvel & Hulshoff Pol, 2010)). Camchong et al. have documented
what are thought to be compensatory mechanisms in medium (about 10 weeks) and long-term (about 8
years) abstinent AUD at rest (for review see (Fein & Cardenas, 2015)). Successfully abstinent AUD
patients exhibited decreased bottom-up reward and greater top-down executive control resting state
functional connectivity, which could represent an excessive functional adaptation to compensate for
pathologically reinforced connection developed before remission from AUD. Other studies have reported
abnormal patterns of functional connectivity within and between functional networks, decreased network
efficiency, global hypoconnectivity, and even abstinence-related compensatory changes (Chanraud et al.,

2011; Miiller-Oehring et al., 2015; Sjoerds et al., 2017; Vergara, Liu, Claus, Hutchison, & Calhoun, 2017;
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Weiland et al., 2014; Zhu, Cortes, Mathur, Tomasi, & Momenan, 2017). To the best of our knowledge,
there are no longitudinal fMRI studies documenting functional recovery during sustained abstinence from
AUD, even though lack of longitudinal studies has been pointed out as a major limitation in the existing

literature (Fede, Grodin, Dean, Diazgranados, & Momenan, 2019; Fein & Cardenas, 2015)

Our study aimed to address this gap in the literature. We have implemented a longitudinal exploratory
analysis of functional connectivity changes in AUD patients during early abstinence compared to matched
healthy controls. According to both preclinical models as well as neuroimaging studies, the first few
weeks of abstinence should be associated with the most rapid brain recovery (Charlet et al., 2018; Crews
& Nixon, 2009). This study has, therefore, examined longitudinal changes in functional connectivity at
approximately 19 and 36 days of sustained abstinence in a very homogeneous clinical sample of steady,
chronic AUD patients compared to matched healthy controls. Our whole-brain analysis has focused on
changes in large-scale functional connectivity networks, derived using independent component analysis

(ICA) with dual regression (Nickerson, Smith, Ongiir, & Beckmann, 2017).

ICA is a powerful data-driven technique which can identify independent component maps common to the
sampled data without an a priori model (C. F. Beckmann, DeLuca, Devlin, & Smith, 2005). The
independent components represent robust and reliable functional connectivity networks, which consist of
highly coherent anatomical regions during the resting state (Buckner, Krienen, & Yeo, 2013; van den
Heuvel & Hulshoff Pol, 2010). Resting state functional networks are anatomically consistent (Yeo et al.,
2011) and reflect task-evoked functional connectivity networks in motor, sensory, and cognitive domains
(Crossley et al., 2013; Smith et al., 2009). ICA remains one of the most popular resting state functional
connectivity techniques; however, it has several drawbacks including more complex representation of
data, which might make interpretation and translation of findings more challenging since it might not
correspond to specific anatomical circuits which might be split-up or joined into different networks or
sub-networks depending, on ICA’s dimensionality and underlying data properties (van den Heuvel &

Hulshoff Pol, 2010). ICA has been successfully implemented in AUD or acute alcohol intoxication in
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several previous studies, including (Kohno, Dennis, McCready, & Hoffman, 2017; Z. Song, Chen, Wen,
& Zhang, 2020; Spagnolli et al., 2013; Vergara et al., 2017; Zhu et al., 2017; Zhu, Du, Kerich, Lohoff, &

Momenan, 2018).

This was an exploratory study which main objective was to attempt to characterize the functional
connectivity changes in AUD during early recovery. Our a priori expectation included: 1) AUD will
exhibit decreased functional connectivity globally and within most functional networks (less efficient
organization, hypoconnectivity); 2) AUD will exhibit increased functional connectivity to outside clusters
(compensatory recruitment); 3) longitudinal differences will result in a normalizing trend (functional
recovery); and 4) greater magnitude of functional connectivity deficits will be correlated to AUD severity
measures. We, furthermore, anticipated greatest group differences and longitudinal recovery in addiction-
related functional networks involved in reward / appetitive drive (such as Basal Ganglia Network) and
executive control (such as Executive Control Networks or Anterior Default Mode Network) as suggested
by prototypical models of addiction circuits (for reviews see (Fein & Cardenas, 2015; Koob & Volkow,

2010)).

2. Materials and Methods

2.1 Subjects

The analysis is based on longitudinal data from 41 recently detoxified adult male alcohol dependent
patients (DSM-IV-TR criteria)(American Psychiatric Association, 2000) and matched 50 healthy non-
alcohol abusing men. The demographic and clinical overview of the 91 participants is summarized in

Table 6.1.

The analysed sample encompasses all of the usable neuroimaging data drawn from a larger dataset
consisting of 59 recently detoxified male alcohol dependent patients and 54 matched healthy controls.
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Unfortunately, 18 patients and 4 controls had to be excluded from the analysis. 4 of the excluded patients
and controls had severe imaging artifacts in the first set of scans and 14 of the excluded patients did not
have an acceptable second scan (2 had severe second scan artifacts, 2 were too anxious/claustrophobic to
complete the second scanning sequence in its entirety, 5 patients suffered a confirmed relapse, 1 patient
died, 1 could not attend the scanning session due to adverse winter weather, 2 confirmed to be unavailable
due to out-of-town work by relatives, and the remainder were lost to follow-up and could not be reached
or refused to confirm abstinence and participate in the second scanning session). There were no
statistically significant differences between the dropped-out participants and the participants included in

our longitudinal analysis (also see Figure 6.1).

The alcohol dependent participants were recruited from a pool of patients referred to supervised
residential treatment programs in Edmonton, Canada and Mannheim, Germany as part of the
TRANSALC research project. DSM-IV-TR diagnostic interviews were carried out by a psychiatrist, using
the Structured Clinical Interview for the DSM-IV-TR (SCID-I) (First et al., 2002). All of the patients
were consistent, steady, heavy drinkers. All of the analyzed patients met the highest Zone IV cut-off score
on the Alcohol Use Disorders Identification Test (AUDIT) with an average score of 28 out of 40
(Saunders et al.,, 1993). The AUD patients exhibited on average an intermediate level of alcohol
dependence (second quartile) according to the Alcohol Dependence Scale (ADS) with the average score
of 16 out of 47 (Skinner & Allen, 1982). The patients did not abuse non-beverage ethanol or other
substances except nicotine. The patients were recruited within the first two weeks of abstinence and
underwent longitudinal scanning sessions at two time points: first after approximately two weeks of
abstinence (18.63 days on average) and second after approximately one month of abstinence (35.76 days
on average). Abstinence was verified at each scanning session in all participants by an alcohol
breathalyser (BACtrack S50 Personal Breathalyzer, Portable Breath Alcohol Tester) and a urine drug

screen (nal von minden GmbH Drug-Screen® Diptest, Version 1.0).
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Controls were recruited concurrently to match the patients' general demographic profile (including sex,
age, handedness, general occupation/education background). The controls had no history of alcohol or
drug addiction and consumed alcohol below the Canada's Low-Risk Alcohol Drinking Guidelines (Butt,
2011). Participants in both arms were excluded if they had any history of serious medical (including
psychiatric or neurological) complications, brain injury, use of psychotropic medications (other than
during the detoxification process), or did not meet magnetic resonance safety criteria for our imaging
facilities. The study was approved by the University of Alberta Health Research Ethics Board (study ID:

Pro00019424).

Table 6.1: Summary of Key Demographic and Clinical Variables

AUD Patients (n=41) Controls (n=50)
Mean SEM Mean SEM % A t-value sig.
Age 45.09 1.46 42.17 1.40 7 1.40 not sig
Ethanol (grams/day) 252.78 19.90 5.47 0.55 4,521 13.58 HoAok
AUDIT 27.62 0.65 2.69 0.21 927 39.79 ok
ADS 16.49 0.90 1.73 0.22 853 17.15 ok
OCDS 18.24 0.88 1.26 0.12 1,348 20.23 ok
ODS 6.46 0.50 0.09 0.04 7,078 13.36 HEE
CDS 11.78 0.46 1.17 0.11 907 23.72 *EE
Abstinence 1 (days) 18.63 0.82 N/A
Abstinence 2 35.76 0.80 N/A

*p<0.05, ** p<0.01, *** p<0.001 Bonferroni-corrected; SEM = standard error of mean

2.2 MRI Acquisition

The neuroimaging data was acquired at two clinical sites. Canadian data was acquired using a 4.7 Tesla
Varian Inova whole-body MRI scanner, located at the University of Alberta, Edmonton. German data was
acquired using a 3 Tesla Siemens MAGNETOM TRIO whole-body MRI scanner, located at the Central
Institute of Mental Health, Mannheim. The scanning protocol included anatomic imaging using T1-
weighted magnetization-prepared rapid acquisition echo (MPRAGE) as well as resting state functional
MRI (rs-fMRI) using single-shot, T2*-weighted echo planar imaging (EPI). During rs-fMRI participants
were asked to remain still, close their eyes, not fall asleep, and not to think of anything in particular.
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Edmonton MPRAGE acquisition parameters were TR 1,505.9 ms, inversion time 300.0 ms, relaxation
delay time (after readout prior to inversion) 300.0 ms, linear phase encoding, TE 3.71 ms, matrix
240%192x128, field of view 240x192x192 mm’, 1.0x1.0x1.5 mm’ voxels, whole brain coverage.
Mannheim MPRAGE acquisition parameters were TR 2,300 ms, inversion time 900 ms, TE 3.03 ms,

matrix 256x256x192 with identical field of view, 1.0x1.0x1.0 mm® voxels, with whole brain coverage.

Edmonton rs-fMRI EPI scans had acquisition parameters of TR 1500 ms, TE 19 ms, matrix 72x68x36,
field of view 216x204x126 mm3, 3x3x3.5 mm3 voxels, whole brain coverage, and with 320 volumes.
Mannheim rs-fMRI EPI scans had acquisition parameters of TR 1500 ms, TE 28 ms, matrix 64x64x30,

field of view 192x192x120 mm3, 3x3x4 mm3 voxels, whole brain coverage, and with 240 volumes.

All of the scans were visually reviewed by two independent neuroimaging experts for gross
abnormalities. None of the subjects exhibited any clinically significant structural abnormalities other than
what may be expected from normal aging or prolonged alcohol abuse. Only subjects without severe

motion and other noise artifacts in both the first and second fMRI scan were included in the final analysis.

The raw data was also anonymized before any pre-processing and the researchers were blinded to the

subject or group label key until the final statistical analysis.

2.3 Neuroimaging Data Preprocessing

The fMRI data was preprocessed using the Data Processing Assistant for Resting-State fMRI Advanced
Edition (DPARSFA; version 4.1 160415; http://rfmri.org/DPARSF) (Chao-Gan & Yu-Feng, 2010).
Preprocessing steps included: removal of first 10 time points to allow for signal stabilization; slice timing

correction; head motion realignment; brain extraction (using BET) (Smith, 2002); nuisance covariate
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regression (using 2 polynomial trend with Friston 24 head motion parameters as well as white matter and
cerebral-spinal fluid regressors based on CompCorr with 6 principal components) (Behzadi et al., 2007;
Friston et al., 1996); normalization to Montreal Neurological Institute (MNI) space using the default EPI
template in a 3x3x3 mm’ isotropic space; smoothing using a 9 mm isotropic Gaussian kernel (FWHM);
and temporal filtering in 0.01 to 0.1 Hz band. The preprocessed data was also masked using a common
dataset mask, which included brain voxels common to all scans and was created using FSL (Jenkinson et

al., 2012). Quality assurance steps were undertaken after each preprocessing step.

2.4 Independent Component Analysis

Independent component analysis on the preprocessed data was performed using MELODIC (Multivariate
Exploratory Linear Optimized Decomposition into Independent Components) (C. F. Beckmann & Smith,
2004) in FSL (Jenkinson et al., 2012). The number of independent components was limited to 15 and the
analysis was performed on multi-session temporally concatenated preprocessed data. The spatial extent of

the fifteen independent components is summarized in Figure 6.2.

All of the independent components were then thresholded and binarized into spatial masks, to decrease
spatial overlap. These component masks were then processed through Dual Regression to extract subject-
specific timecourses based on the group component masks as well as subject-specific spatial maps for

each of the components (Christian F Beckmann et al., 2009).

Spatial distribution and timecourse patterns across the concatenated group data as well for each subject
were then carefully reviewed and one component (component 05) was excluded because it represented
noise. Component number 07 also exhibited some noise-like patterns, but was included in the final

analysis since its spatial distribution fell primarily within the mesial-temporal lobe consistently across all
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subjects. After quality assurance was concluded, the anonymized subject-specific spatial maps of the

fourteen remaining components were then used in statistical analysis.

2.5 Graph Theory Analysis

Functional connectivity patterns and network hierarchy were explored using FSLNets toolbox
(https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FSLNets) in MATLAB. The subject and network-specific
timecourses extracted using Dual Regression in the previous analysis step were normalized, full
correlation matrices were then calculated, and the networks were sorted based on their correlation
patterns. The independent components network hierarchy (based on the healthy control data) is illustrated
in Figure 6.2. The between-group differences were also analysed the same way as other neuroimaging

data, with same nuisance variables, permutation tests, and full FWE-correction for multiple comparison.

2.6 Statistical Analyses

After the quality assurance of the fMRI analyses were complete for each subject, the label key was

returned to the blinded researcher to allow for group comparison and statistical analysis.

The participant profile summary statistics and group comparison were generated using SPSS (version 20)
(IBM Corp, 2011) and MATLAB (version R2018b) (The MathWorks Inc, 2018). The summary statistics
included group mean (X) and standard error of mean (SEM). After verifying validity of the assumptions
(including Levene’s test of homogeneity), two sample t-tests were used to compare group differences (A).
The input data for demographic and clinical summary statistics was not corrected for nuisance variables

(such as age).
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The neuroimaging analysis of group differences was performed using general linear models and voxel-
wise non-parametric permutation tests in FSL (Jenkinson et al., 2012). The linear models included
predictors for group status (dummy variables for first and second scans for patients and controls) as well
z-normalized nuisance variables (scanning site, age, and length of abstinence at first scan). The contrasts
compared first time point group differences, second time point group differences, as well as interscan
longitudinal differences in the AUD group. For completeness, a separate due diligence analysis was also
performed on the usable first-time point neuroimaging data of all of the excluded patients who have
dropped out compared to the patients who have remained in the study (see Figure 6.1 for summary of t-
maps). The group differences were tested using 10,000 permutations in FSL’s Randomise algorithm with

Threshold-Free Cluster Enhancement (TFCE), using the recommended parameters (Winkler et al., 2014).

An exploratory post-hoc statistical analysis was also conducted to explore correlations between
significant neuroimaging results and clinical severity scales. Significance of the Pearson correlation

coefficients was tested using two-tailed t-tests.

For all analyses, the null hypothesis was rejected and group differences were considered as significant at a
global alpha threshold of 0.05. The p-values were corrected for multiple comparison using Family-Wise
Error (FWE) correction. FWE-correction was estimated either through permutations for neuroimaging
data and/or using Bonferroni method for summary statistics and post-hoc comparisons (Bonferroni,

1936).
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3 Results

3.1 Participant profile

The healthy controls were recruited to match the general demographic profile of the AUD patients. As a
result, the groups were not significantly different in their general demographic profile. The clinical
measures were 9 to 71 times more severe in the AUD group than in the healthy control, as summarized in

Table 6.1.

3.2 Drop-Out Due Diligence

The due diligence comparison of the excluded dropped-out patients compared to the ones included in the
longitudinal study revealed that neither the demographic, clinical, nor neuroimaging profile of the clinical
subjects was significant. Figure 6.1 illustrates the lack of significant differences in the usable fMRI scans
of the 16 dropped-out excluded AUD patients compared to the 41 remaining included AUD patients. The
overwhelmingly green t-maps indicate non-significant group differences (green on colour bar indicates t-

value of 0).
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Figure 6.1: No Significant Difference between Dropped-Out and Included Patients at First Time Point

x =5 ; MNI Space
No Significant Change

Figure 6.1 depicts t-maps of the group differences between patients who dropped out (n=16) compared to the ones who
have been included in the longitudinal analysis (n=41) for each of the independent components used in this analysis.
As indicated by the colour bar, green depicts no differences while blue indicates decreased functional connectivity in
the dropped out group and red increased functional connectivity in the dropped out group. None of the differences
were statistically significant. The sagittal slices were taken at x =5 in MNI space.
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3.3 Independent Component Analysis Networks

Independent component analysis in this study was restrained to 15 components. We have experimented
with higher and lower component numbers on partial datasets during the recruitment process. Restricting
the algorithm to 15 components provided the best compromise between specificity and sensitivity (i.e.
reasonable number of statistical tests, which would not necessitate unreasonable Bonferroni-corrected

thresholds on the permuted p-values, given our modest sample size).

The fifteen independent components consisted of the following anatomical regions: component 01: Basal
Ganglia / Deep Gray Matter Network (spanning thalamus, putamen, caudate nucleus, brainstem, a little
bit of temporal lobe); component 02: Cerebellum Network (spanning cerebellum and minimum of
occipital and temporal lobes); component 03: Primary Visual Network (spanning occipital lobe and little
of cerebellum, parietal, and temporal lobes); component 04: Anterior Default Mode Network (spanning
frontal lobe and a little parietal lobe); component 05: Noise (excluded from analysis); component 06:
Posterior Default Mode Network (spanning primarily parietal lobe with a little occipital lobe); component
07: Mesial-Temporal Network (partially noise; spanning temporal lobe and also including small parts of
frontal lobe, cerebellum, insula, occipital lobe, putamen, caudate, parietal lobe and thalamus); component
08: Sensory-Motor Network (spanning frontal and parietal lobe); component 09: Auditory Network
(spanning temporal lobe and insula with a little parietal lobe, frontal lobe and minimum putamen);
component 10: Visual Network — Lingual Gyrus (spanning occipital lobe, parietal lobe, cerebellum, little
of temporal, frontal, and thalamus); component 11: Language Network (spanning parietal and temporal
lobe, with little frontal and occipital lobes); component 12: Right Executive Control Network (spanning
right parietal and frontal lobes with minimum of temporal lobe); component 13: Precuneus Network
(spanning parietal lobe and occipital lobe with a little frontal and temporal lobes); component 14: Left

Executive Control Network (spanning left frontal lobe and parietal lobe with a little temporal and
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occipital lobes); and component 15: Anterior-Salience (Insula) Network (spanning frontal lobe with a

little parietal, temporal lobe, insula and minimum of putamen and occipital lobe).

The fourteen retained functional connectivity networks represented 88% of the brain space analysed in
this study (which already excluded non-brain tissue, ventricles, and dominant white matter regions based
on the average smoothed tissue probability maps). 60% of the voxels included in the independent
components were unique to each functional network and did not overlap, 23% voxels overlapped with one
other network, 7% with 2 other networks, and 2% with 3 networks, at the threshold level depicted in the
figures. The overlapping regions included several functional hubs such as precuneus, posterior cingulate
cortex, and bilateral angular gyri which are commonly associated with the default mode network and
exhibit increased resting-state brain activity. The spatial extent of the different functional networks
varied: 01 Basal Ganglia Network represented 7% of the analysed voxels, 02 Cerebellum Network
spanned 10% of the voxels, 03 Primary Visual Network 11%, 04 Anterior Default Mode Network 10%,
06 Posterior Default Mode Network 7%, 07 Mesial-Temporal Network 11%, 08 Sensory-Motor Network
12%, 09 Auditory Network 10%, 10 Visual Network — Lingual Gyrus 7%, 11 Language Network 8%, 12
Right Executive Control Network 9%, 13 Precuneus Network 8%, 14 Left Executive Network 9%, and 15

Anterior Salience (Insula) Network spanning 8% of the analysed brain space.
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Figure 6.2: Independent Components Hierarchy
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Figure 6.2 summarizes the spatial extent of the independent component resting state networks and their relative
activation hierarchy.

3.4 Group ICA Differences

The results of the significant differences between AUD patients at first scan, at second scan, as well as
interscan patient differences are summarized in Table 6.2 (group averages and differences) and Table 6.3
(significant cluster coordinates) and depicted in Figure 6.3 to Figure 6.16 (independent components in
green and significantly increased clusters in red and decreased in blue). All of the significant clusters
survived Bonferroni correction by factor of 84 (14 networks with 3 sets of up and down contrasts) on the

FWE permutation corrected values (p < 0.000595).

For component 1 (Basal Ganglia / Deep Gray Matter Network), there were significant differences across
all three sets of contrasts (as depicted in Figure 6.3). AUD patients at first time point (19 days of
abstinence), have shown a bilateral increase in insula and temporal lobe (planum polare, Heschl’s gyrus,
lateral superior temporal gyrus) functional connectivity and a left cerebellum decrease, spanning a little

into left fusiform gyrus of temporal lobe (Brodmann area 20 and 37), compared to the healthy controls. At
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second time point (36 days of abstinence), decrease in cerebellum (posterior cerebellum and cerebellar
tonsil), occipital lobe (area around lingual gyrus), frontal lobe (anterior cingulate and paracingulate gyrus)
and parietal lobe (post-central gyrus / primary somatosensory cortex), compared to healthy controls.
Longitudinal interscan differences within the AUD group were associated with increased functional
connectivity with cerebellum (left anterior lobe) and decrease in frontal lobe (bilateral paracingulate,

cingulate, and superior frontal gyri as well as frontal pole), with prolonged abstinence.

For component 2 (Cerebellum Network), both first and second time-point were associated with decreased
functional connectivity largely within the cerebellum (as illustrated in Figure 6.4). Even though the extent
of the decrease has lowered with prolonged abstinence, none of the interscan differences survived
multiple comparison correction. At the first time point, the AUD patients have exhibited a diffuse
decrease in bilateral cerebellar functional connectivity, largely within the independent component, in
comparison to the healthy controls. At the second time point, the AUD patients have shown decreased
functional connectivity in cerebellum (left culmen and tonsil), largely within the independent component

but to a lesser extent than during the first time-point.

For component 3 (Primary Visual Network), both the first and second time point were associated with
significantly increased functional connectivity in the AUD group, compared to the healthy controls (as
illustrated in Figure 6.5). There were no significant interscan changes associated with prolonged
abstinence within the AUD group. At first time point, the AUD group exhibited an increase in frontal lobe
(left supplementary motor cortex and also bilateral cingulate and superior frontal gyri and right posterior
cingulate gyrus) functional connectivity, compared to the healthy controls. At second time point, the
AUD group has shown increase in frontal lobe (right superior frontal gyrus and supplementary motor
cortex) and occipital lobe (pole, lateral inferior, and fusiform gyri — primarily in the right hemisphere) but

a decrease in functional connectivity in cerebellum (posterior right tonsil). Unexpectedly, the increased
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functional connectivity with supplementary motor cortex was in the opposite hemisphere at the second

time point compared to the first.

For component 4 (Anterior Default Mode Network), there were significant differences between patients
and controls at both time points (as illustrated by Figure 6.6), but there were no significant longitudinal
differences within the AUD group. At the first time point, AUD patients exhibited increase in functional
connectivity in left parietal lobe (post-central gyrus, inferior parietal lobule / supramarginal gyrus) and
small part of frontal lobe (pre-central gyrus) and a decrease in functional connectivity in frontal lobe
(right precentral gyrus) and bilateral thalamus. At the second time point, AUD patients exhibited
increased functional connectivity in left temporal lobe (middle and superior temporal gyri) and a small
part of left parietal lobe (angular and supramarginal gyri) and decreased functional connectivity in left

occipital lobe (cuneus) and parietal lobe (precuneus).

Component 5 (Noise) was excluded from analysis.

For component 6 (Posterior Default Mode Network), there were significant functional connectivity
differences between AUD patients and healthy controls at first time point but not at second time point (as
illustrated by Figure 6.7). At the first time point, the AUD patients exhibited increased functional
connectivity with a cluster in right frontal lobe (spanning frontal pole as well as inferior and middle
frontal gyri) and decreased functional connectivity in right occipital lobe (inferior occipital gyrus and
fusiform gyrus), compared to the healthy controls. At the second time point, none of these changes
remained significant. Interscan longitudinal comparison in the AUD group has also revealed decreased

functional connectivity in the right frontal lobe (middle cingulate gyrus).

For component 7 (Mesial-Temporal Network), all three sets of contrasts were associated with significant

changes in functional connectivity (as illustrated by Figure 6.8). At first time point, the AUD group had
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increased functional connectivity in insula, temporal lobe (temporal pole and superior temporal gyrus),
and frontal lobe (orbital frontal cortex) and decreased functional connectivity in clusters across right
temporal lobe, (superior temporal gyrus, planum polare) frontal lobe (right precentral gyrus), right insula,
occipital lobe (fusiform), and cerebellum (right posterior lobe), compared to the healthy controls. At
second time point, the AUD group exhibited increased functional connectivity in parietal lobe (post-
central gyrus, precuneus) and frontal lobe (left pre-central gyrus) and decreased connectivity in right
temporal lobe with small extent into insula, parietal lobe, and frontal lobe surrounding right operculum.
Interscan comparison within the AUD group has also revealed increased functional connectivity in the left

brainstem (pons and midbrain), associated with prolonged abstinence.

For component 8 (Sensory-Motor Network), all three sets of contrasts were associated with significant
changes in functional connectivity (as illustrated by Figure 6.9). At first time point, the AUD group had
increased functional connectivity in left parietal (precuneus, inferior and superior parietal lobules),
temporal lobe (superior temporal gyrus, middle temporal gyrus, and transverse temporal gyrus), and
insula and decreased functional connectivity in frontal lobe (frontal pole, superior frontal gyrus, middle
frontal gyrus, precentral gyrus, and cingulate gyrus) and a little bit of parietal lobe (postcentral gyrus). At
the second time point, the AUD group exhibited increased functional connectivity in the parietal lobe
(superior parietal lobule, postcentral gyrus, and supramarginal gyrus). Interscan AUD comparison has

revealed significant increase in functional connectivity in the right cerebellum.

For component 9 (Auditory Network), all three sets of contrasts were associated with significant changes
in functional connectivity (as illustrated by Figure 6.10). At the first time point, the AUD group had
increased functional connectivity in frontal lobe (middle frontal gyrus), parahippocampal gyrus, and
brainstem (pons and midbrain), compared to the healthy controls. At the second time point, the AUD
group had increased functional connectivity in right temporal lobe (superior temporal gyrus, middle

temporal gyrus) and decreased in left temporal lobe (fusiform cortex, inferior temporal gyrus,
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parahippocampal gyrus), spanning partially into cerebellum. The longitudinal interscan AUD comparison
has revealed decreased functional connectivity in the left temporal lobe (inferior temporal gyrus and

fusiform cortex).

For component 10 (Visual Network — Lingual Gyrus), all three sets of contrasts were associated with
significant changes in functional connectivity (as illustrated by Figure 6.11). At first time point, the AUD
group exhibited increased functional connectivity in cerebellum and small parts of parietal lobe
(precuneus) as well as decreased functional connectivity in the right frontal lobe (precentral gyrus, medial
frontal gyrus), insula, and parietal lobe (supramarginal gyrus, operculum). At second time point, the AUD
group demonstrated increased functional connectivity in frontal lobe (cingulate gyrus), parietal lobe,
temporal lobe, and brainstem and decreased functional connectivity in cerebellum, parietal lobe (superior
parietal lobule, supramarginal gyrus), and frontal lobe (frontal pole). Longitudinal interscan differences
within the AUD group included increased functional connectivity in parietal lobe, frontal lobe (posterior
cingulate gyrus), and temporal lobe as well as decreased functional connectivity in left cerebellum and

bilateral parietal lobe (precuneus).

For component 11 (Language Network), all three sets of contrasts were associated with significant
changes in functional connectivity (as illustrated by Figure 6.12). At the first time point, the AUD group
exhibited increased functional connectivity in the left temporal lobe (temporal pole, superior temporal
gyrus) and frontal lobe (frontal orbital cortex, inferior frontal gyrus). At the second time point, the AUD
group exhibited decreased functional connectivity in the right parietal lobe (supramarginal gyrus, angular
gyrus, and operculum). Longitudinal interscan differences within the AUD group included increased

functional connectivity in the left frontal lobe (supplementary motor cortex, cingulate gyrus).

For component 12 (Right Executive Control Network), all three sets of contrasts were associated with
significant changes in functional connectivity (as illustrated by Figure 6.13). At first time point, the AUD
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group exhibited increased functional connectivity in frontal lobe (precentral gyrus, superior frontal gyrus),
parietal lobe (postcentral gyrus) as well as insula and temporal lobe while decreased functional
connectivity in left frontal lobe (supplementary motor cortex, precentral gyrus, medial frontal gyrus, and
superior frontal gyrus). At the second time point, the AUD group demonstrated increased functional
connectivity in frontal lobe (paracingulate gyrus and cingulate gyrus) and parietal lobe (post-central
gyrus, precuneus) and decreased functional connectivity in left parietal lobe (precuneus). The AUD group
has exhibited both increased functional connectivity in the frontal lobe (precentral gyrus, paracingulate
gyrus, supplementary motor cortex) as well as decreased functional connectivity frontal lobe (superior

frontal gyrus) between the two scanning sessions.

For component 13 (Precuneus Network), all three sets of contrasts were associated with significant
changes in functional connectivity (as illustrated by Figure 6.14). At the first time point, the AUD group
exhibited increased functional connectivity in the left temporal lobe (temporal pole, superior temporal
gyrus, middle temporal gyrus) and decreased functional connectivity in right temporal lobe (superior
temporal gyrus and middle temporal gyrus). At second time point, the AUD group compared to the
healthy controls has demonstrated increased functional connectivity in left parietal lobe (superior parietal
lobule, supramarginal gyrus, and angular gyrus) and decreased functional connectivity in temporal lobe
(superior temporal gyrus) and a little part of insula and amygdala. The interscan AUD comparison has
revealed decreased functional connectivity in the right temporal lobe (fusiform cortex, superior temporal

gyrus, middle temporal gyrus, and inferior temporal gyrus).

For component 14 (Left Executive Control Network), all three sets of contrasts were associated with
significant changes in functional connectivity (as illustrated by Figure 6.15). At the first time point, the
AUD group exhibited decreased functional connectivity in the left temporal lobe (superior temporal

gyrus). At the second time point, the AUD group exhibited increased functional connectivity in the right
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occipital lobe (cuneus) and brainstem (midbrain and pons) and also decreased functional connectivity in
the occipital lobe, compared to the healthy control group. The interscan longitudinal comparison in the
AUD group revealed increased functional connectivity in the occipital lobe, parietal lobe, and thalamus

and decreased functional connectivity in the frontal lobe (frontal pole, middle frontal gyrus).

For component 15 (Anterior-Salience / Insula Network), there was only one significant group difference
which survived multiple comparison correction. Comparison of the AUD group to the healthy controls at
first time point has revealed increased functional connectivity in left frontal lobe (supplementary motor

cortex / medial frontal gyrus) within the extent of the independent component.
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Table 6.2: Summary of Significant Differences in Functional Connectivity for Each Component

AUD 1 AUD 2 CTL AUDI1 vs CTL AUD2vs CTL | AUD2vs AUD 1

Component Contrast X SEM X SEM X SEM A t A t A t
AUD1>CTL 1.04 0.07 0.82 0.07 0.49 0.06 0.56 | 5.85*** | 0.33 3.64%* 0.23 2.28
AUD 1 <CTL -0.1 0.06 0.01 0.05 0.25 0.07 | -0.35 | -3.95%* [ -0.24 -2.83 -0.11 -1.37
01 AUD 2 <CTL 0.06 0.02 -0.05 0.03 0.33 0.03 | -0.27 | -7.63*** | -0.37 | -8.54*** | 0.11 2.64
AUD2>AUD1 | -0.05 0.06 0.08 0.05 0 0.06 | -0.05 -0.562 0.08 1.01 -0.13 -1.65
AUD2<AUD1 0.1 0.07 -0.12 0.08 0.13 0.06 | -0.03 -0.378 -0.25 -2.59 0.22 2.13
02 AUD 1<CTL 1.65 0.05 1.72 0.05 2.04 0.05 | -0.38 | -5.23*** | -0.31 | -4.44** | -0.07 -0.94
AUD 2 <CTL 0.9 0.06 0.74 0.07 1.12 0.05 ] -0.22 -2.822 | -0.39 | -4.44** | 0.17 1.89
AUD1>CTL 0.33 0.06 0.23 0.04 -0.14 0.04 0.47 | 6.13*%** | 0.37 | 6.37*** 0.1 1.32

03 AUD2>CTL 1.29 0.05 1.29 0.05 0.94 0.03 0.35 [ 6.36%** | 0.35 [ 6.19%** 0 0
AUD 2 <CTL -0.19 0.05 -0.38 0.06 -0.07 0.04 | -0.13 -1.941 -0.31 | -4.27** | 0.18 2.42
AUD 1> CTL 0.23 0.06 0.03 0.06 -0.19 0.04 0.42 | 5.53*%** | (.22 3.12 0.21 2.44
04 AUD1<CTL -0.22 0.06 0.07 0.06 0.28 0.06 -0.5 | -6.23%** [ -0.21 -2.45 -0.29 -3.41
AUD 2 > CTL 0.28 0.08 0.45 0.05 -0.06 0.05 0.34 3.71%* 0.51 | 6.93*** | -0.17 -1.87
AUD 2 <CTL -0.32 0.05 -0.31 0.05 0.22 0.05 | -0.54 | -7.43*** | -0.53 | -7.4*** | -0.01 -0.11
AUD 1> CTL 0.09 0.07 0.05 0.07 -0.24 0.05 0.33 4.03%* 0.29 3.55% 0.04 0.42
06 AUD1<CTL -0.58 0.08 -0.2 0.08 0.02 0.07 -0.6 | -5.76%** | -0.22 -2.1 -0.38 -3.44
AUD2<AUD1 0.49 0.06 0.2 0.06 0.33 0.05 0.16 2.11 -0.13 -1.75 0.29 3.46
AUD1>CTL 2.13 0.11 2 0.08 1.5 0.07 0.63 | 4.91%** 0.5 4.74*** | 0,13 0.96
AUD 1<CTL 0.01 0.04 0.17 0.04 0.46 0.04 | -0.45 | -8.37*** | -0.29 | -5.06*** | -0.16 -2.66
07 AUD 2> CTL -0.12 0.04 0.02 0.04 -0.46 0.05 0.34 | 5.54***% | 047 | 7.45%** | -0.13 -2.54
AUD 2 < CTL 0.22 0.05 0.09 0.05 0.64 0.05 | -0.42 | -6.12%*** | -0.55 | -8.29*** | 0.13 1.92
AUD2>AUD 1 1.62 0.1 1.97 0.12 1.78 0.1 -0.16 [ -1.101 0.2 1.28 -0.35 -2.25
AUD1>CTL 0.51 0.05 0.38 0.04 0.12 0.04 0.4 6.74%** | 0.26 | 4.80*** | (.13 2.21
08 AUD 1 <CTL 0.23 0.05 0.3 0.04 0.5 0.04 | -0.27 | -4.57*** | -0.21 -3.78* -0.07 -1.03
AUD 2>CTL 1.96 0.06 2 0.06 1.47 0.05 0.49 | 6.06*** [ 0.53 | 6.59*%** [ -0.04 -0.43
AUD2>AUD1| -0.02 0.06 0.22 0.05 -0.04 0.05 0.02 0.295 0.26 3.68%* -0.24 -3.17

Table 6.2 continues on the next page.
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Table 6.2(continued): Summary of Significant Differences in Functional Connectivity for Each Component

AUD 1 AUD 2 CTL AUDI1 vs CTL AUD 2 vs CTL AUD 2 vs AUD 1
Component Contrast X SEM X SEM X SEM A t A t A t
AUD 1> CTL 0.37 0.05 0.08 0.05 -0.03 0.04 0.39 | 6.22%%* 0.11 1.72 0.29 4.35%*
9 AUD 2 > CTL 1.66 0.11 2.01 0.09 1.27 0.06 0.38 3.03 0.74 | 6.76%** | -0.36 -2.47
AUD 2 <CTL | -0.01 0.04 -0.08 0.04 0.17 0.03 -0.18 -3.71%* -0.25 | -4.71*** | 0.07 1.24
AUD2<AUD1 | 0.1 0.04 -0.09 0.05 0.07 0.04 0.02 0.38 -0.16 -2.38 0.18 2.78
AUD 1> CTL 0 0.06 -0.07 0.05 -0.27 0.03 0.28 4.38** 0.21 3.58#* 0.07 0.98
AUD 1 <CTL 0.04 0.06 0.12 0.05 0.38 0.05 -0.34 | -4.60*** | -0.26 | -3.87** [ -0.08 -1.04
10 AUD 2 >CTL 0.06 0.06 0.36 0.05 -0.05 0.04 0.11 1.62 0.41 6.03*** [ -0.29 -3.86*
AUD 2 <CTL -0.1 0.04 -0.29 0.03 0.15 0.03 -0.26 | -5.37*** | -0.44 [ -9.56*** | 0.19 3.85%
AUD2>AUD1 | -0.1 0.05 0.18 0.05 -0.07 0.04 -0.03 -0.4 0.25 3.88%* -0.28 -3.71%
AUD2<AUD1 | 091 0.1 0.45 0.11 0.5 0.08 0.41 3.12 -0.06 -0.41 0.47 3.03
AUD 1> CTL 1.23 0.13 0.9 0.09 0.49 0.11 0.73 4.36** 0.41 2.97 0.33 2.05
11 AUD 2 <CTL 0.66 0.08 0.62 0.09 1.25 0.09 -0.6 | -4.79%%* | -0.64 | -4.96*** | 0.04 0.32
AUD2>AUD1 | -041 0.07 -0.04 0.06 -0.15 0.05 -0.26 -2.98 0.11 1.42 -0.38 -3.83*
AUD1>CTL 0.45 0.05 0.2 0.04 -0.05 0.04 0.5 8.02%%* 0.25 4.09%* 0.25 3.91%*
AUD1<CTL | -0.23 0.06 -0.15 0.07 0.08 0.05 -0.31 -3.91% -0.23 -2.65 -0.08 -0.85
12 AUD 2 >CTL 0.39 0.07 0.73 0.04 0.29 0.05 0.11 1.26 0.44 | 6.56*** | -0.33 -4.31%*
AUD 2 <CTL 0.04 0.09 -0.27 0.09 0.24 0.09 -0.2 -1.52 -0.52 | -4.02** | 0.32 2.51
AUD2>AUD1 | -0.07 0.05 0.25 0.04 0.09 0.03 -0.16 -2.77 0.15 3.08 -0.31 | -5.32%%*
AUD2<AUD1 | 0.37 0.07 0.12 0.07 0 0.06 0.38 3.90* 0.12 1.3 0.26 2.56
AUD 1> CTL 0.48 0.05 0.2 0.05 0.12 0.03 0.36 | 5.67*%** 0.08 1.45 0.28 3.88%*
AUD1<CTL | -0.18 0.07 -0.06 0.06 0.06 0.07 -0.24 -2.54 -0.12 -1.35 -0.12 -1.36
13 AUD 2 >CTL 1.24 0.1 1.75 0.1 0.92 0.09 0.32 2.36 0.83 6.43*%* | -0.51 -3.6*
AUD 2 <CTL 0.06 0.06 0.13 0.07 0.37 0.05 -0.31 | -4.00** -0.24 -2.83 -0.07 -0.82
AUD2<AUD1 | 0.32 0.04 0.08 0.04 0.07 0.02 0.25 | 4.94%** 0.01 0.27 0.24 3.93*
AUD 1 <CTL 0.07 0.08 0.48 0.08 0.86 0.08 -0.79 | -7.03%** | -0.38 -3.3 -0.4 -3.51*
AUD 2 > CTL 0.11 0.04 0.23 0.04 -0.13 0.04 0.24 4.14%* 0.36 | 6.57*** [ -0.12 -2.14
14 AUD 2 <CTL 0.03 0.03 -0.12 0.04 0.21 0.04 -0.19 -3.82% -0.34 | -6.56*** | 0.15 3.04
AUD2>AUD1 | -0.54 0.06 -0.19 0.05 -0.33 0.04 -0.21 -3.08 0.14 2.23 -0.36 | -4.70%**
AUD2<AUD1 | -0.1 0.05 -0.36 0.06 -0.18 0.05 0.08 1.06 -0.18 -2.19 0.25 3.14
15 AUD 1> CTL 1.33 0.09 1.2 0.08 0.98 0.07 0.35 3.03 0.22 2.09 0.13 1.06

*p<0.05, ** p<0.01, *** p<0.001 Bonferroni-corrected; SEM = standard error of mean
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Table 6.3: MNI Coordinates of Significant Clusters for Each Component

MAX X | MAXY | MAXZ | COGX | COGY | COG Z
Component Contrast Voxels
(mm) (mm) (mm) (mm) (mm) (mm)
95 42 6 3 44.1 357 | -464
AUD 1> CTL 51 ) 9 9 445 | 465 | 547
3 36 15 6 35 15 5
AUD 1< CTL 75 36 51 30 382 | 481 274
142 21 84 3 21.9 756 351
111 39 66 57 26 607 | 514
01 101 15 42 54 196 | -41.6 61.9
AUD 2 < CTL 56 6 39 21 0107 | 409 23.9
43 33 260 57 287 | 573 | -528
16 33 15 9 296 159 | -5.06
8 33 3 15 34.1 337 116
AUD2>AUD1 | 38 27 57 30 249 ~54 294
AUD2<AUD1 | 69 3 42 24 0.826 | 446 25
479 33 769 54 973 | 701 353
02 AUD 1 <CTL 96 39 72 51 36.4 683 44
AUD 2 < CTL 76 45 51 42 424 | 461 314
54 9 3 57 772 | 311 61.6
AUD 1> CTL 15 6 ) 21 738 44 206
0 63 42 37 15 36.9 842 | -7.05
AUD 2> CTL 24 12 6 57 9.37 116 59.1
17 27 31 9 266 | -805 113
AUD 2 < CTL 18 15 51 48 145 523 | 445
78 69 24 21 664 | 203 296
AUD 1>CTL 32 63 39 42 614 | -395 423
66 27 21 69 283 17 702
o4 AUD 1 <CTL 9 3 15 9 2 113 117
41 63 51 3 648 49 439
AUD2>CTL 12 12 57 9 135 58.5 75
290 18 72 15 227 | 711 283
AUD 2 <CTL 16 0 60 36 131 59.1 36
66 39 39 6 408 427 723
o6 AUD 1>CTL 1 33 293 21 33 293 21
AUD 1 <CTL 10 30 87 18 32.4 888 | -165
AUD2<AUD1 | 15 9 3 33 8.2 52 35.6
AUD 1> CTL 139 33 12 24 38.4 158 16,5
91 54 6 0 522 465 3.96
47 39 69 30 403 666 | 252
AUD 1< CTL 15 33 34 21 332 83.6 219
7 L) 24 36 42 23.6 36.4
4 12 39 12 113 382 | -112
07 39 12 54 15 153 | -55.9 17.7
AUD 2> CTL 33 63 3 33 609 | 173 355
10 63 21 24 654 | -195 24.6
169 60 6 6 552 111 2.96
AUD 2 <CTL 17 15 48 63 13.9 466 655
AUD2>AUD 1 6 9 27 21 10 245 19
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Table 6.3 (continued): MNI Coordinates of Significant Clusters for Each Component

MAXX | MAXY | MAXZ | COGX | COGY | COGZ
Component Contrast Voxels
(mm) (mm) (mm) (mm) (mm) (mm)
71 45 39 9 421 | 386 16.4
25 30 51 42 284 | 517 462
AUD 1> CTL 3 27 30 15 27 29 17
1 15 51 45 15 51 45
68 21 24 36 181 313 391
08 AUD I <CTL 8 27 27 69 263 | 259 68.6
175 39 51 48 285 452 51.7
AUD 2> CTL 21 33 51 45 329 | 509 486
14 ) 27 27 45 219 266
AUD 2> AUD 1 5 24 66 39 204 66 402
36 6 27 24 12 253 162
AUD 1> CTL 12 27 39 6 285 39.7 725
2 21 24 12 21 24 105
42 63 33 6 623 327 714
09 AUD 2> CTL 8 0 63 0 15 61.5 15
66 51 39 27 203 | 351 255
AUD 2 <CTL 11 51 18 36 299 | -164 | 355
AUD2<AUD1 | 39 51 39 27 297 | 379 | 223
73 30 72 57 229 | 667 | -533
AUD 1> CTL 8 3 57 39 113 55.1 39.7
31 3 21 72 2.13 19 723
AUD I <CTL 19 45 39 21 437 377 248
279 6 42 27 3.82 226.9 36.6
AUD 2> CTL 19 3 9 18 0947 | -9.16 15
13 21 3 30 224 | 323 265
10 192 9 57 42 712 553 344
92 33 54 48 38.7 250 53.2
AUD2 <CTL 58 3 57 18 378 60.9 193
28 51 3 27 528 | 332 306
314 9 36 27 445 239 353
36 18 3 33 203 | -133 8.7
AUD2>AUD 1 = 45 42 21 45.6 383 255
10 30 96 6 309 | 95.1 8.7
AUD2<AUD1 | 13 3 57 39 346 | 554 429
AUD 1>CTL 19 3 13 15 23 19.7 15
11 AUD 2 <CTL 6 48 42 27 475 415 285
AUD2>AUD1 | 45 3 3 54 3 36 56.1

191




Table 6.3 (continued): MNI Coordinates of Significant Clusters for Each Component

MAXX | MAXY | MAXZ | COGX | COGY | COG Z
Component Contrast Voxels
(mm) (mm) (mm) (mm) (mm) (mm)
129 0 30 60 477 17.7 674
AUD 1> CTL 80 42 9 21 417 | 0413 | -154
68 51 218 57 377 | -195 67
AUD 1<CTL 19 9 15 66 758 | -12.6 66.5
97 0 21 36 22 229 377
12 AUD 2> CTL 17 9 45 69 7.59 432 67.9
16 24 78 54 244 752 54
AUD 2 <CTL 8 -6 -69 39 75 675 405
196 3 9 30 237 14.8 39.2
AUD2>AUD 1 12 33 60 7.04 244 66.1
AUD2<AUD1 | 147 6 21 66 49 12.4 69.3
90 54 0 15 7551 41 115
AUD 1>CTL 7 15 45 57 15 424 | 553
AUD 1<CTL 18 63 12 6 60.7 102 | -3.67
13 AUD 2> CTL 40 42 51 54 419 | 512 58.1
18 39 3 24 38.7 25 21
AUD2 <CTL 19 57 0 12 575 474 117
AUD2<AUD1 | 16 36 3 48 313 075 | -46.7
AUD 1<CTL 24 39 13 39 39.8 177 355
55 6 24 21 475 197 | -195
AUD2>CTL 44 21 87 15 214 852 202
93 33 33 33 331 38 _18.4
38 21 69 21 202 | -685 | -184
14 AUD 2 <CTL 20 18 72 218 16.4 723 -15.9
12 30 60 45 332 60 39
16 9 33 9 9.19 328 9.94
AUD2>AUD1 4 21 29 0 225 29 3
AUD2<AUD1 | 11 33 39 9 33.8 423 9.55
15 AUD 1> CTL 3 9 3 57 9 2 58

MAX = peak value coordinate; COG = centre of gravity
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Figure 6.3: Independent Component 01 - Basal Ganglia / Deep Gray Matter Network

AUD1 vs CTL

Independent component 01 is illustrated in green. Clusters of significantly lower functional connectivity are in blue
while those with significantly higher functional connectivity are in red. Top row illustrates results for comparison of
AUD patient group and healthy controls at first time point. Middle row depicts results for comparison of AUD patient
group and healthy controls at second time point. Bottom row summarizes the results for the longitudinal differences
between second and first time point in the AUD group. All of the images are in the MNI space. The same format is
used for all subsequent Independent Component figures (Figure 6.3 to Figure 6.16).
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Figure 6.4: Independent Component 02 - Cerebellum Network

AUD1 vs CTL
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Figure 6.5: Independent Component 03 - Primary Visual Network

AUD1 vs CTL
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Figure 6.6: Independent Component 04 - Anterior Default Mode Network

AUD1vs CTL
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Figure 6.7: Independent Component 06 - Posterior Default Mode Network

AUD1 vs CTL
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Figure 6.8: Independent Component 07 Mesial-Temporal Network

AUD1 vs CTL
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Figure 6.9: Independent Component 08 - Sensory-Motor Network

AUD1 vs CTL

AUD 2 vs CTL
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Figure 6.10: Independent Component 09 - Auditory Network

AUD1 vs CTL
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Figure 6.11: Independent Component 10 - Visual Network — Lingual Gyrus
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AUD 2 vs CTL

NP

L

S
¢

Xx=5

AUD2vs AUD1

201



Figure 6.12: Independent Component 11 - Language Network

AUD1vs CTL
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Figure 6.13: Independent Component 12 - Right Executive Control Network

AUD1vs CTL
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Figure 6.14: Independent Component 13 - Precuneus Network
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Figure 6.15: Independent Component 14 - Left Executive Control Network
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Figure 6.16: Independent Component 15 - Anterior-Salience / Insula Network

AUD1 vs CTL

& u' N

&

206



3.5 Clinical Severity Correlations

An exploratory post-hoc analysis was conducted on the significantly different clusters revealed by the
ICA group analysis and their correlation to different clinical severity scales. These changes are
summarized in Table 6.4. As anticipated, clusters which showed increased functional connectivity in the
AUD patient group compared to the healthy control group were associated with significant positive
correlation and vice versa. 20 clusters from 84 contrasts tested in our analysis have demonstrated a
consistent significant correlation with at least three different clinical severity measures, after full multiple-
comparison correction. All of these were from comparisons of the AUD group to the healthy control at
first, second, or both time points. None of the longitudinal interscan differences within the AUD group
showed a consistent track record of significant correlation with the clinical severity scales. Only a cluster
of increased cerebellar functional connectivity of component 8 (Sensory-Motor Network) showed a
significant positive correlation with any of the collected clinical severity scales (Obsessive Compulsive

Drinking Scale and its Obsessive Drinking Subscale) for the interscan comparisons.

The 20 clusters which showed at least three sets of significant correlation with clinical scale included:
Component 1 AUD 2 < CTL, Component 2 AUD 1 < CTL, Component 2 AUD 2 < CTL, Component 3
AUD 2 > CTL, Component 4 AUD 2 > CTL, Component 4 AUD 2 < CTL, Component 7 AUD 1 <CTL,
Component 7 AUD 2 > CTL, Component 7 AUD 2 < CTL, Component § AUD 2 > CTL, Component 9
AUD 2 > CTL, Component 9 AUD 2 < CTL, Component 10 AUD 1 > CTL, Component 10 AUD 2 <
CTL, Component 11 AUD 2 < CTL, Component 12 AUD 2 > CTL, Component 13 AUD 2 < CTL,

Component 14 AUD 1 < CTL, Component 14 AUD 2 > CTL, and Component 14 AUD 2 < CTL.
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The clinical severity scale which was most commonly correlated with the significant clusters was AUDIT
at 52%, followed by CDS at 39%, ADS at 38%, OCDS at 38%, number of standard drinks typically
consumed before detoxification at 34%, ODS at 27%, and length of abstinence at just 2% (only in the

AUD 2 > CTL in Component 3).
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Table 6.4: Pearson Correlations of Clinical Severity to Functional Connectivity Measures

Component Contrast Abstinence | # Drinks | AUDIT ADS 0OCDS ODS CDS
AUD 1> CTL 0.14 0.09 0.25* 0.03 0.21 0.09
AUD 1 <CTL 0.04 -0.17 -0.15 -0.17
01 AUD 2 <CTL 0.08
AUD2>AUD1 0 0.04 0.01 -0.06 -0.05 -0.08 -0.01
AUD2<AUD 1 0.17 -0.17 -0.13 -0.15 -0.1
02 AUD 1 <CTL -0.13
AUD 2 <CTL 0.13
AUD 1> CTL 0.05 0.23 0.22 0.24 0.18
03 AUD 2 > CTL
AUD 2 <CTL 0.03 -0.13 -0.1 -0.04 -0.14
AUD 1> CTL 0.02 0.11 0.15 0.13 0.1 0.15
04 AUD 1 <CTL -0.02 -0.12 -0.15 -0.13 -0.15
AUD 2 > CTL -0.13 0.16
AUD 2 <CTL 0.2
AUD 1> CTL 0.16 0.21 0.23 0.19 0.16 0.14 0.17
06 AUD 1 <CTL 0.08 -0.11 -0.18 -0.14 -0.11 -0.16
AUD2<AUD1 0.07 -0.05 0 -0.03 0.01 -0.01 0.02
AUD 1> CTL
AUD 1 <CTL
07 AUD 2 > CTL
AUD 2 <CTL
AUD 2> AUD 1
AUD 1> CTL
08 AUD 1 <CTL
AUD 2 > CTL
AUD 2> AUD 1

Table 6.4 continues on the next page.
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Table 6.4 (continued): Pearson Correlations of Clinical Severity to Functional Connectivity Measures

Component Contrast Abstinence | # Drinks | AUDIT ADS 0OCDS ODS CDS
AUD 1> CTL -0.06 0.21 0.19 0.15 0.1 0.07 0.12
09 AUD 2 > CTL -0.07 0.26*
AUD 2 <CTL 0.23
AUD2<AUD1 0.14 -0.17 -0.13 -0.13 -0.12 -0.1 -0.13
AUD 1> CTL 0.16 0.18 0.24 0.26*
AUD 1 <CTL -0.07 -0.19
10 AUD 2 > CTL 0.06 0.24 0.25* 0.2 0.12 0.07 0.15
AUD 2 <CTL 0.03
AUD2>AUD1 -0.02 0.18 0.15 0.14 0.04 0.02 0.06
AUD2<AUD 1 0 0 0.09 0.08 0.07 0.1 0.03
AUD 1> CTL 0 0.25* 0.24 0.23 0.21 0.23 0.17
11 AUD 2 <CTL
AUD2>AUD 1
AUD 1> CTL
AUD 1 <CTL
1 AUD 2 > CTL
AUD 2 <CTL
AUD2>AUD1 -0.05 0.13 0.07 0.11 0.22 0.23 0.19
AUD 2 <AUD 1 0.16 -0.02 0.12 0.01 -0.03 -0.08 0.02
AUD 1> CTL -0.02 0.1 0.17 0.12 0.07 -0.01 0.12
AUD 1<CTL -0.07 -0.1 -0.13 -0.17 -0.13 -0.12 -0.13
13 AUD 2 > CTL 0.26 0.25 0.22 0.2 0.18 0.2
AUD 2 <CTL
AUD 2 <AUD 1 0.04 0.07 0.14 0.09 0.08 0.02 0.12
AUD 1 <CTL 0.1 -0.18 -0.13
AUD 2> CTL -0.05
14 AUD 2 <CTL -0.02 -0.14
AUD2>AUD 1 0.02 0.08 0 0.09 0.09 0.11 0.07
AUD2<AUD1 0.03 -0.18 -0.02 -0.02 -0.11 -0.1 -0.11
15 AUD 1>CTL 0.22 0.17 0.1 0.08 0.05 0.03 0.06
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3.6 Graph Theory and Network Hierarchy

A simple full correlation analysis of all of the independent component networks has revealed the relative
functional connectivity hierarchy of the networks, as depicted at the top of Figure 6.2. Table 6.5 also
summarized the correlations between the independent component networks in the healthy subjects, with
the full simple correlation on the lower left corner and the standard error of mean in the upper right
corner. Table 6.6 summarizes the relative group differences in the correlations between the healthy
control group and the AUD patient group at both first and second time points. In general, the controls
have exhibited stronger positive and negative correlations across most networks.

Interestingly, Component 01 (Basal Ganglia / Deep Gray Matter Network) and 10 (Visual Network -
Lingual) were positively correlated in the AUD group at both time points but negatively correlated in the
control group (the differences were statistically significant after full Bonferroni correction). Similar but
non-significant trend was also observed between Component 01 (Basal Ganglia / Deep Gray Matter
Network) and 09 (Auditory Network). The inverse trend of negative correlation at first AUD time point,
negative correlation at the second AUD time point, while positive in the healthy control reference group
was observed in correlations between Component 02 (Cerebellum Network) and Component 15
(Anterior-Salience / Insula Network) as well as Component 10 (Visual Network — Lingual Gyrus) and
Component 13 (Precuneus Network) (although neither reached significance). There was also a trend of
normalizing correlations/anti-correlations between networks between Component 06 (Posterior Default
Mode Network) and 07 (Mesial-Temporal Network) of negative at first time point, positive at second time
point, and positive in controls (also not significant). There were also groups of edges which exhibited
deterioration of the correlation trends. Positive at first time point, negative at second time point, while
controls exhibited positive correlation occurred between Components 03 (Primary Visual Network) and

10 (Visual Network - Lingual) (only the difference between healthy control group and AUD group at the
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second time point survived multiple comparison correction). A similar non-significant trend occurred also
between Components 04 (Anterior Default Mode Network) and 07 (Mesial-Temporal Network); 02
(Cerebellum Network) and 10 (Visual Network — Lingual Gyrus); 08 (Sensory-Motor Network) and 13
(Precuneus Network). An inverse trend in continued deterioration from negative at first time point to
positive at second time point, compared to negative reference correlation in the control group occurred
between Components 2 (Cerebellum Network) and 10 (Visual Network — Lingual Gyrus) (only the
difference between healthy control group and AUD group at the second time point survived multiple
comparison correction). A similar non-significant trend also occurred between Components 04 (Anterior
Default Mode Network) and 10 (Visual Network — Lingual Gyrus); 06 (Posterior Default Mode Network)
and 13 (Precuneus Network); 07 (Mesial-Temporal Network) and 08 (Sensory-Motor Network); and 08
(Sensory-Motor Network) and 11 (Language Network).

Beyond just correlation and anti-correlations trends between the functional networks, the longitudinal
differences between AUD group and healthy control group converged across 52 edges (57%) and
diverged across 42 edges (43%). Examining these differences in greater detail reveals that there is a wide
divergence between the patterns observed across different functional networks. The longitudinal
convergence varied from overwhelmingly normalizing in Component 12 (Right Executive Control
Network) with 85% of edges converging to predominantly diverging in Components 03 (Primary Visual
Network) and 08 (Sensory-Motor Network) with only 31% of edges converging with prolonged
abstinence. Longitudinal convergence across the networks was the following Component 12 (85%),
Component 07 (77%), Component 06 (69%), Component 01 (62%), Component 09 (62%), Component
13 (62%), Component 13 (62%), Component 14 (62%), Component 02 (54%), Component 04 (54%),
Component 10 (54%), Component 11 (54%), Component 15 (46%), Component 03 (31%), and
Component 08 (31%). Overall, these results suggest a trend of normalization across the resting state
functional connectivity with strengthening inter-network communication with prolonged abstinence in the
recovering AUD patients. 33% of the edges were more correlated at first time point while 38% at second
time point, with 41% networks increasing interscan in the AUD group. Increasing divergence across
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several networks involving the Primary Visual Network (Component 03), Sensory-Motor Network
(Component 08), and the Language Network (Component 11), nonetheless, suggests a possibility of an
adaptive mechanism rather than “healing” of the abnormal addiction-related connectivity pattern as well.
These diverging networks, however, do not include prototypical addiction-related anatomical regions nor
prototypical pattern of excess top-down executive control and deficit bottom-up reward over-

compensatory adaptive changes, as reviewed by (Fein & Cardenas, 2015).
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Table 6.5: Healthy Independent Component Correlations Hierarchy

Standard Error of Mean
Component 1 2 3 4 6 7 8 9 10 11 12 13 14 15

= 1 0.14 0.12 0.13 0.13 0.11 0.15 0.12 0.15 0.13 0.13 0.12 0.11 | 0.11
E 2 0.20 0.14 0.13 0.14 0.17 0.12 0.14 0.14 0.12 0.12 0.13 | 0.15
g 3 -0.44 0.13 0.15 0.10 0.17 0.17 0.17 0.13 0.14 0.14 0.13 | 0.16
'*_3 4 0.06 -0.67 0.18 0.15 0.14 0.16 0.17 0.14 0.15 0.13 0.12 | 0.15
g 6 1.07 -0.03 0.12 0.14 0.15 0.16 0.15 0.16 0.13 0.14 | 0.17
8 7 0.45 -0.20 -0.98 0.18 0.12 0.12 0.13 0.12 0.13 0.11 0.11 0.13 | 0.13
g 8 -0.40 0.16 0.16 0.12 0.15 0.13 0.13 | 0.15
E 9 -0.14 -0.85 0.76 0.54 0.16 0.13 0.14 0.16 0.14 | 0.17
g 10 -0.11 -0.69 0.77 -0.42 -0.18 0.95 -0.17 0.15 0.14 0.13 0.14 | 0.16
E:’ 11 -0.08 -0.39 0.74 0.05 -0.51 -0.34 0.17 0.14 0.14 0.12 | 0.12
Q? 12 -0.53 0.13 -0.21 -0.94 -0.37 0.15 0.17 | 0.13
;‘3 13 -1.08 0.14 -0.29 -0.83 0.28 0.68 0.01 0.52 0.13 | 0.15
.% 14 -0.42 0.21 -0.43 -1.14 -0.96 0.25 -0.73 0.14
z 15 1.29 0.25 -0.16 -0.05 -0.90 1.04 -1.15 0.66 1.20 | -1.08 | 0.74
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Table 6.6: Significant Network Correlation Differences

Component AUD1 AUD2 CTL AUD 1 vs CTL AUD 2 vs CTL AUD 2 vs AUD 1
X SEM X SEM X SEM % A t % A t % A t

1&2 0.86 0.16 1.06 0.12 1.66 0.14 -48 -4.02 -36 -3.02 23 0.95
1&3 -1.11 0.13 -0.98 0.17 0.12 -40 3.77 -47 4.43 -12 0.63
1&8 -1.04 0.14 -0.65 0.17 0.15 -39 3.06 -62 4.88 -38 1.73
1&10 0.69 0.14 0.85 0.14 -0.11 0.15 -718 3.95 -862 4.74 23 0.76
1&13 -1.20 0.15 -0.47 0.17 -1.08 0.12 12 -0.63 -56 3.03 -61 3.49
1&15 0.46 0.14 0.44 0.13 1.29 0.11 -64 -4.60 -66 -4.74 -6 -0.14
2&8 -0.50 0.17 -0.36 0.20 -1.54 0.17 -68 4.21 =77 4.78 -28 0.54
2&10 -0.46 0.17 0.00 0.12 -0.69 0.14 -33 1.12 -101 3.40 -101 2.18
3&10 0.40 0.16 -0.33 0.20 0.77 0.17 -48 -1.49 -143 -4.45 -182 -2.82
3&14 -1.25 0.14 -0.52 0.14 -1.11 0.13 13 -0.76 -53 3.06 -58 3.64
8&9 1.49 0.17 0.16 1.98 0.16 -25 -2.14 22 1.92 63 3.87
11&15 1.05 0.17 1.41 0.17 0.66 0.12 58 1.83 112 3.53 34 1.62

Bolded numbers are significant.
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4 Discussion

The objective of this study was to compare longitudinal changes in large-scale resting state functional
networks in recovering AUD patients between 19 and 36 days of sustained abstinence. Our study has
revealed a rich but very complex set of results which are not intuitive to interpret. In order to facilitate our
understanding, we will discuss our findings from a macroscopic perspective of the functional networks

themselves.

Component 1 (Basal Ganglia / Deep Gray Matter Network) was one of the most addiction-relevant
resting state functional networks because it encompasses most appetitive drive-related anatomy of the
limbic system and is thus sometimes also referred to as the reward network or core reward network
(Hobkirk, Bell, Utevsky, Huettel, & Meade, 2019). Anatomical constituents of 01 Basal Ganglia Network
have been involved in reward, risk-taking, and drug-cue event-related functional connectivity changes
(along with other regions of extended reward network such as dorso-lateral prefrontal cortex and anterior
cingulate cortex) (G. Di Chiara & Bassareo, 2007; Koob & Volkow, 2016; McClure, Laibson,
Loewenstein, & Cohen, 2004; Rao, Korczykowski, Pluta, Hoang, & Detre, 2008). Laird et al. have
demonstrated association between Basal Ganglia Network and especially reward tasks but also thermal
stimulation, interoceptive function (such as hunger, thirst, sexuality, etc), as well as emotional processing
(anxiety) and cognitive processing (motor, pain, somatosensory) (Laird et al., 2011). Our study revealed
hierarchical organization of the 01 Basal Ganglia Network in the same branch as 02 Cerebellum Network
and adjacent to 07 Mesial-Temporal Network with some positive correlation to the default-mode network
branch and opposite to the sensory and motor branch as well as the executive control and salience branch,

as illustrated in Figure 6.2.
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At first time point, 01 Basal Ganglia Network was associated with decreased functional connectivity with
02 Cerebellum Network and increased functional connectivity with insula and temporal operculum
regions within 09 Auditory Network as well as a small part of 07 Mesial-Temporal Network. The
correlation between 01 and 02 was positive and longitudinally convergent towards stronger healthy
interconnectivity, in agreement with the negative cluster. 01 was also positively correlated to 07 and 09 in
AUD but exhibited excessive correlation trend compared to the healthy controls, also in agreement with
the positive cluster. The negative clusters were negatively correlated to the AUDIT as well as ADS scores

while the positive clusters were positively correlated with AUDIT score as well as CDS sub-score.

At the second time point, 01 Basal Ganglia Network exhibited decreased functional connectivity with 02
Cerebellum Network (in non-overlapping regions compared to the first time point), itself (putamen), as
well as 03 Primary Visual Network and 10 Visual Network — Lingual Gyrus (lingual gyrus), 04 Anterior
Default Mode Network (anterior cingulate cortex), and 08 Sensory-Motor Network (post-central gyrus)
while no increased functional connectivity. 01 was negatively correlated with 03 but more weakly than in
healthy controls with a converging trend. 01 was positively correlated with 10 with a diverging pattern
while it was negatively correlated in controls. 01 was almost not correlated with 04 in both AUD as well
as healthy controls, with a converging longitudinal trend. 01 and 08 were negatively correlated with a
diverging trend towards increasingly weaker correlation compared to the healthy controls. The negative
clusters at the second time point exhibited substantially stronger negative correlation with all of the
clinical severity measures (amount of alcohol consumer prior detoxification, AUDIT, ADS, OCDS, ODS,

and CDS) compared to the first time point negative clusters.

Interscan AUD differences in 01 Basal Ganglia Network included decreased functional connectivity with
04 Anterior Default Mode Network (paracingulate / superior frontal gyri) and increased 02 Cerebellum
Network in region partially overlapping with the deficits observed at the first time point. Both of these

changes coincided with a convergent correlation inter-network connectivity pattern. None of the interscan
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differences were significantly correlated to any of the AUD severity scales and should, thus, be
interpreted with caution. The differences in functional connectivity between 01 Basal Ganglia Network
and 02 Cerebellum Network remain persistent across all of the contrasts, even without anatomical
overlap. The decreased longitudinal activation between 01 and 04 Anterior Default Mode Network (in the
clusters spanning anterior cingulate / prefrontal cortex) could be interpreted as supporting the adaptive,
decreased bottom-up reward connectivity reviewed by (Fein & Cardenas, 2015) and be associated with
changes in higher order cognitive and motivational processing, including attenuation of craving
experience (Goldstein & Volkow, 2002). Other studies grouped 01 with parts of 04, which have included
the significant negative clusters, as part of the same extended reward independent component network in

AUD (Miiller-Oehring et al., 2015).

Component 02 (Cerebellum Network) has been traditionally considered as motor structure. Smith et al.
have accordingly demonstrated association between resting state Cerebellum Network and functional
activation in action-execution as well as perception-somesthesis-pain BrainMap domains (Laird et al.,
2011; Smith et al., 2009). Growing body of evidence has, however, implicated cerebellum also in
cognitive and affecting processing and its importance in addiction as a potential intermediary between
motor and higher order cognitive control, reward, and motivation domains (for review see (Moulton et al.,
2014)). AUD also leads to substantial structural damage to cerebellum (Harper et al., 2003) and cerebellar
functional deficits such as ataxia, impaired movement and speed, as well as impaired postural stability
and balance (J. Luo, 2015). The hierarchy of 02 Cerebellum Network was closest to 01 Basal Ganglia as
described above. The results of our study revealed that 02 exhibited decreased functional connectivity
within itself at both the first and second time point in the AUD group, although to a smaller anatomical
extent at the second time point. Both sets of negative clusters were significantly negatively correlated
with all of the clinical severity measures and the amount of alcohol consumption before detoxification.

The within group interscan differences were not significant. Even though cerebellum exhibited significant
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functional connectivity differences with numerous other functional networks in our analysis, it did not
exhibit reciprocal relationship, instead revealing primarily within-network differences. Longitudinally,
cerebellum has exhibited less extensive functional connectivity at the second time point suggesting a

potential underlying (but not significant) pattern of functional recovery.

Component 03 (Primary Visual Network) consisted of visual processing regions of the occipital lobe,
spanning what are sometimes reported as several visual networks in the resting state literature and beyond
just the V1 primary visual cortex. Smith and Laird have accordingly demonstrated association between
the resting state visual networks corresponding to our Primary Visual Network and visual stimuli and
tasks during paradigms such as cognition—language—orthography and cognition—space (including basic
visual stimuli, higher order visual processing, reading) (Laird et al., 2011; Smith et al., 2009). The
hierarchical organization of 03 was closest to the common branch between 08 (Sensory-Motor Network)
and 09 (Auditory Network) as well as branch of 13 (Precuneus Network), as indicated in Figure 6.2.
Interestingly, 10 (Visual Network — Lingual Gyrus) was more closely associated with the default-mode

network branch than 03, despite of their close anatomical relationship.

At the first time point, 03 did not exhibit decreased functional connectivity with any networks.
Nonetheless, two sets of clusters exhibited increased functional connectivity with a region overlapping 15
(Anterior-Salience / Insula Network) and 08 (Sensory-Motor Network) in the left supplementary motor
cortex and also with 06 (Posterior Default Mode Network) in the right posterior cingulate cortex. These
differences showed only limited positive correlation with the clinical severity as measured with AUDIT
and CDS. 03 was positively correlated to 08 but negatively correlated to 15 with both correlations
suggesting a non-significant trend of weaker magnitude at the first time point compared to the healthy

controls.
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At the second time point, the AUD group exhibited decreased functional connectivity between 03 and 02
(Cerebellum Network) which were weakly negatively correlated (with a diverging trend of weaker
correlation compared to controls) and showed significant negative correlation only with the AUDIT score.
There were also several clusters of increased functional connectivity including the superior frontal gyrus,
which fell primarily within 15 (Anterior-Salience / Insula Network) as well as V3/4 occipital lobe within
itself. These positive clusters exhibited very significant positive correlation with AUD severity scales as
well as significant negative correlation with the length of abstinence at the first time point (as the only
cluster in our study). The positive superior frontal gyrus cluster from the second contrast did not overlap
with the positive cluster in the contralateral supplementary motor area in the first contrast but they both
were located partially in Brodmann area 6 and overlapped the most with 15 out of our resting state
networks. 03 and 15 were negatively correlated in both AUD as well as healthy controls with a weaker,
divergent trend in the magnitude in the AUD patients. These differences suggest that these changes might
be associated with a compensatory adaptive mechanism which might become stronger with prolonged
abstinence, potentially in the ventral object recognition stream (via the greater functional recruitment of
V3/V4 cluster). Our study did not include any visual performance measures or any other neurocognitive
to better contextualize these resting state results. Several studies have, nonetheless, reported impaired
visual processing function and poorer visual learning, visual memory, and visuospatial abilities in
abstinent AUD patients, which sometimes persisted even after long term remission of several years (for

meta-analysis see (Stavro et al., 2013)).

Component 04 (Anterior Default Mode Network) was also of particular interest since it included
anatomical regions such as orbito-frontal cortex, prefrontal cortex, subgenual anterior cingulate cortex,
and posterior cingulate cortex, which are all pivotal components involved in executive control and to
lesser extent also appetitive drive in addiction (Fein & Cardenas, 2015; Koob & Volkow, 2010). Smith et

al. did not isolate a single network comparable to our 04 Anterior Default Mode Network in their ICA.
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Our network is a combination of Smith’s executive control (8) and default mode (4) networks, which
were related to action—inhibition, emotion, perception—somesthesis—pain and several other cognitive
paradigms for executive control network and negative cognitive paradigm contrasts for the default mode
component (Smith et al., 2009). Laird ef al. similarly did not isolate a single comparable network, with
best match to their ICN2 spanning anterior cingulate and orbitofrontal cortex, which was associated with
reward and thirst tasks as well as olfaction, gustation, and emotion (Laird et al., 2011). Hierarchically, 04
Anterior Default Mode Network was most closely related to 11 Language Network within the same
branch and then to the second branch consisting of 06 Posterior Default Mode Network and 10 Visual
Network — Lingual Gyrus, as illustrated in Figure 6.2. Complex data representation as evident in this

pattern can make interpretation of ICA findings challenging (van den Heuvel & Hulshoff Pol, 2010).

At first time point, the AUD group exhibited abnormally low 04 Anterior Default Mode Network
functional connectivity in the precentral gyrus within the 08 (Sensory-Motor Network) as well as in
thalamus within 01 (Basal Ganglia / Deep Gray Matter Network). There was also excess functional
connectivity in the left parietal lobe which was within 09 (Auditory Network) but also partially in 14
(Left Executive Control Network) and 15 (Anterior-Salience / Insula Network). The inter-network
correlation between 04 and 08 was negative and diverging in the AUD group while the correlation
between 04 and 01 was positive and converging to a weaker magnitude. 04 and 09 exhibited very strong
negative correlation which was divergently strengthening with abstinence while the edges between 04 and
both 14 and 15 were converging and increasing in magnitude, although 14 was positive while 15 was
negative in correlation. The positive clusters at first time point were only marginally positively correlated
with clinical severity (only AUDIT). The negative clusters were not correlated to any of the clinical

severity measures and should, thus, be considered with caution.

At the second time point, the AUD group exhibited decreased functional connectivity between 04 and 06

(Posterior Default Mode Network) in the lateral occipital cortex and also in a potentially noisy cluster in
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the frontal pole within the 04 network itself. There was also excessive functional connectivity between 04
and 11 (Language Network) in middle temporal gyrus and in the frontal pole (Brodmann area 10) within
the 04 itself. The negative clusters were significantly negatively correlated with all AUD severity
measures (especially AUDIT and ADS) while the positive clusters were positively correlated with most of
the AUD severity measures (except for the average daily amount of alcohol consumed prior to
detoxification). 04 and 06 were positively correlated with a diverging longitudinal pattern of
strengthening excess correlation while 04 and 11 were also positively correlated but with converging
strengthening patter of less deficient edge correlation with prolonged abstinence. There was no overlap in
the longitudinal contrasts between AUD and healthy controls and also no significant interscan differences

within the AUD group. Lack of converging evidence makes interpretation of these results challenging.

Component 06 (Posterior Default Mode Network) was also of a significant a priori interest. Posterior
Default Mode Network is the prototypical resting-state functional network and thus also likely the best
studied resting state network. Posterior Default Mode Network also spans several important addiction-
related anatomical regions, including the middle cingulate gyrus associated with executive control and the
posterior cingulate gyrus associated with appetitive drive (Fein & Cardenas, 2015; Koob & Volkow,
2010). Because default mode network is associated with rest and is thus deactivated during most event-
related tasks, it is not usually associated with any specific task other than as a negative contrast during
mostly cognitive tasks (Smith et al., 2009). Nonetheless, default mode network is still relatively strongly
associated with social cognition and theory of mind paradigms as well as fixation, episodic recall,
imagined scenes, and delayed discounting (Laird et al., 2011). Some studies have implicated Posterior
Default Mode Network (06) in future-oriented reflection while Anterior Default Mode Network (04) more
on present (Xu, Yuan, & Lei, 2016). Several AUD studies have reported aberrant default mode network
functional connectivity (Chanraud et al., 2011; Miiller-Oehring et al., 2015; Z. Song et al., 2020; Zhu et

al., 2017) but some also reported no significant default mode network abnormalities (S. Kim, Im, Lee, &
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Lee, 2017). Hierarchically, 06 Posterior Default Mode Network was associated the most closely with 10
Visual Network — Lingual Gyrus and a branch including 04 Anterior Default Mode Network and 11

Language Network, as illustrated in Figure 6.2.

Contrary to our expectations, the functional connectivity pattern of 06 Posterior Default Mode Network
remained largely conserved within the AUD group with clusters which were not significant and/or not
correlated to clinical severity measures (with exception of negative cluster from first contrast and
AUDIT). Even though the reported clusters were statistically significant, they are on balance of
probabilities unlikely to be associated with AUD if they are not related to any AUD-related clinical

severity measures and might be due to other, unknown variables.

At the first time point, AUD exhibited decreased functional connectivity between 06 and the 03 (Primary
Visual Network) in the lateral occipital cortex as well as excessive functional connectivity between 06
and 12 (Right Executive Control Network) in the right frontal pole / inferior frontal gyrus. 06 and 03
were negatively correlated with diverging trend of weakening correlation while 06 and 12 were initially
weakly positively and then weakly negatively correlated with a converging negative correlation pattern.
There were no significant differences in functional connectivity of 06 at the second time point, suggesting
a normalization trend. The interscan within-AUD differences involved decreased functional connectivity
in the middle cingulate gyrus in a boundary between several independent components but with largest
overlap with 08 (Sensory-Motor Network). This interscan difference consisted only of a small cluster size
which was also not significantly correlated to any clinical severity measures and should thus be
interpreted with caution. 06 and 08 exhibit negative correlation with a converging trend which went from

weaker to excess negative magnitude in comparison to the healthy controls.
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Component 07 (Mesial-Temporal Network) was a somewhat problematic component due to its noisy
character and inclusion of non-gray matter regions spanning multiple complex tissue boundaries at the
base of the brain. It was of significant interest due to its inclusion of addiction-related areas, including
basal ganglia reward-related regions (caudate nucleus, putamen, thalamus) and also parts of orbitofrontal
cortex (preoccupation/anticipation) as well as insula (cravings and relapse) (Koob & Volkow, 2010).
There was no comparable resting state network reported by Smith er al. (2009). Nonetheless, ICN 1
(limbic and medial-temporal areas) reported by Laird et al. substantially overlapped with 07 Mesial-
Temporal Network in our study (Laird et al., 2011). This resting state functional network was strongly
associated with tasks involving discrimination of emotional faces and pictures (especially fear, happiness,
humour) and interoceptive processing during air-hunger (breathlessness) as well as olfactory and
gustatory stimuli (Laird et al., 2011). Hierarchically, 07 Mesial-Temporal Network was most closely
associated with a branch containing 01 Basal Ganglia Network and 02 Cerebellum Network, as illustrated
in Figure 6.2. The complex anatomical extent of this component has resulted in complex functional

connectivity differences.

At the first time point, 07 Mesial-Temporal Network exhibited excess functional connectivity within itself
in the right insula in the AUD group. At the same time, 07 in AUD group also exhibited decreased
connectivity with 09 (Auditory Network) in the right operculum / superior temporal gyrus / Heschl’s
gyrus / insula cluster as well as 15 (Anterior-Salience / Insula Network) in middle frontal gyrus, which
has also partially overlapped with 14 (Left Executive Control Network), and clusters in cerebellum and
occipital lobe within the 02 (Cerebellum Network) and 03 (Primary Visual Network), as well as some
smaller noisy clusters in complex locations between networks. 07 and 09 were positively correlated with a
converging trend of strengthening correlation. 07 and 15 were negatively correlated with a converging
trend of weakening correlation. 07 and 02 as well as 03 were negatively correlated with a converging
trend of strengthening inverse correlation. The increased cluster in the first contrast consisted only of a

few clusters and was only correlated with one clinical severity measure (AUDIT) and should, thus, be
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interpreted with caution. The decreased clusters exhibited very significant negative correlation with all of

the clinical severity measures.

At the second time point, AUD group exhibited decreased functional connectivity between 07 and 09
(Auditory Network) in the right operculum as well as 08 (Sensory-Motor Network) in the right post-
central gyrus. The AUD group also exhibited excess functional connectivity between 07 and left pre/post
central gyrus cluster which spanned across both 08 (Sensory-Motor Network) and 09 (Auditory Network)
and also a cluster in precuneus which mostly overlapped with 06 (Posterior Default Mode Network). Both
positive and negative clusters were very significantly correlated with all measures of clinical severity. The
correlation between 07 and 09 was positive and converging as described above. 07 and 08 exhibited a
diverging correlation from weakly negative to stronger positive compared to stronger positive in healthy
controls. 07 and 06 had a converging correlation trend from weakly negative to marginally positive

compared to weakly positive in controls.

Interscan differences within the AUD group in 07 were associated with increased connectivity within the
network itself in the brainstem area. This area is also overlapping with 01 (Basal Ganglia / Deep Gray
Matter Network). These differences were not correlated to any clinical severity measures and should,
thus, be considered with caution, especially since the underlying average reference signal from 07 was

from a less uniform anatomical area than in the other components.

The only consistent trend in the Mesial-Temporal Network analysis included decreased functional
connectivity between 07 and 09 in a cluster spanning the right temporal lobe and insula, which was
strongly correlated to all of the clinical severity measures (with strongest correlation to CDS and
AUDIT). Insula has been implicated as a potential neural locus influencing compulsive and impulsive
behaviour, including addiction (especially in reward or anxiety states) and has been demonstrated to also

exhibit reduced structural integrity as well as altered function in patients suffering from compulsive
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disorders as well as their siblings (Belin-Rauscent et al., 2016). The positive converging trend of
strengthening correlation between the two networks suggest a potential normalisation / recovery trend,
although it did not reach significance on the interscan contrast. This could potentially reflect decreased

alcohol cravings or compulsive urges with sustained abstinence during the remission process.

Component 08 (Sensory-Motor Network) is one of the most dominant and the first resting state
functional networks that was identified (Biswal, Yetkin, Haughton, & Hyde, 1995). It is associated with
action—execution and perception—somesthesis paradigms corresponding especially to hand movements
tasks (finger tapping, grasping, pointing, tactile or electrical finger stimulation) (Laird et al., 2011).
Hierarchically, 08 Sensory-Motor Network was most closely associated with 09 Auditory Network and
then branch 03 Primary Visual Network and then another branch 13 Precuneus Network, as illustrated in

Figure 6.2.

Component 08 (Sensory-Motor Network) was associated with decreased functional connectivity in the
AUD group at the first time point within itself in left precentral gyrus as well as with 04 (Anterior Default
Mode Network) in the right paracingulate / superior frontal gyri. At the same time, 08 was associated with
increased functional connectivity with 09 (Auditory Network) in the left parietal operculum and within
itself (and partially 13) in the left superior parietal lobule. The negative clusters were not significantly
correlated to any clinical severity measures and should, thus, be considered with caution while the
positive clusters were positively correlated with AUDIT, OCDS, and CDS. 08 and 04 were negatively
correlated with a diverging trend of increasingly negative correlation. 08 and 09 were positively

correlated with a converging trend in excess of the controls.

At the second time point, component 08 was associated with excess functional connectivity in several

clusters within itself and a cluster in right parietal operculum / insula in 09 (Auditory Network). These
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differences were positively correlated with all clinical severity measures, except for ODS. The two

networks were positively correlated with a converging trend, as described above.

Interscan differences within the AUD group included increased functional connectivity between 08 and
02 (Cerebellum Network). Although this difference was significant and positively correlated with some
clinical severity scales (OCDS and ODS), it constituted of only a very small cluster and should, thus, be
considered with caution. Although no significant interscan differences were observed in 08, both first and
second time point contrasts have revealed significantly increased functional connectivity within the
network itself, with an increasing anatomical extent. This persistent excess activation could suggest an
over-compensatory adaptive mechanism, as suggested in the executive control regions in long-term
abstinent AUD patients (Fein & Cardenas, 2015). The clinical severity measures suggest that the more
severe the AUD, the more pronounced this effect was at both time points. Given the anatomical
composition outside of the prototypical addiction circuits, these changes might reflect compensatory
changes in motor-sensory function since even long-term abstinent AUD patients can exhibit motor
deficits (such as decreased speed and efficiency in motor tasks) even after several years of remission
(Sullivan et al., 2010). The Sensory-Motor Network (together with 03 Primary Visual Network) has
exhibited the greatest functional connectivity divergence out of all of the networks in our study, with
more than 2 edges diverging for every converging edge, suggesting such aberrant compensatory changes

might increase during early abstinence from AUD.

Component 09 (Auditory Network) spanned across primarily the auditory cortex, but also included
several addiction-related regions including putamen, insula, frontal lobe. The resting state Auditory
Network corresponds to event-related activation in action—execution—speech, cognition—language—speech,
and perception—audition paradigms which include tone and pitch discrimination, music, speech,

phonological discrimination, and oddball discrimination (Laird et al., 2011; Smith et al., 2009).
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Hierarchically, 09 Auditory Network was most closely associated with 08 Sensory-Motor Network with
more extended association with 03 Primary Visual Network and then 13 Precuneus Network, as

illustrated in Figure 6.2.

Component 09 functional connectivity differences between AUD and the healthy controls for the first
time point should be considered with caution and most likely disregarded. The small clusters fall largely
outside of gray matter tissue close to tissue boundaries and are not correlated to any clinical severity
scales. The clusters are located in regions spanning both 01 (Basal Ganglia / Deep Gray Matter Network)

and 07 (Mesial-Temporal Network).

More pronounced differences were revealed at the second time point contrast. 09 was associated with
decreased connectivity in the left inferior temporal gyrus mostly outside of the other independent
components, partially overlapping 07 (Mesial-Temporal Network) and 14 (Left Executive Control
Network) in the AUD group. At the same time, increased functional connectivity in right superior
temporal gyrus was within 09 and partially 11 (Language Network). A small positive cluster between
cerebellum and lingual gyrus overlapped with 10 (Visual Network — Lingual Gyrus). Both the positive
and negative second time-point clusters were associated with very significant correlation with almost all
of the clinical severity measures (negative cluster excluded ODS). Correlation between 09 and 07 was
positive and converging as described previously. Correlation between 09 and 14 was negative and
diverging to a weaker correlation. Same trend was observed between 09 and 11. Correlation between 09

and 10 was negative and diverged from weaker to excessively negative compared to the healthy controls.

Interscan differences for 09 were associated with decreased functional connectivity in the left inferior
temporal gyrus (Brodmann area 20) which fell outside of most independent components but was close to
14 (Left Executive Control Network) and overlapping with the down cluster from the second time point

comparison. These differences were, however, not correlated to the length of abstinence at the first time
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point or any of the clinical severity scales and should, thus, be considered with caution. Other than the
overlap in the inferior temporal gyrus, there did not appear to be a consistent trend in the functional

connectivity changes between 09 and the other networks.

Component 10 (Visual Network — Lingual Gyrus) is an atypical resting state functional network, which
was not reported in the behavioural and functional literature by Smith et al/ (2009) or Laird et al (2011).
Hierarchically, 10 Visual Network — Lingual Gyrus is most closely associated with 06 Posterior Default
Mode Network, constituting its functional extension into the occipital and temporal lobes. 10 was also
associated with 04 Anterior Default Mode Network and 11 Language Network which were clustered at a

parallel branch, as illustrated in Figure 6.2.

At first time-point, the AUD group exhibited functional connectivity deficits between 10 and 08
(Sensory-Motor Network) in precentral gyrus as well as in a cluster in parietal operculum outside of most
independent components but closest to 09 (Auditory Network). These negative clusters should be
interpreted with caution since they were not significantly correlated with any of the clinical severity
measures. At the first time point, there was also increased functional connectivity in the AUD group
between 10 and 02 (Cerebellum Network) in cerebellum and also in precuneus, which overlapped several
functional networks, including 13 (Precuneus Network), 11 (Language Network), 6 (Posterior Default
Mode Network), and 4 (Anterior Default Mode Network). These positive clusters were all positively
correlated with ADS, OCDS, ODS, and CDS. Inter-network correlation between 10 and 08 was positive
and weaker and diverging compared to controls. 10 and 09 correlation was negative and diverging, as
described previously. 10 and 02 correlation was negative and diverging from weak to no correlation. The
correlations between 10 and 13, 11, 6, and 04 did not show a uniform pattern. Correlations between 10

and 11 as well as 06 were positive while for 13 and 04 were negative. 13, 11, and 06 were all converging
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while 4 was diverging. The interpretation of the positive precuneus cluster as part of 04 is most consistent

with these results, although functionally problematic to contextualize.

At the second time point, AUD exhibited functional connectivity deficits between 10 and 14 (Left
Executive Control Network), 13 (Precuneus Network), 02 (Cerebellum Network), 04 (Anterior Default
Mode Network), and in a cluster in precentral gyrus across multiple networks including 14 (Left
Executive Control Network), 09 (Auditory Network), and 08 (Sensory-Motor Network). The negative
clusters were very significantly correlated with all clinical measures. There was also excessive functional
connectivity between 10 and 06 in the posterior cingulate and smaller cluster falling within 01 or 07
which might be disregarded as possible noise. These positive clusters were not significantly correlated
with any clinical severity measures and should thus be interpreted with caution. The pattern of inter-

network correlations of 10 was already discussed above.

Interscan comparison within the AUD group revealed functional deficits between 10 and precuneus which
overlapped several networks including 06 (Posterior Default Mode Network), 11 (Language Network),
and 13 (Precuneus Network) while excess connectivity in posterior cingulate clusters which overlapped
primarily within 06 (Posterior Default Mode Network) but partially also 12 (Right Executive Control
Network), parietal operculum in 12 (Right Executive Control Network) and 09 (Auditory Network), small
occipital cluster in 03 (Primary Visual Network), and right hippocampal gyrus / amygdala in 07 (Mesial-
Temporal Network). Neither the positive nor negative clusters showed significant correlation to any
clinical severity scales or the length of abstinence at the first time point and should, thus, be considered
with caution. The inter-network correlation patterns were described above and do not show a common
positive or converging network trend. Other than potential overlap of decreased functional connectivity
between 10 and different anatomical portions of 08 and/or 09 (in regions spanning multiple components)
across both time point contrasts, there did not appear to be a consistent trend in the observed longitudinal

changes in Component 10.
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Component 11 (Language Network) is also a less commonly reported resting state functional network
which was not functionally characterized by Smith et a/ (2009) or Laird et al (2011). Nonetheless, a
similar language network has been reported in resting state data by other authors and is included in Dr.
Greicius’s 90 functional region of interest atlas (Shirer, Ryali, Rykhlevskaia, Menon, & Greicius, 2012).
Hierarchically, 11 Language Network is most closely associated with 04 Anterior Default Mode Network
and then with at a parallel branch with 06 Posterior Default Mode Network and 10 Visual Network —
Lingual Gyrus, as illustrated in Figure 6.2. Component 11 did not substantially spatially overlap with
anatomical regions reported in prototypical addiction circuits (Fein & Cardenas, 2015; Koob & Volkow,

2010).

Functional connectivity analysis of Component 11 in AUD has revealed only relatively small differences.
11 has also only seldom exhibited significant functional connectivity differences with the other networks.
At the first time point, AUD group exhibited excess functional connectivity in the left temporal pole
within the network itself but also overlapping with 07 (Mesial-Temporal Network) and close to
boundaries of 09 (Auditory Network). At the second time point, the AUD group exhibited deficits in
supramarginal gyrus / parietal lobe within the Language Network itself. Longitudinal interscan
comparison within the AUD group revealed significant increase in functional connectivity with bilateral
premotor cortex (Brodmann area 6) within 08 (Sensory-Motor Network) which also partially overlapped
with 15 (Anterior-Salience / Insula Network). The first time point positive cluster was only significantly
positively correlated to the amount of alcohol consumed prior to detoxification. The second time point
negative cluster was negatively correlated with most clinical severity measures (AUDIT, ADS, OCDS,
and CDS). The interscan differences were not significantly correlated to any clinical measures or the
length of abstinence at the first time point. Although significant after full correction, the results of

component 11 should be considered with caution due to their small cluster size and lack of clinical
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correlation for the interscan cluster. Most of the differences spanned within the network itself. Inter-
network correlation between 11 and 08 changed from weakly negative to marginally positive compared to
stronger negative correlation in the healthy controls, suggesting a diverging pattern and in accord with the
positive cluster observed in the interscan comparison. These results suggest that the pattern of resting
state functional connectivity in the Language Network in AUD remains largely intact without significant
compensatory recruitment from other anatomical regions. Overall, however, the Language Network has
still exhibited decreased correlation with more networks than increased correlation, with mixed but still

longitudinally converging trends.

Component 12 (Right Executive Control Network) is also commonly referred to as fronto-parietal
network is largely a mirror image of the Component 14 Left Executive Control Network and both share
high relevance to AUD due to the involvement of dorsolateral prefrontal cortex in inhibitory control
which is disrupted in addiction and might undergo adaptive compensatory change in medium and long-
term abstinent AUD (Fein & Cardenas, 2015; Koob & Volkow, 2010). Executive Control Networks are
associated with several cognitive processes, including reasoning, attention, inhibition, memory, as well as
language (Laird et al., 2011). While the right-lateralized network has been described to map stronger
perception—somesthesis—pain paradigms, the left-lateralized network corresponded stronger to cognition—
language paradigms (Smith et al., 2009). Hierarchically, 12 Right Executive Control Network has been
most strongly associated with 14 Left Executive Control Network and then with 15 Anterior-Salience

(Insula) Network, as illustrated in Figure 6.2.

At the first time point, AUD exhibited decreased functional connectivity between 12 and 08 (Sensory-
Motor Network) in the premotor cortex while increased connectivity to 08 (Sensory-Motor Network) in
pre/post central gyri as well as 15 (Anterior-Salience / Insula Network) in the superior frontal gyrus, and

07 (Mesial-Temporal Network) and/or 09 (Auditory Network) in an overlapping region in the right insula
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/ temporal lobe. The negative cluster was not correlated to any clinical severity scales and should, thus, be
interpreted with caution. The positive cluster was significantly positively correlated only with AUDIT.
Inter-network correlation between 12 and 08 was negative and converging to more negative correlation in
excess of the healthy controls in agreement with the negative cluster premotor results but contradictory to
the positive cluster in pre/post motor gyri. Correlation between 12 and 15 was positive and converging to
weaker correlation more comparable to the controls contradictory to the excess connectivity in the
superior frontal cluster. Correlation between 12 and 07 was negative and remained comparable at all
times with a small converging trend. Correlation between 12 and 09 was negative and weaker in AUD
with only a small converging trend. Neither 07 nor 09 correlations thus advanced our understanding of the

significance of the increased functional connectivity in the right insula / temporal lobe cluster.

At the second time point, AUD exhibited decreased functional connectivity between 12 and left
precuneus which was located within both 14 (Left Executive Control Network) and 13 (Precuneus
Network). At the same time, the AUD patients exhibited excessive functional connectivity between 12
and 15 (Anterior-Salience / Insula Network) in the anterior cingulate / paracingulate cortex but also
partially overlapping within itself and 04 (Anterior Default Mode Network), potentially suggesting
broader compensatory recruitment. Other significant positive clusters also included postcentral gyrus
cluster which falls within 08 (Sensory-Motor Network) and also partially 13 (Precuneus Network) as well
as superior lateral occipital cortex cluster which falls within 14 (Left Executive Control Network) and
also 13 (Precuncus Network). Both the positive and negative clusters at the second time point were
significantly correlated to the clinical severity scales, with the positive clusters being positively correlated
with all measures while the negative clusters being negatively correlated only with the amount of alcohol
consumed prior to detoxification and the ADS score. Moreover, the negative cluster only consisted of a
modest number of voxels and should, thus, be interpreted with caution. Inter-network correlation between
12 and 14 was positive and diverging to become weaker with time compared to the controls, in agreement

with the negative precuneus cluster. Correlation between 12 and 13 was also positive and diverging to
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become weaker also in agreement with the negative precuneus cluster which is overlapping both
anatomical extent of 14 and 13. 12 and 15 positive converging trend of weaker correlation is
contradictory to the positive cluster in the anterior cingulate. 12 and 04 exhibit a converging trend from
positive to negative in excess of the controls which would be also contrary to the positive anterior
cingulate cluster. Correlation between 12 and 08 was negative and converging to more negative
correlation in excess of the healthy controls contrary to the postcentral positive cluster. 12 and 13
correlation described above is also contrary to the changes observed in the postcentral positive cluster.
The superior lateral occipital positive cluster exhibited an opposite trend to the 12 and 14 as well as 12

and 13 correlations described above.

The interscan comparison revealed decreased functional connectivity between 12 and 15 (Anterior-
Salience / Insula Network) in superior frontal gyrus and increased connectivity between 12 and 15 in the
middle and anterior cingulate / paracingulate gyri which partially spanned into 09 (Auditory Network) as
well as increased connectivity between 12 and 08 (Sensory-Motor Network) in the precentral gyrus. None
of these changes were correlated with any of the clinical severity scales or the length of abstinence at the
first time point. The 12 and 15 inter-network correlation pattern described above is in agreement with the
negative superior frontal cluster but contrary to the positive anterior cingulate cluster. Increased
functional connectivity in the precentral positive cluster was also contrary to the inter-network correlation
trends between 12 and 08 described above. In summary, only positive clusters of differences between
AUD and controls at the first and second time point were correlated to clinical severity and also had
larger cluster sizes to be considered interpretable. Only the functional connectivity differences with 15
and 8 appear to be at least partially consistent differences observed in our analysis of the Right Executive

Control Network changes during AUD recovery.
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Component 13 (Precuneus Network) is not a commonly reported resting state functional network since
it anatomically overlaps with the Posterior Default Mode Network. It has been similarly to 11 also
reported in Dr. Greicius’s 90 functional region of interest atlas (Shirer et al., 2012). Hierarchically, 13
Precuneus Network was most closely associated with 03 and then 08 and 09, as illustrated in Figure 6.2.
The visuospatial processing function related to 03 and 08 rather than self-reflection and self-

consciousness functions related to 06 are thus more likely dominant in our Component 13.

At the first time point, AUD exhibited decreased functional connectivity between 13 and 09 (Auditory
Network) in the right superior temporal gyrus while increased functional connectivity with 07 (Mesial-
Temporal Network) and/or 09 (Auditory Network) in an overlapping region in the left temporal pole.
These differences should be considered with caution since none of them was significantly correlated to
any of the clinical measures. Inter-network correlations between 13 and 09 exhibited a positive
converging trend of decreasing correlation in agreement with the above negative cluster. 13 and 07
exhibited a converging negative correlation of stronger negative correlation contrary to the positive

cluster.

At the second time point, 13 exhibited decreased functional connectivity with 07 (Mesial-Temporal
Network) close to the edge of 09 (Auditory Network) and increased functional connectivity within itself
and/or possibly 14 (Left Executive Control Network) and/or possibly 12 (Right Executive Control
Network) in an overlapping region in the left superior parietal lobule. The negative cluster was correlated
with all clinical severity measures, except for ODS. The positive cluster exhibited significant correlation
only with the amount of alcohol consumed prior to detoxification. Inter-network correlations between 13
and 07 exhibited a converging negative correlation as described above. This was in agreement with the
negative cluster in AUD at the second time point. 13 and 14 exhibited negative correlation with a
converging trend of strengthening correlation, in agreement with the positive cluster. 13 and 12 exhibited

positive correlation with a converging trend of a weakening correlation, which was also in support of the
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positive cluster. The absence of a positive cluster in the first time point contrast, however, was contrary to
the converging trend observed in the inter-network correlation patterns which would suggest decreasing

rather than increasing significance with time in anatomical regions associated with the observed change.

Interscan comparison within the AUD group was associated with decreased functional connectivity
between 13 and a cluster in right temporal fusiform gyrus, which was located largely outside of most of
the independent components but closest to 07 (Mesial-Temporal Network) and a cluster in left temporal
pole, which overlapped most with 09 (Auditory Network) and also 07 (Mesial-Temporal Network). These
negative longitudinal clusters were not correlated to any clinical severity measures and also constituted of
only small size. As described above, inter-network correlations between 13 and 07 exhibited converging
negative correlation of increasingly negative correlation, in agreement with the above results. 13 and 09
exhibited a positive converging trend of decreasing correlation which was also in agreement with the
second negative cluster. The interscan negative difference in 09 substantially overlapped with the positive
cluster from the first time point comparison, which supports its absence in the second contrast. Both of
these differences were not correlated to AUD severity and thus might be associated with non-AUD
related functional differences. Other than the changes in connectivity with 09, there did not appear to be a

unified trend in the observed results for the Precuneus Network.

Component 14 (Left Executive Control Network) is largely the mirror image of Component 12 (Right
Executive Control Network) which was introduced above. Although similar, some functional differences
were reported between the lateralized networks, including stronger association with language and some

memory tasks in the left network (Laird et al., 2011; Smith et al., 2009).

At the first time point, AUD exhibited decreased functional connectivity between 14 and 07 (Mesial-

Temporal Network) in the left temporal pole. This difference was significantly correlated to the amount of
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alcohol consumed prior to detoxification as well as the AUDIT score. The size of the cluster was,
however, only modest and should be considered with caution. Inter-network correlation between 14 and
07 exhibited a positive converging trend of stronger correlation, in accord with the functional connectivity

deficit observed at the first time point.

At the second time point, the AUD group exhibited decreased functional connectivity between 14 and 02
(Cerebellum Network) in several cerebellar clusters as well as with 10 (Visual Network — Lingual Gyrus)
in the temporal fusiform cortex. At the same time, the AUD group exhibited excess functional
connectivity with 03 (Primary Visual Network) in the right superior lateral occipital pole and 01 (Basal
Ganglia / Deep Gray Matter Network) and/or 07 (Mesial-Temporal Network) in the brainstem. The
negative clusters were significantly negatively correlated to AUDIT, ADS, OCDS, and CDS measures of
clinical severity. The positive clusters were significantly positively correlated to all of the measures of
clinical severity. Inter-network correlation between 14 and 02 was positive and diverging from smaller
positive no correlation, in agreement with the cerebellar negative clusters. 14 and 10 exhibited weaker
negative correlation with a diverging trend, which was also in agreement with the fusiform negative
cluster. 14 and 03 exhibited a diverging pattern in negative correlation which changed from more negative
to less negative than in the healthy controls, in accord with the positive cluster in the occipital pole. 14
and 01 as well as 14 and 07 have exhibited smaller negative correlation at the second time point compared
to the controls, however, 07 exhibited converging while 01 diverging trend. The positive brainstem

cluster was thus more consistent with the 01 than 07 since it was not present at the first time point.

Interscan comparison within the AUD revealed decreased functional connectivity between 14 and 12
(Right Executive Control Network) in the right frontal pole / inferior frontal gyrus. The AUD patients
also exhibited increased functional connectivity at the second time point between 14 and 03 (Primary
Visual Network) in the left occipital pole and 01 (Basal Ganglia / Deep Gray Matter Network) in the right

thalamus. The interscan differences should be interpreted with caution since none of them were
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significantly correlated to any of the clinical severity measures or the length of abstinence prior to
detoxification and only included small clusters. Inter-network correlation between 14 and 12 was positive
and diverging by becoming weaker than in the healthy controls, in agreement with the negative interscan
cluster. 14 and 03 exhibited a diverging pattern in negative correlation which changed from more negative
to less negative than in the healthy controls, in agreement with the positive interscan cluster in the left
occipital pole. 14 and 01 exhibited a diverging trend of increased correlation from more negative to less

negative than in the healthy controls, in agreement with the interscan positive cluster in the brainstem.

Overall, there did not appear to be a consistent trend in functional connectivity differences during the
sustained recovery from AUD in the Left Executive Control Network. Both time points involved altered
functional connectivity with 07 but in different directions and different anatomical regions with no
interscan overlap. The pattern observed in the Left Executive Control Network (14) was also not similar
or contralateral to that of the Right Executive Control Network (12) despite of the quite consistent mirror
anatomical extent and partial anatomical overlap between the two functional networks. The diverging
longitudinal pattern of inter-network correlation between these two components in the recovering AUD
patients was also contrary to our a priori expectations of normalisation (converging trend) or adaptive

compensation (diverging in the opposite direction) functional connectivity changes.

Component 15 (Anterior-Salience / Insula Network) is a resting state functional network which is not
commonly reported in the literature and sometimes is constituted of different anatomical extent. Laird et
al have reported that an insula network (largely consistent with our Component 15) was associated with a
complex set of heterogeneous paradigms (language, executive function, affective, auditory, pain,
gustatory, and interoceptive) across a great variety of tasks, suggesting this network might link cognition
with emotion and interoception as a transitional intermediary (Laird et al., 2011). Component 15 was

relevant to AUD due to involving insula, cingulate cortex, and also small parts of the basal ganglia
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(putamen) which are all important components of addiction circuits (Koob & Volkow, 2010).
Hierarchically, 15 Anterior-Salience (Insula) Network was most closely associated with 12 Right

Executive Control Network and 14 Left Executive Control Network, as illustrated in Figure 6.2.

At first time point, AUD exhibited increased functional connectivity within the Anterior-Salience / Insula
Network itself in the left supplementary motor area. This cluster also overlapped with 08 (Sensory-Motor
Network). This positive cluster was not correlated to any clinical severity measures and consisted of only
negligible cluster size and should, thus, be interpreted with great caution. Inter-network correlation
between 15 and 08 exhibited weaker negative correlation at both time points with a diverging trend
compared to the controls, in agreement with the positive cluster. There were no significant changes at the
second time point or interscan longitudinal comparison within the AUD group. Although five of the other
functional networks have reported significant clusters across eight different contrasts within the Anterior-
Salience (Insula) Network, the network itself remained quite resilient in AUD and did not exhibit large-

scale resting state functional connectivity differences.

Altogether, our study has revealed a rich set of complex results. The significant results did not
substantially overlap between the different contrasts, even from a macroscopic network-level perspective.
Concerningly, only very few of the functional differences remained consistent even within the same
subjects during the repeat longitudinal scanning in reference to the same healthy control baseline (at
broader network and not cluster level, including only 02, 03, 07 and 08), contrary to our a priori
expectation. The significant differences in functional connectivity also did not appear to be reciprocal
between different networks, suggesting a more complex indirect modulation between the networks. The
significant clusters from all 84 contrasts have altogether spanned only 8.96% of the analysed brain space.

7.75% of the brain voxels were unique to just one contrast (not replicated), 1.21% voxels were
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significantly different at least in 2 contrasts, 0.02% voxels were significant in at least 3 contrasts, and

none in more than 3 contrasts.

The clusters of significant differences in the AUD group compared to the healthy controls were not
uniformly distributed throughout the different functional networks. 19% of all significant voxels fell into
02 Cerebellum Network (spanning 17% of the network); 17% in 08 Sensory-Motor Network (13% of the
network); 15% in 09 Auditory Network (14% of network); 11% in 15 Anterior Salience / Insula Network
(spanning 12% of the network); 10% in 03 Primary Visual Network (8% of network); 9% in 07 Mesial
Temporal Network (8% of network); 8% in 06 Posterior Default Mode Network (11% of network); 8% in
13 Precuneus Network (9% of network); 8% of 14 Left Executive Control Network (8% of network); 7%
in 04 Anterior Default Mode Network (6% of network); 6% of 12 Right Executive Control Network (6%
of network); 4% in 10 Visual Network — Lingual Gyrus (5% of network); 3% in 11 Language Network
(3% of network); and 2% in 01 Basal Ganglia / Deep Gray Matter Network (3% of network). The voxels
spanning overlapping significant clusters were also not uniformly distributed, falling 16% within 15
Anterior-Salience (Insula) Network; 14% within 06 Posterior Default Mode Network; 13% within 09
Auditory Network; 12% within 04 Anterior Default Mode Network; 11% within 08 Sensory-Motor
Network; 7% within 02 Cerebellum Network; 7% within 12 Right Executive Control Network; 6% within
14 Left Executive Control Network; 6% within 07 Mesial-Temporal Network; 5% within 13 Precuneus
Network; 1% within 01 Basal Ganglia / Deep Gray Matter Network; 1% within 11 Language Network;
and 0% within both 03 Primary Visual Network and 10 Visual Network — Lingual Gyrus. The most
widely affected functional networks did not exhibit the most consistent abnormal pattern of functional
activation. The results should, therefore, be interpreted more conservatively when extrapolating functional
or clinical significance of the observed resting state fMRI differences. The most replicably different
anatomical brain regions included anterior/middle cingulate and paracingulate gyri; insula and temporal
lobe; parietal operculum; supplementary motor area; and superior parietal lobule. These regions did not

provide a consistent over-arching functional or anatomical insight into the functional deficits associated
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with AUD and subsequent early recovery. Overall, there was a positive normalizing trend of converging
inter-network correlations (similar to the normalization trends observed in functional connectivity clusters
in 02, 06, or 07) but several networks exhibited increased divergence (similar to adaptive compensatory

changes observed in clusters in 01 or 08), as summarized in the Graph Theory section in the Results.

Existing AUD literature has provided single time point neuroimaging evidence which has consistently
reported a general global trend of hypoconnectivity and less efficient functional network organization
(Sjoerds et al., 2017; Vergara et al., 2017), with some region-specific compensatory connectivity changes
(Fein & Cardenas, 2015). These patterns of aberrant functional connectivity were reported both in
multiple large scale networks (S. Kim et al., 2017; Miiller-Oehring et al., 2015; Zhu et al., 2017) as well
as specific networks such as Basal Ganglia Network (Alba-Ferrara, Miiller-Oehring, Sullivan,
Pfefferbaum, & Schulte, 2016; Kohno et al., 2017), Central Executive Control (Galandra et al., 2019;
Kohno et al., 2017; Weiland et al., 2014), and Default Mode Network (Chanraud et al., 2011; Z. Song et
al., 2020). Functional connectivity changes associated with AUD remission have not been explored
beyond cross-sectional differences between medium and very long term abstinent AUD patients
(reviewed by (Fein & Cardenas, 2015)) and some post-hoc exploratory analyses which have explored
correlations between significant clusters or network edges and the length of abstinence, such as Chanraud
et al (2011), who suggested an abstinence-related compensatory change between posterior cingulate and
cerebellar lobules. The results of our study should thus provide additional evidence of the changes
associated with early recovery from AUD which have not yet been characterised and help further

elucidate the complex pattern of AUD-related functional connectivity.

Our study had several limitations, which need to be considered when interpreting our findings. The
objective of our study was to characterize AUD-related functional brain plasticity during early recovery

from AUD. As a result, our study was based on a very homogeneous clinical sample of all male, working
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age, steady chronic alcohol dependent treatment seeking patients who were recruited within the first few
days since detoxification and had no psychiatric or neurological comorbidities or history of polysubstance
abuse. Similarly the matched control comparison group consisted entirely of healthy men, many of whom
have voluntarily abstained from alcohol consumption for multiple years. The results of our study are thus
not broadly translatable to the general population or clinical practice, which includes patients of both
sexes with various levels of AUD and with frequent complex psychiatric and somatic comorbidities. Our
results also cannot conclusively explain the cause of the observed aberrant functional connectivity since it
only observed group differences especially at the first time point. A growing body of evidence suggests
structural and functional abnormalities in individuals with family history of AUD (Acheson, Robinson,
Glahn, Lovallo, & Fox, 2009; Andrews et al., 2011; Cservenka, Herting, & Nagel, 2012; Herting,
Schwartz, Mitchell, & Nagel, 2010; Kareken et al., 2010; Mackiewicz Seghete, Cservenka, Herting, &
Nagel, 2013; Meyerhoff et al., 2004; A. D. Schweinsburg et al., 2004; Spadoni, Norman, Schweinsburg,
& Tapert, 2008). A family history of AUD can not only predispose individuals to higher likelihood of
developing AUD but also exhibit similar neuroimaging deficits (including aberrant bottom-up reward and
top-down executive functional connectivity) even in absence of addiction or excessive alcohol exposure.
Future studies should consider evaluating family history loading to isolate the effect of AUD, especially
when considering brain changes associated with successful remission. Our analysis also did not
differentiate between AUD-related changes due to repeat neurotoxic ethanol exposure (in both the brain
and the body) and maladaptive plasticity due to the reinforced addiction behaviour. We have conducted
exploratory post-hoc correlation to the average amount of alcohol consumed per day prior to
detoxification but not to lifetime alcohol consumption (since we were unable to reliably collect this
information from our participants). Our exclusion criteria also included any neurological disorders
(including those due to nutritional or neurotoxic deficits due to chronic AUD, such as Wernicke-
Korsakoff syndrome). Despite of the homogeneous clinical profile, our study suffered from several
nuisance variable shortcomings, including broad age range (23 to 64) and multi-site/scanner study design.

These were both included in the statistical models but the additional variability could have masked more
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subtle underlying functional changes due to modest signal-to-noise ratio inherent in the resting-state fMRI
data (resting state fluctuations were originally considered as background noise and still are in task-based
paradigms). ICA also has several limitations, including its data-driven functional network decomposition,
which will vary in different studies due to data variability as well as different dimensionalities of ICA.
This might impact the translatability and comparability of our results to the literature. Moreover, although
functional connectivity differences have been traditionally considered as robust and reliable, diverging
evidence suggesting poor reliability of functional connectivity has been emerging in the recent past
(Noble et al., 2019). The poor reliability reported in this meta-analysis could help contextualize the
limited overlap in the functional connectivity differences observed in our longitudinal results. Lastly, it is
important to be mindful that fMRI is an indirect (but very well and consistently replicated) measure of
neuronal activity and resting state functional connectivity is also an indirect measure of structural
connectivity (Logothetis et al., 2001; van den Heuvel & Hulshoff Pol, 2010). Significant results in a
functional connectivity contrast can thus represent a diverse direct as well as indirect excitatory as well as
inhibitory changes in functional and structural networks and should be interpreted with caution
(Logothetis, 2008). The lack of reciprocity in the functional differences across the different functional

networks in our study points to the complex, indirect modulation underlying these functional dynamics.

Future studies should aim to collect additional evidence of longitudinal differences to more conclusively
characterize functional brain changes associated with AUD recovery. To expand on our findings, future
studies should aim to recruit larger sample sizes with more uniform demographic cohorts (for example in
age) and more and longer interscan intervals. The approximately 2 week interscan interval in our study
detected only marginal overlapping results (for example in 02, 03, 07, and 08) and did not reveal
consistent functional connectivity trends across the different networks. This could be potentially
explained due to potentially too short follow-up interscan interval for sufficient functional plasticity to
take place and/or due to underestimating the initial AUD-related functional due to not recruiting

participants until approximately 17 days after detoxification. Future studies should also aspire to include

243



multiple scanning time points for their healthy controls to better account for natural interscan variability
in their results (performing [A2-A1]-[C2-C1] contrast rather than just [A2-A1]). Moreover, inclusion of a
neurocognitive test battery could help future studies more conclusively characterize the functional
significance of their results beyond speculation of extrapolated anatomical function reported in the

literature.

5 Conclusion

In summary, our study has revealed significant functional connectivity changes spanning approximately
9% of the voxels across approximately 65% of the contrasts. The functional connectivity results were
generally inconsistent both between networks and longitudinally within the same networks. Even at a
macroscopic level of functional networks, there was only little overlap in the functional dynamics. Most
of the functional connectivity changes spanned 02 (Cerebellum Network), 08 (Sensory-Motor Network),
and 09 (Auditory Network) while the least commonly affected were 01 (Basal Ganglia / Deep Gray
Matter Network), 11 (Language Network), and 10 (Visual Network — Lingual Gyrus). The networks with
the most overlapping changes were different and included 15 (Anterior-Salience / Insula Network), 06
(Posterior Default Mode Network), 09 (Auditory Network). Even though some networks such as 02
(Cerebellum Network), 15 (Anterior-Salience / Insula Network) and 11 (Language Network) were
associated with aberrant connectivity changes in other functional networks, their own functional
connectivity pattern remained quite resilient and restricted primarily to internal within network
differences. Analysis of the network properties of the different functional networks has revealed a
normalisation trend of strengthening inter-network communication with prolonged abstinence in the
recovering AUD patients, especially in 12 (Right Executive Control Network), 07 (Mesial-Temporal
Network), and 06 (Posterior Default Mode Network). Some networks also exhibited a diverging pattern,

potentially indicating an adaptive compensation trend, however, these included mostly functional
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networks not prototypically associated with addictions, such as 03 (Primary Visual Network), 08
(Sensory-Motor Network), and 11 (Language Network). Approximately 62% of the significant changes
were correlated with at least one AUD severity measure while 36% were correlated with three or more,
highlighting the clinical significance of our results. All together, these findings suggest a pattern of global
hypoconnectivity in the AUD with an encouraging pattern of converging functional connectivity across
the plurality of the networks. The results should, nonetheless, be considered with caution due to limited
spatial and longitudinal reproducibility of the significant clusters. To the best of our knowledge, this was
the first longitudinal study which explored resting state functional connectivity changes in recovering
AUD patients and also one of very few studies to holistically analyze AUD-related functional

connectivity changes across functional networks spanning the entire brain.
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Chapter 7 - Deep Grey Matter Iron Accumulation in Alcohol
Use Disorder

Abstract

The purpose of this study was to evaluate brain iron accumulation in alcohol use disorder (AUD) patients
compared to controls using quantitative susceptibility mapping (QSM). QSM was performed
retrospectively by using phase images from resting state functional magnetic resonance imaging (fMRI).
20 male AUD patients and 15 matched healthy controls were examined. Susceptibility values were
manually traced in deep grey matter regions including caudate nucleus, combined putamen and globus
pallidus, combined substantia nigra and red nucleus, dentate nucleus, and a reference white matter region
in the internal capsule. Average susceptibility values from each region were compared between the
patients and controls. The relationship between age and susceptibility was also explored. The AUD group
exhibited increased susceptibility in caudate nucleus (+8.5%, p=0.034), combined putamen and globus
pallidus (+10.8%, p=0.006), and dentate nucleus (+14.9%, p=0.022). Susceptibility increased with age in
two of the four measured regions - combined putamen and globus pallidus (p=0.013) and combined
substantia nigra and red nucleus (p=0.041). AUD did not significantly modulate the rate of susceptibility
increase with age in our data. Retrospective QSM computed from standard fMRI datasets provides new
opportunities for brain iron studies in psychiatry. Substantially elevated brain iron was found in AUD
subjects in the basal ganglia and dentate nucleus. This was the first human AUD brain iron study and the

first retrospective clinical fMRI QSM study.

Key terms

brain iron, alcohol use disorder, quantitative susceptibility mapping, deep grey matter, echo-planar

imaging, resting state fMRI
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1. Introduction

Alcohol use disorder (AUD) is a chronic relapsing disease characterized by recurrent compulsive alcohol
abuse despite significant alcohol-related behavioural, cognitive, physiological, and social problems
(American Psychiatric Association, 2013). AUD can be considered the world's biggest addiction problem.
Harmful use of alcohol is estimated to lead to 5.9% of all deaths, 5.1% of the global burden of disease,
and has been demonstrated to have a causal relationship with over 200 adverse health conditions (World
Health Organization, 2014). This makes AUD one of the most damaging preventable causes of illness in
the world. When considering the total harm of AUD including its societal costs, alcohol is by a wide
margin the most harmful drug in the western world (Nutt et al., 2010). Neurobiological mechanisms
driving adaptive changes during alcohol abuse and subsequent recovery are not fully understood and
continue to be of scientific interest (Fein & Cardenas, 2015; Seo & Sinha, 2015). Previous evidence
suggests that chronic alcohol abuse can lead to abnormally high systemic iron levels (Duane, Raja,
Simpson, & Peters, 1992; Y. Kohgo et al., 2005; Milman & Kirchhoff, 1996; Whitfield, Zhu, Heath,
Powell, & Martin, 2001) which might be associated with increased brain iron concentration (Nordmann,
Ribiere, & Rouach, 1987; Rouach, Houze, Gentil, Orfanelli, & Nordmann, 1994, 1997; Rouach et al.,
1990). A wide range of neural disorders is associated with brain iron abnormalities (Zecca, Youdim,
Riederer, Connor, & Crichton, 2004), thus increased brain iron may contribute to commonly observed

brain damage and atrophy in AUD.

Quantitative susceptibility mapping (QSM) is an emerging magnetic resonance imaging (MRI)
technique developed for quantifying tissue magnetic susceptibility (Haacke et al., 2015; C. Liu, Li, Tong,
Yeom, & Kuzminski, 2015; Y. Wang & Liu, 2015). QSM can be used to measure iron content in deep
grey matter brain structures and has been extensively validated to be able to identify altered deep grey
matter iron in normal aging as well as many neurological disorders (Bartzokis et al., 1999; Bilgic,

Pfefferbaum, Rohlfing, Sullivan, & Adalsteinsson, 2012; Haacke et al., 2015; Li et al., 2014; C. Liu et al.,
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2015; Stuber, Pitt, & Wang, 2016). Our team has recently developed a means to extract QSM from
previously acquired echo planar imaging (EPI) scans (Sun & Wilman, 2015), as well as traditional
functional MRI (fMRI) studies (Sun, Seres, & Wilman, 2016). Provided the phase or raw signal is
available, this method enables retrospective examination of brain iron from existing fMRI studies. Here,
using an existing AUD resting state fMRI dataset, we applied this unique QSM method to examine brain
iron deposition in clinical cases with AUD to test the hypothesis whether AUD is associated with
increased deep grey matter iron concentration. To the best of our knowledge this is the first AUD QSM
study and the first clinical study to use retrospective QSM from functional MRI. Our findings provide
important technological advances in MRI application that allow examination of novel aspects of brain
tissue alterations, and may be useful for developing highly needed biomarkers for neurological and

psychiatric disorders at various stages of progression and treatment.

2. Materials and Methods

2.1 Subjects

Twenty recently detoxified male alcohol dependent patients (DSM-IV-TR criteria) (American Psychiatric
Association, 2000) and 15 matched healthy non-alcohol abusing men were recruited for the AUD and
control groups, respectively. The DSM-IV-TR diagnostic investigations were carried out by a
psychiatrist, using the Structured Clinical Interview for the DSM-IV-TR (SCID-I) (First et al., 2002). The
demographic and clinical overview of the participants is summarized in Table 7.1. The alcohol dependent
participants were recruited from a pool of patients referred to a supervised residential treatment program
from all addiction treatment facilities in the Edmonton area between 2012 and 2015 as part of the
international TRANSALC project. The patients were consistent, steady, heavy drinkers (mean duration of
alcohol dependence of 16.0+/-2.7 years, standard error of mean). All of the patients met the highest Zone

IV cut-off score on the Alcohol Use Disorders Identification Test (AUDIT) with the average score of 30
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out of 40 (Saunders et al., 1993). The AUD patients exhibited on average a substantial level of alcohol
dependence (third quartile) according to the Alcohol Dependence Scale (ADS) with the average score of
25.5 out of 47 (Skinner & Allen, 1982). The patients did not abuse non-beverage ethanol or other
substances except nicotine. The patients were recruited between 6 to 12 days of abstinence. Abstinence at
the time of scanning was verified in all participants by an alcohol breathalyser (BACtrack S50 Personal
Breathalyzer, Portable Breath Alcohol Tester) and a urine drug screen (nal von minden GmbH Drug-
Screen® Diptest, Version 1.0). The patients were not provided with any prescription medications
including adjuvant pharmacotherapy for prevention of relapse such as Naltrexone or Disulfiram during
this time. Controls were recruited concurrently to match the patients' general demographic profile
(including sex, age, handedness, general occupation/education background). The controls had no history
of alcohol or drug addiction and consumed alcohol below the Canada's Low-Risk Alcohol Drinking
Guidelines (Butt, 2011). Participants in both arms were excluded if they had any history of serious
medical (including psychiatric or neurological) complications, brain injury, use of psychotropic
medications (other than during the detoxification process), or did not meet magnetic resonance safety
criteria for our imaging facility. The study was approved by the University of Alberta Health Research

Ethics Board (study ID: Pro00019424).

Table 7.1: Demographic and Clinical Profile of Subjects

AUD Patients (n=20) Controls (n=15)
% SEM' Min Max | % SEM' Min Max | P
value
Age 43.05 2.38 2398 60.88 | 44.61 2.72 29.79 58.60 | 0.667
Years of Education 12.85 0.55 9.00 18.00 | 12.13 0.48 9.00 16.00 | 0.351

Edinburgh Handedness
Inventory (Oldfield, 1971)
AUDIT? Score (Saunders et
al., 1993)

ADS! Score (Skinner &

Allen, 1982) 25.50 1.95 6.00 38.00 | 0.87 0.32 0.00  4.00 [ 0.000*
Standard Drinks per Day? 21.72 2.50 9.88 5489 | 0.22 0.06 0.00  0.81 [ 0.000*
Days of Abstinence 9.11 0.46 6.00 12.00 | N/A N/A N/A  N/A N/A

0.56 0.15 0.00 1.00 [ 0.43 0.13 0.09 1.00 | 0.516

30.00 1.03  20.00 37.00 | 1.67 0.36 0.00  6.00 | 0.000*

© Alcohol Use Disorders Identification Test
! Alcohol Dependence Scale
2 Canadian standard drink constitutes of 17.24 mL or 13.6g of ethanol.
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" Standard Error of Mean
* Significant at a priori a level of P<0.05.

2.2 MRI Acquisition

Neuroimaging data were acquired using 4.7 Tesla Varian Inova whole-body MRI scanner, located at the
University of Alberta. The scanning protocol included anatomic imaging using TI1-weighted
magnetization-prepared rapid acquisition echo (MPRAGE) and resting state functional MRI (rs-fMRI)
using single-shot, T2*-weighted echo planar imaging (EPI). During rs-fMRI participants were asked to
remain still, close their eyes, not fall asleep, and not to think of anything in particular. The acquisition
parameters for MPRAGE were: TR 1505.9 ms, inversion time 300.0 ms, relaxation delay time (after
readout prior to inversion) 300.0 ms, linear phase encoding, TE 3.71 ms, matrix 240x192x128, field of
view 240x192x192 mm’, 1.0x1.0x1.5 mm’ voxels, whole brain coverage. The acquisition parameters for
EPI were: TR 1500 ms, TE 19 ms, matrix 72x68x36, field of view 216x204x126 mm’, 3x3x3.5 mm’

voxels, whole brain coverage, and with 320 volumes.

The anatomical scans were visually reviewed by two independent neuroimaging experts for gross
abnormalities. None of the subjects exhibited any clinically significant structural abnormalities other than

what may be expected from normal aging or prolonged alcohol abuse.

2.3 Quantitative Susceptibility Mapping (QSM)

The quantitative susceptibility maps were generated retrospectively from the phase component of the raw
resting-state fMRI signal to test feasibility of the method previously described by Sun et al. (Sun et al.,
2016; Sun & Wilman, 2015). Briefly, the multi-channel complex phase signal was combined using an
adaptive method (Walsh, Gmitro, & Marcellin, 2000). Brain volume mask was generated using Brain
Extraction Tool of FMRIB software library (FSL) (Smith, 2002). Phase images were unwrapped using the

Phase Region Expanding Labeller for Unwrapping Discrete Estimates (PRELUDE) in FSL (Jenkinson,
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2003). Slowly varying dominant background phase due to air-tissue interfaces or imperfect shimming was
removed using the Regularization Enabled Sophisticated Harmonic Artifact Reduction for Phase data
(RESHARP) method (Sun & Wilman, 2014). The field map was normalized by the main magnetic field
strength to parts-per-million (ppm). Dipole fields were inversed using a total variation technique (Wu, Li,
Guidon, & Liu, 2012) with regularization in the L1-norm form of derivatives cost function, yielding QSM
images (Sun & Wilman, 2015). Magnitude rs-fMRI images were then motion corrected using rigid-body
transformation using FMRIB's Linear Registration Tool (FLIRT) (Jenkinson & Smith, 2001). The same
transformation matrix was applied to matching QSM images with tri-linear interpolation. Re-aligned 320
QSM volumes for each subject's scanning session were averaged to minimize noise, resulting in one QSM
three-dimensional volume for each original four-dimensional reconstructed raw rs-fMRI file. Although
our study was conducted at a high field of 4.7 Tesla and signal to noise ratio improves with field strength,
the susceptibility contrast is field independent and EPI-QSM has been validated at 1.5 Tesla (Sun &
Wilman, 2015). Therefore, provided that the raw phase images are saved, this technique should work on

EPI from standard clinical systems.

2.4 Data Analysis

The analysis protocol consisted of data anonymization, map normalization, manual tracing, and statistical

comparison. The data were inspected visually for quality assurance purposes at each step of the analysis.

First, the data were anonymized to blind the researcher from the subjects' alcoholic/control status using a
randomly assigned numbered code. The key was withheld from the researcher until completion of region

of interest tracing and quality assurance.

Second, the anonymized files were normalized to the MNI-152 template using the standard FLIRT

protocol with an anatomical image intermediate to help guide the transformation matrix for the rs-fMRI
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magnitude image (Greve & Fischl, 2009; Jenkinson, Bannister, Brady, & Smith, 2002). The same
transformation matrix was subsequently applied to the QSM maps derived from the identical EPI rs-fMRI

signal.

Third, the normalized subject-specific QSM volumes were all averaged to create a QSM group template.
Manual tracing of all regions of interest was then completed on this template. The a priori regions of
interest included caudate nucleus, putamen, globus pallidus, internal capsule, thalamus, red nucleus,
substantia nigra, and the dentate nucleus. Except for the internal capsule, all of these brain regions are
known to contain a high concentration of protein-bound ferric iron (Hallgren & Sourander, 1958; Sun et
al., 2015). Due to the modest resolution of our resting state fMRI images (3x3x3.5 mm’), we could not
clearly discern the boundaries of some of the a priori regions of interest in our dataset. As a result,
thalamus was excluded from the analysis and two sets of regions of interest - the putamen / globus
pallidus; substantia nigra / red nucleus - were included each as a single, combined region. Manual tracing
was, therefore, done to delineate the caudate nucleus; the combined putamen and globus pallidus region;
combined region including substantia nigra and red nucleus (most likely including also part of the
subthalamic nucleus located between these two regions); the dentate nucleus; and the internal capsule (as
the background signal reference), in both left and right hemispheres. Ventral striatum (i.e. nucleus
accumbens) and ventral tegmental area, which belong to the basal ganglia and are of high research
interest in AUD, could not be confidently traced in our data due to their unclear anatomical boundaries on
the QSM images alone. Once the reference set of 3-D traces was completed on the averaged QSM mask
in FSL-VIEW, region of interest (ROI) masks were manually modified to fit each subject's specific
anatomy, creating subject-specific manual ROI masks within the same reference boundary space. Figure
7.1 illustrates the traced regions from a representative 43-year-old subject. The average intensity values

from each of these subject-specific ROI masks were extracted and tabulated for statistical analysis.
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The fourth step was ROI signal intensity analysis. Mean ROI susceptibility values for each subject were
normalized by subtracting the average background white matter intensity of the internal capsule ROL
This subtraction standardized the results since susceptibility from dipole inversion is a relative as opposed
to an absolute measure (Sun & Wilman, 2015). The data were subsequently de-anonymized and split into
patient and control groups for comparison. The literature indicates that both systemic and brain iron levels
increase with heavy alcohol exposure (Duane et al., 1992; Y. Kohgo et al., 2005; Milman & Kirchhoff,
1996; Nordmann et al., 1987; Robinson, Godfrey, Denne, & Cox, 1998; Rouach et al., 1994; Rouach,
Houze, et al., 1997; Rouach et al., 1990; Skikne, Flowers, & Cook, 1990; Whitfield et al., 2001).
Therefore, our a priori hypothesis was that we would observe increased iron concentration in the AUD
patients in all of the traced areas of interest. To test this hypothesis for each region, we conducted
Levene's test of homogeneity and subsequently a one-tailed t-test testing the significance of the increases
in the mean QSM intensity in the different regions for patients versus controls. False discovery rate
(FDR) correction was used to correct for multiple comparisons across the four brain regions (Benjamini

& Hochberg, 1995).

We also conducted a secondary comparison of QSM intensity to participant age in an attempt to try to
replicate a weak positive trend between age and brain iron accumulation published about working-age
adults in the literature (Acosta-Cabronero, Betts, Cardenas-Blanco, Yang, & Nestor, 2016; Bilgic et al.,
2012; Hallgren & Sourander, 1958). For each of the four anatomical regions (caudate nucleus,
putamen/globus pallidus, red nucleus/substantia nigra, dentate nucleus), a general linear model analysis
was done, including predictors for group status (patient vs. control) as well as age (modelled separately
for patients and controls). Two-tailed t-tests were conducted to test the relationship between age and
susceptibility for patients vs. controls (i.e. slope of age regressed against susceptibility for patients vs.
controls) as well as the relationship between age and susceptibility independent of group status. These
tests were done for illustration purposes only. Based on the literature, we were aiming to replicate a small

positive relationship between age and QSM, and this particular comparison was not part of the primary
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investigation of the study. Therefore, tests of the relationship between age and QSM scores were not

corrected for multiple comparisons.

Figure 7.1: Representative Region-of-Interest Traces

Panes A, C and E depict axial slices of a representative averaged EPI-QSM contrast in fMRI of a 43-year old male
thresholded at -0.10 to 0.20 ppm in standard MNI space. Panes B, D, and F depict corresponding traces on the above
slices. Pane G depicts a rendering of the three-dimensional manual traces in this subject. Caudate nucleus region of
interest is red; putamen & globus pallidus is blue; substantia nigra and red nucleus is in cyan, dentate nucleus is in
yellow. The white matter signal reference region of internal capsule is green

3. Results

The alcohol-dependent subjects exhibited an apparently consistent increase in all of the tested deep grey
matter regions - although only the differences in caudate nucleus, combined putamen / globus pallidus,
and dentate nucleus were significant. This evidence of increased QSM intensity in deep grey matter brain
regions, suggesting increased iron deposition, supported our a priori hypothesis. The increase ranged
from 7% to 15%. Figure 7.2 depicts the average bilateral susceptibility values with standard errors of
mean. Table 7.2 summarizes the quantitative values, including significance. The putamen / globus

pallidus combined region showed the highest susceptibility in both controls and patients, the largest
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absolute AUD increase, and the most significant group difference. Contrary to our expectations, the

largest relative difference was not seen in the putamen / globus pallidus but was observed in the dentate

nucleus, which is a deep cerebellar cluster of neurons involved primarily in the movement of skeletal

muscles.

As part of our quality assurance, the reference signal from the internal capsule white matter ROI was

compared between controls and patients, and there was no statistically significant difference. This

observation suggests that the internal capsule provided a set of reasonable reference values for

standardizing the results of our analysis.

Table 7.2: Average AUD-related group differences in QSM intensity

Anatomical
Area

Caudate
Nucleus
Putamen /
Globus Pallidus
Substantia
Nigra / Red
Nucleus
Dentate
Nucleus

AUD Patients (n=20)

Controls (n=15)

: SEM nfin Max | % SEM'  Min Max | Difference value
0.096 0003 0076 0115|0089 0003 0072 0115|0007 852% | 0.034*
0.142 0003 0123 0173|0128 0004 0101 0154|0014 10.85% | 0.006*
0.117 0004 0082 0146|0109 0004 0084 0.143 | 0.008 7.06% | 0.101
0.096 0.004 0075 0124|0084 0005 0059 0118|0012 14.92% | 0.022%

" Standard Error of Mean
* Significant at a priori a level of P<0.05, FDR corrected.
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Figure 7.2: Bilateral AUD-Related Quantitative Susceptibility Differences
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As part of our post-hoc secondary analysis, our general linear model comparison revealed a positive trend
between the susceptibility of each of the grey matter regions of interest and the age of the subjects,
independent of group status (patient vs. control). The relationship of age to QSM scores was significant in
putamen / globus pallidus (p=0.013) and red nucleus / substantia nigra (p=0.041). The relationship was
not significant in caudate nucleus (p=0.583) or dentate nucleus (p=0.085). The putamen / globus pallidus
region showed the greatest separation of values and also the steepest age-related increase in susceptibility

as illustrated in Figure 7.3.

Although we observed significant group differences in susceptibility in three of the four measured
regions, testing whether susceptibility increased at a different rate with age in the AUD patients compared
to the controls did not yield statistically significant results (two-tailed t-tests: caudate nucleus p=0.966;

putamen / globus pallidus p=0.360; red nucleus / substantia nigra p=0.631; dentate nucleus p=0.746). Our
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data, therefore, does not suggest age-related interaction in iron accumulation exacerbation in working-age

alcohol-dependent adults.

Figure 7.3: Quantitative Susceptibility Increases with Age in Both Patients and Controls
A
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4. Discussion

Iron is an essential mineral that is vitally important for normal human development and physiological
functions (Ganz, 2013; Radlowski & Johnson, 2013). Iron requirements in brain are high due to its high
metabolic rate as well as many specialized functions requiring iron as an enzymatic co-factor, including

catecholamine synthesis and myelination (Beard & Connor, 2003; Connor & Menzies, 1996; Finney &
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O'Halloran, 2003; Hallgren & Sourander, 1958; Todorich, Pasquini, Garcia, Paez, & Connor, 2009;
Wong-Riley, 1989). Chemical properties which make iron an essential mineral can also make it very
harmful due to the tendency of iron ions to catalyze creation of reactive oxygen and nitrogen species. Iron
is, therefore, very tightly controlled in vivo and usually sequestered in protein-bound forms for storage
(ferritin and hemosiderin) or transport (transferrin). Ferritin-bound stored iron is the primary source of the
QSM contrast (Hallgren & Sourander, 1958; Langkammer et al., 2012; Sun et al., 2015). Tight
mechanisms for in vivo sequestration/control of iron are also important for avoiding systemic iron
overload (such as in hereditary hemochromatosis) because there are no known active mechanisms for
systemic iron elimination (Hunt, Zito, & Johnson, 2009; Yutaka Kohgo, Ikuta, Ohtake, Torimoto, &

Kato, 2008).

Because the blood-brain-barrier normally prevents passive passage of hydrophilic transferrin, the brain is
dependent primarily on transferrin receptor-mediated transport of iron (unique in the brain luminal
capillary endothelial cells) and forms its own local brain iron pool which is protected from systemic iron
fluctuations (T. Moos, 2002; T. Moos, Rosengren Nielsen, Skjorringe, & Morgan, 2007). The distribution
of iron in the brain is heterogeneous, primarily localized in deep grey matter basal ganglia - where it can
reach concentrations as high as those occurring in the liver (N. Singh et al., 2014) which is the body's
primary iron storage site. Brain iron concentrations increase with age (Bilgic et al., 2012; Gelman et al.,
1999; Hallgren & Sourander, 1958; Zecca et al., 2004). Both the heterogeneous accumulation of brain
iron as well as its increase with normal aging are still not fully understood and remain an active area of
research (Koeppen, 2003). Several hypotheses propose that the deep grey matter of brain might serve as a
central nervous system iron reservoir (similar to the liver for the whole body) or be involved in white
matter myelination (Connor & Menzies, 1996; Rouault, 2013). As with systemic iron, there is only very
limited brain iron export or elimination. Some data hint at the presence of a limited export mechanism (T.
Moos et al., 2007) most likely via cerebrospinal fluid transferrin-mediated return of iron into

subarachnoid circulation (T. Moos & Morgan, 1998) or physical removal by macrophages during severe
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inflammation (Hua et al., 2006; T. Moos et al., 2007). Nonetheless, current evidence suggests that once

non-heme iron has entered the brain, it largely remains there.

There is a growing body of evidence associating a wide range of disorders with brain iron abnormalities,
including: Alzheimer's disease, Parkinson's disease, multiple sclerosis, congenital aceruloplasminemia,
Friedreich's ataxia, neuroferritinopathy, neurodegeneration with brain iron accumulation, amyotrophic
lateral sclerosis, and restless leg syndrome (Zecca et al., 2004). Most of these disorders are associated
with excess iron accumulation. It is of interest that several of these disorders share similar features to
chronic alcohol abuse such as motor and/or memory deficits, altered dopamine signalling, and immune
system dysfunction. It is possible to draw on existing related alcohol abuse literature and parallels to other
disorders to try to explain the abnormally high concentration of iron in our alcohol dependent patients.
We propose three possible explanations which alone or in combination could explain our findings. These
include: 1) systemic iron overload, 2) excess dopaminergic activity, and 3) tissue damage associated with

inflammation and leaky brain.

4.1 Systemic iron overload in AUD

Alcohol abuse is associated with increased uncontrolled intestinal iron absorption (Duane et al., 1992),
increased iron in alcohol-damaged liver (Y. Kohgo et al., 2005), and related abnormal hepcidin signalling
(Y. Kohgo et al., 2005; Y. Kohgo et al., 2008), which could all contribute to systemic iron overload that is
well documented in 20-30% of alcohol abusers (Duane et al., 1992; Whitfield et al., 2001). Population-
based studies suggest that even social drinking of a moderate amount of alcohol (2-3 drinks per day) is
associated with increased indirect measures of iron stores which can be considered as acceptable markers
of overall body iron stores (Milman & Kirchhoff, 1996; Robinson et al., 1998; Skikne et al., 1990;
Whitfield et al., 2001). Studies of both acute and chronic alcohol exposure in animal models of alcohol

abuse also report systemic iron overload, further reporting associated increases in brain iron accumulation
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(Nordmann et al., 1987; Rouach, Fataccioli, et al., 1997; Rouach et al., 1994; Rouach et al., 1990).
Consequently, the evidence for systemic iron overload in AUD humans may be related to our novel in
vivo finding of increased brain iron. Excess alcohol-related systemic iron could overload normal iron
metabolism which lacks any mechanisms for substantial elimination of excess iron from the body or the

brain, thus causing abnormal brain iron accumulation in AUD patients.

The increased iron stores in the brain combined with alcohol's suppression of antioxidant defences (such
as levels of a-tocopherol, glutathione, and cytosolic superoxide dismutase) could potentially lead to
increased reactive oxygen and nitrogen species which could contribute to the increased lipid peroxidation
and cellular damage observed in animal models (Nordmann et al., 1987; Nordmann, Ribiere, & Rouach,
1990; Rouach et al., 1994). Iron chelating agents in animal AUD models have minimized the alcohol's
oxidative brain damage (Bondy & Orozco, 1994). This evidence could potentially implicate iron in the
etiology of alcohol-related structural atrophy and functional deficiencies commonly associated with AUD
(for an overview of AUD brain pathology, refer to Harper et al., 2003) (Harper et al., 2003). Oxidative
damage (Crews & Nixon, 2009) is often offered as the most plausible explanation of alcohol-abuse-
related brain damage, particularly of white matter which is most vulnerable to chronic alcohol abuse. The
high metabolic need of the brain combined with a large amount of easily oxidizable substrates (such as
polyunsaturated fats and catecholamines) and low activity of some of the cellular antioxidant protective
mechanisms might contribute to such a high vulnerability (Nordmann et al., 1990). Iron-mediated
oxidative damage has been already implicated as a key factor associated with alcohol-related liver
damage (Y. Kohgo et al., 2005). Alcohol-related liver damage could also impede proper iron regulation
and signalling (Y. Kohgo et al., 2005; Y. Kohgo et al., 2008). A recent susceptibility-weighted brain
imaging study of severely cirrhotic patients (primarily from hepatic cirrhosis) reported increased iron

accumulation in brain structures which was correlated to cognitive deficiencies (S. Xia et al., 2015).
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Although most human and animal evidence supports our assertion of excess alcohol-related systemic and
brain accumulation, two rat studies indicate no significant changes or mixed evidence (Jurczuk, Brzoska,
Rogalska, & Moniuszko-Jakoniuk, 2003; J. Xia, Simonyi, & Sun, 1999). One rabbit study also claimed
folic acid dietary deficiency rather than alcohol as a potential cause of AUD-related excess iron

accumulation (Celada, Rudolf, & Donath, 1979).

4.2 Excess aggregate dopaminergic activity in AUD

AUD is associated with excessive activation of dopamine signalling pathways during acute intoxication
and cue exposure (Boileau et al., 2003; Nora D. Volkow, Wang, Fowler, Tomasi, & Telang, 2011). Acute
ingestion of alcohol results in substantially higher dopamine surge compared to natural rewards or
baseline conditions (G Di Chiara & Imperato, 1988). Increased dopamine activity is also observed in
protracted abstinence after chronic alcohol exposure (Hirth et al., 2016). Thus, AUD patients have
experienced aggregate excess dopaminergic activity despite a transient down-regulation and resultant
hypodopaminergic milieu during acute withdrawal from alcohol (Heinz et al., 1996; Koob & Volkow,
2010; Rossetti, Melis, Carboni, & Gessa, 1992). Iron is an important co-factor in the rate-limiting step of
dopamine synthesis, and there is an emerging body of evidence associating dopamine signalling and brain
iron accumulation which could potentially link excessive dopamine signalling in AUD to abnormally high

brain iron concentrations.

Excess dopamine signalling, as observed for example in methamphetamine-exposed monkeys, is
associated with abnormally high brain iron accumulation which is comparable to monkeys 2-3 times older
(Berman, O'Neill, Fears, Bartzokis, & London, 2008; Melega, Lacan, Harvey, & Way, 2007). On the
other hand, potential deficits in dopamine metabolism might be associated with abnormally low brain iron
levels as observed in medication-naive patients with attention-deficit hyperactivity (ADHD) (Adisetiyo &
Helpern, 2015; Adisetiyo et al., 2014; Cortese, Angriman, Lecendreux, & Konofal, 2012; Cortese,

Azoulay, et al., 2012; Picchietti, 2007; Soto-Insuga et al., 2013). Treatment of ADHD patients with
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traditional dopaminergic psychostimulants may normalize brain iron levels (Adisetiyo et al., 2014).
Animal studies also revealed that dopamine-receptor-blocking antipsychotics such as haloperidol alter
brain iron metabolism (Ben-Shachar, Livne, Spanier, Zuk, & Youdim, 1993; Ben-Shachar & Youdim,
1990). Evidence from Parkinson's disease studies further indicate a potential interplay between brain iron
and dopamine in redox toxicity and neurodegeneration (Hare & Double, 2016). This could explain why
male methamphetamine abusers who have physiologically higher iron levels than their female
counterparts exhibit greater white matter damage (S. C. Bae et al., 2006; Chung et al., 2007) and may also

help to explain the brain atrophy associated with chronic alcohol abuse.

4.3 Inflammation, tissue damage, and leaky brain in AUD

AUD is associated with chronic inflammation (Crews et al., 2006; Crews & Nixon, 2009; Kelley &
Dantzer, 2011; H. J. Wang, Zakhari, & Jung, 2010). As an antibacterial defence mechanism,
inflammation triggers the body to sequester and absorb excess iron (Wessling-Resnick, 2010). Chronic
alcohol abuse also disrupts the blood-brain-barrier (Cornford, Braun, Oldendorf, & Hill, 1982; Elmas,
Kucuk, Kalayci, Cevik, & Kaya, 2001; Haorah et al., 2005; Haorah, Knipe, Gorantla, Zheng, &
Persidsky, 2007; A. K. Singh, Jiang, Gupta, & Benlhabib, 2007). Increased systemic iron in combination
with impaired transit control and increased iron sequestering signalling could lead to abnormally high iron

accumulation in the leaky brain.

A related explanation can be also drawn from parallels between AUD and neurodegenerative disorders
associated with brain iron dysregulation, such as multiple sclerosis. Iron is required to help maintain
integrity of oligodendrocytes and myelin (LeVine & Macklin, 1990; Stephenson, Nathoo, Mahjoub,
Dunn, & Yong, 2014). Iron-containing enzymes are required for both myelination and remyelination
following injury. Recurrent white matter damage in multiple sclerosis results in waves of iron liberation
from dying oligodendrocytes and increased iron turnover which may cause further damage. Active

multiple sclerosis white matter lesions are associated with increased iron loads (Hametner et al., 2013).
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Alcohol is toxic and particularly damaging to white matter integrity. Chronic cycles of fluctuating toxic
levels of alcohol in AUD, may lead to recurrent cycles of white matter damage and repair which may not
only lead to excess extracellular iron release from widespread tissue damage but also signal increased iron
demand for remyelination and repair. Even in better characterised neurodegenerative disorders, however,
it is still not known whether observed excess brain iron is the cause or the outcome of cell damage

(Rouault, 2013).

In summary, there is a range of possible inter-linked explanations for brain iron accumulation in AUD.
The literature provides collateral evidence which may link the observed deep grey matter siderosis to
alcohol mediated systemic iron overload, excess brain dopamine activity, and chronic inflammation and
brain cellular damage. These processes could interact to support the premature aging hypothesis in AUD
(Noonberg, Goldstein, & Page, 1985; Oscar-Berman & Marinkovic, 2003; Ryan & Butters, 1984;
Sanhueza, Garcia-Moreno, & Exposito, 2011; Spencer & Hutchison, 1999). Our analysis indicated a
positive relationship between age and susceptibility (brain iron) levels in all four regions of interest tested
(Figure 7.3), though this relationship was significant only in putamen / globus pallidus and red nucleus /
substantia nigra. The interaction between group status (patients vs. control) and the relationship of age to

QSM levels was not significant in our working-age adults.

This study has some limitations in relation to sample size and data resolution. This was a proof-of-
concept, retrospective, case-controlled analysis of an existing dataset which was optimized for high
temporal resolution and not high spatial resolution. As a result, we were unable to clearly delineate all of
the a priori regions of interest, leading to two combined regions and to potential partial volume artifacts.
This was particularly problematic for the substantia nigra / red nucleus ROI which likely included part of
the subthalamic nucleus due to its anatomical proximity. Higher resolution studies would be preferred

using more standard QSM methods that do not rely on EPI; however, the use of EPI-QSM enables initial
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studies from existing fMRI data. The modest sample size with a broad age range has also precluded us
from drawing more concrete conclusion about the interaction of alcohol use disorder and aging on the
trajectory of brain iron accumulation. FDR correction was used for multiple comparisons, and this is less
stringent than family-wise error correction. Lastly, because only adult male patients were included in our
study, the conclusions of our study might not be generalizable to the overall population of patients
suffering from alcohol use disorder. The strengths of our study are in the stringent recruitment criteria
(which excluded all interested participants with history of polysubstance abuse or comorbid disorders) as

well as the robust blinded analysis using 3D manual tracing.

5 Conclusion

To the best of our knowledge, this is the first study exploring QSM in the alcohol dependent brain, the
first human alcohol-related brain iron study, and the first retrospective study to apply the new EPI-QSM
technique to an existing clinical rs-fMRI dataset. Our study demonstrated that retrospective QSM may
unlock hidden value in existing and future fMRI datasets, multiplying the data yield for the same amount
of scanning time and money. This could help advance our understanding of iron metabolism or
calcification in psychiatric disorders such as AUD. This could also help revitalize research in iron
dysregulation and oxidative damage in psychiatric disorders as well as catalyze identification of potential
diagnostic and prognostic biomarkers for complex brain disorders as solicited by the NIMH Research
Domain Criteria initiative. Future prospective or retrospective studies should aim to replicate our findings
with higher resolution and larger sample sizes. The EPI-QSM technique would be especially valuable to
the emerging field of high resolution (Sun et al., 2016). The positive relationship between alcohol abuse
and brain iron should be further explored in a broader range of AUD severity in both sexes since our

sample included only very heavy male drinkers.

264



Chapter 8 - Discussion and Conclusions

This is a paper-based thesis, which included respective discussion of the results and their interpretation in
each of the relevant chapters. As a result, we will succinctly summarize the most important findings and

focus on the overall limitations and lessons for future studies.

The aim of this exploratory study was to characterize multimodal neuroimaging differences associated
with AUD and its early recovery between approximately 2 weeks and one month of sustained abstinence.
Our overall a priori expectations included significant wide-spread structural and functional deficits at
both time points, which would show a positive recovery trend with sustained abstinence. We also
hypothesized that the magnitude of neuroimaging deficits would correlate to the clinical severity
measures. Our analyses succeeded in characterizing significant AUD-related changes generally in
agreement with our a priori expectations but failed to detect significant longitudinal differences during
the interscan interval in most modalities, despite of generally encouraging converging trends. The
persistent failure to detect significant longitudinal differences could be due to too short interscan interval
(too little time to accumulate sufficient microscopic changes to be detectable on the macroscopic MRI
scale), missing very early brain deficits prior to our baseline scan (underestimating the AUD-related
deficits), or too great inter-subject variability for our sample size (within group natural interscan
variability and nuisance variables such as age, multiple scanning sites, et cefera could noise out a weaker
between group contrast signal). The functional independent component analysis has been especially
complex with largely inconsistent results. Our inability to more conclusively characterize the abstinence-
related neuroimaging dynamics has, unfortunately, substantially impaired our ability to draw functional or

clinical interpretations of our findings and precluded us from realizing the full potential of our analyses.

The most important findings from each of the six sets of analyses included the following:
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1)

2)

3)

Voxel and Surface Based Morphometry revealed a broad high single digit decrease in global
gray and white matter densities in AUD at the first time point, which persisted in mid-single digit
at the second time point, exhibiting a positive but non-significant structural integrity
improvement with sustained abstinence. AUD group also exhibited a persistent low single digit
decrease in global cortical thickness, which persisted during both time points. Clinical severity
scales were weakly to moderately correlated to the magnitude of the structural atrophy. To the
best of our knowledge, our analysis was only the third surface-based longitudinal AUD study
(with abstinence window between the two other studies) and the first based on a North American

clinical cohort (P. Bach et al., 2020; G. Y. Wang et al., 2016).

Region-Based Morphometry revealed wide-spread high single digit decrease in region-specific
cortical, subcortical, and cerebellar regions which showed significant correlation to the clinical
severity, especially in the most affected regions. Longitudinal interscan differences associated
with sustained abstinence did not survive multiple comparison correction but indicated a positive
recovery trend. To the best of our knowledge, this was only the second longitudinal region-based
morphometry study to analyze hippocampal subfields (Kiihn et al., 2014) and the first study to

analyze structural dynamics of cerebellar lobules during AUD recovery.

White Matter Microstructure DTI Analysis revealed aberrant diffusion tensor imaging (DTI)
scalar pattern consistent with wide-spread neuronal and/or myelin injury in AUD at both time
points. Magnitude of the scalar’s impairment was in most cases correlated to the clinical severity
measures. The longitudinal differences were not significant but alluded to a pattern of
microstructural healing during the early AUD recovery. Although the existing literature has
reported quite extensively directionality of both fractional anisotropy (FA) and mean diffusivity
(MD) in both short-term and long-term abstinent AUD, their magnitude as well the changes in

other less commonly reported scalars remain poorly documented with conflicting reports. Our
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4)

S)

study was one of only very few longitudinal DTI analyses which documented microstructural
changes during AUD remission. To the best of our knowledge, only five other longitudinal, cross-
sectional, and mixed design studies have explored the effect of sustained abstinence on white
matter microstructure using comparable techniques to our study (Alhassoon et al., 2012; De

Santis et al., 2019; Gazdzinski et al., 2010; Pfefferbaum et al., 2014; Y. Zou et al., 2017).

Regional Functional Connectivity Analysis revealed AUD-related decrease in regional
functional connectivity indices in basal ganglia which persisted during both time points, as well
as aberrant increase in functional connectivity in the frontal cortex in the AUD patients.
Longitudinal differences were mostly not significant. Magnitude of most of the functional deficits
was correlated to the AUD clinical severity measures. The longitudinal changes should be
considered with caution but might potentially provide evidence of over-compensatory adaptation
in the abstinent AUD. To the best of our knowledge, this was the first longitudinal study to
explore regional functional connectivity changes in AUD recovery; the regional functional
connectivity study with the largest sample size to this date; and also the first regional functional

connectivity study based on a North American and/or European clinical cohort.

Independent Component and Hierarchical Analysis of Functional Connectivity revealed a
largely inconsistent complex set of differences in the resting state functional networks, which
exhibited only very limited spatial and longitudinal reproducibility across the different contrasts.
The overall findings, nonetheless, still suggested a global pattern of hypoconnectivity in AUD,
with encouraging converging trend in functional connectivity across plurality of the networks
(most notably Right Executive Control Network, Mesial-Temporal Network, and Posterior
Default Mode Network). Most of the significant changes were correlated with at least one

measure of AUD severity. To the best of our knowledge, this was the first longitudinal study
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which has attempted to characterize longitudinal differences in resting state functional

connectivity in recovering AUD patients across large-scale functional networks.

6) Quantitative Susceptibility (QSM) Analysis has demonstrated high single to low teen
percentage increase in iron accumulation in deep brain gray matter in AUD. We have postulated
three possible explanations for these differences including systemic iron overload, excess
dopaminergic activity, and tissue damage associated with inflammation and leaky brain. To the
best of our knowledge, this was the first study exploring QSM in the alcohol dependent brain, the
first human alcohol-related brain iron study, and the first retrospective study to apply the new
EPI-QSM technique to an existing clinical fMRI dataset. Our study has demonstrated a new
analysis paradigm for non-invasive brain iron measurements which could retrospectively derive
additional insights about a wide variety of psychiatric and neurological conditions from existing
neuroimaging datasets. Some relevant disorders include addictions, obsessive-compulsive
disorder, attention-deficit hyperactivity disorder, Alzheimer's disease, Parkinson's disease,
multiple sclerosis, congenital aceruloplasminemia, Friedreich's ataxia, neuroferritinopathy,
neurodegeneration with brain iron accumulation, amyotrophic lateral sclerosis, and restless leg

syndrome. Since its publication, this study has been cited by at least 11 other publications.

Although our analysis was unable to fulfill its main objective of comprehensive characterization of
abstinence-related structural and functional neuroimaging dynamics during the early AUD remission, our
project has made a substantial contribution to the existing literature, expanding our current understanding
of AUD-related brain changes as well as providing first longitudinal AUD results for multiple
neuroimaging modalities. Even the non-significant longitudinal observation should provide valuable

insights to future researchers who might attempt to replicate similar analyses in the future.
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The most important lesson from this study which was not discussed in the individual chapters has been
the enormous difficulty in recruitment, retention, and patient follow-up. The recruitment for this study has
taken over three years. In the Edmonton node alone, our team has screened and interviewed over 1,123
AUD patients from all of the city’s detoxification and addiction treatment centres and over 668 healthy
controls to enroll 28 eligible patients and 18 matched healthy controls, out of which only 14 patients and
12 controls completed both longitudinal scans. In other words, we had to interview over 80 patients to be
able to collect a single data point. Because of these difficulties, the initial design of this project had to be
substantially reduced, we had to pool our data with our German collaborators, and we were still unable to
detect significant longitudinal differences to fully characterize the brain changes during early recovery
across most modalities. These recruitment statistics, nonetheless, highlight the value and importance of
the contribution of our analyses to the existing literature as well as document a common practical reason
why true longitudinal neuroimaging studies with clinically homogeneous recruitment criteria remain quite

rare in the literature.

Another related observation is pertaining to aspects of our study which could not be realized due to the
recruitment difficulties. One aspect of the initial study design aimed to compare functional brain changes
and treatment outcomes to pharmacological intervention with naltrexone (in relation to the p-opioid
receptor OPRM1 allele profile). We were unable to fully explore this aspect of our project due to
insufficient sample size. Nonetheless, the preliminary results have suggested a very interesting pattern,
whereby 10 out of 12 randomly assigned patients taking naltrexone completed all follow-up sessions
while only 4 out of 12 in treatment as usual group completed the follow-up. Future studies might want to
consider exploring these observations in greater detail, especially due to recent neuroimaging evidence
suggesting naltrexone may help ameliorate AUD-related functional abnormalities (Elton, Dove, Spencer,

Robinson, & Boettiger, 2019; Morris et al., 2018).
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Future studies should also consider other aspects when trying to more conclusively characterize
neuroimaging changes associated with AUD recovery which were discussed in the individual chapters.
These included, for example, increasing sample size, decreasing heterogeneity of the sample (due to large
age range or multiple scanning sites), increasing number of time-points, collecting an earlier baseline
AUD scan, increasing the interscan interval, collecting longitudinal data also in the controls (to allow for
contrast which will account for normal interscan variability and decrease likelihood of spurious results),
accounting for smoking interaction with AUD and smoking disparity between controls and patients,
accounting for family history of AUD (to account for possible inherent predispositions), and collecting
neurocognitive performance data to allow for more reliable functional interpretation of possible functional
connectivity results. Although longitudinal studies with restrictive inclusion and exclusion criteria are
quite challenging to complete, they provide unique insights into the progression of AUD which cannot be
readily replicated by other designs. Difficulties in completing such studies highlight the importance of
multi-site collaboration projects and data sharing between research groups which might be necessary in

order to collect sufficiently large dataset in a reasonable time period.

In conclusion, our exploratory study has documented AUD-related structural and functional brain
differences in patients undergoing early remission between approximately the first two weeks and the first
month of sustained abstinence. Our results revealed an encouraging but not statistically significant trend
of longitudinal brain recovery. Several of our studies have provided first or one of very few longitudinal
observations of structural and functional changes during early AUD recovery. Our study has also
documented clinical application of a novel retrospective analysis for detecting iron accumulation from
existing fMRI datasets, widely applicable to many psychiatric and neurological disorders. Although our
study was unable to exhaustively characterize the longitudinal neuroimaging differences in early AUD
recovery, it has still provided very valuable new evidence which was very challenging to collect and is

thus quite unique in the context of the existing literature.
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Beyond its scientific merits, our study also had a meaningful impact on both personal and clinical level in
the greater community outside of academia. Treatment seeking and recovering AUD patients have to
often navigate and overcome many obstacles and stigma associated with AUD and its limited treatment
options. Even though the patients are guided through their recovery journey by dedicated work of their
clinical team and supported by their network of sponsors, friends and families in the greater community,

remaining engaged and committed to the recovery process can be very challenging.

The encouraging findings from our study have anecdotally helped to strengthen patient engagement,
therapeutic alliance, and mutual confidence in the therapeutic process in the participating treatment
centres. Although our results might not have been as exhaustive as we initially aspired to, our project still
provided tangible evidence of structural and functional changes associated with early remission from
AUD. The results have objectively demonstrated that even a few weeks of sustained abstinence and
psychosocial intervention in the real-world public addiction treatment facilities in our communities can

meaningfully alter some of the aberrant brain changes caused by the chronic alcohol abuse.

Our research team has received an overwhelmingly positive feedback from the patients, their families,
and clinicians involved in the study. It is our hope that other researchers can be encouraged by our own
experience to pursue and persevere with clinical research even in very challenging cohorts or with more

complex longitudinal designs.
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