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Alcohol use disorder (AUD) is associated with brain-wide gray matter (GM) reduction, but the frontocerebellar
circuit seems specifically affected by chronic alcohol consumption. T1 weighted MRI data from 38 AUD patients
at one month of sobriety and three months later and from 25 controls were analyzed using voxel-based
morphometry (VBM) and a graph theory approach (GTA). We investigated the degree to which the frontocer-
ebellar circuit’s integration within the brain’s GM network architecture was altered by AUD-related GM volume
loss. The VBM analyses did not reveal significant GM volume differences between relapsers and abstainers at
either timepoint, but future relapsers at both timepoints had significantly less GM than controls in the fronto-
cerebellar circuit. Abstainers, who at baseline also showed the most pronounced GM loss in the thalamus, showed
a significant circuit-wide GM increase with inter-scan abstinence. The post-hoc GTAs revealed a persistent diffuse
global atrophy in both AUD groups at follow-up relative to controls and different recovery patterns in the two
AUD groups. Our findings suggest that future relapsers do not just present with a more severe expression of the
same AUD consequences than abstainers, but that AUD affects the frontocerebellar circuit differently in relapsers

and abstainers.

1. Introduction

Chronic alcohol abuse is associated with widespread gray matter
(GM) atrophy across the entire brain as observed in region-of-interest
and whole brain voxel-wise magnetic resonance imaging approaches
(Cardenas et al., 2007; Chanraud et al., 2007; Chye et al., 2020; Demi-
rakca et al., 2011; Grodin et al., 2013; Li et al., 2019; Mackey et al.,
2019; Mechtcheriakov et al., 2007; Navarri et al., 2020; Pandey et al.,
2018; Pitel et al, 2015; Ritz et al., 2016; Sullivan et al., 2003; Thayer
et al., 2016; Xiao et al., 2015; Yang et al., 2016). However, not all brain
regions commonly showing GM atrophy in association with long-term
chronic alcohol consumption are specific for alcohol only. For
example, GM atrophy in brain regions such as the medial orbitofrontal
cortex, insula, middle temporal, and supramarginal gyri, hippocampus,
amygdala, and nucleus accumbens (Mackey et al., 2019; Navarri et al.,
2020) has also frequently been observed in other substance abuse dis-
orders. In contrast, GM damage in other brain regions such as those
belonging to the frontocerebellar circuit, in which the thalamus plays a
central role, seems to be predominant for alcohol use disorder (AUD) (Le

Berre et al., 2014; Pitel et al., 2015; Ritz et al., 2016; Sullivan et al.,
2003; Zahr et al., 2017). The frontocerebellar circuit is implicated in a
range of cognitive functions and behaviors such as executive functions,
learning, memory, language but also postural stability and gross- and
fine-motor functions (Chanraud et al, 2007; Chanraud-Guillermo et al.,
2009; Sullivan and Pfefferbaum, 2005). Its involvement in cognition and
behavior was also supported by fMRI resting-state connectivity analyses
in healthy controls (Buckner et al., 2011; Habas et al., 2009; Krienen and
Buckner, 2009). These studies have shown that the frontocerebellar
circuit can be further divided in several distinct subcircuits, which
correspond to well-established intrinsic connectivity networks such as
the executive control network (ECN), default mode network (DMN),
salience network (SAL), dorsal attention network, and sensorimotor
network (SMN). Disruptions of these subcircuits are thought to be major
contributors to behavior and cognition in AUD (Zahr et al., 2010; Sul-
livan and Pfefferbaum, 2005; Zhang and Volkow, 2019; Zahr et al.,
2017).

Longitudinal neuroimaging studies paint a heterogeneous picture for
GM recovery during abstinence from alcohol in treatment seekers that,
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among other factors, depends on the level of GM deficits before treat-
ment and duration of successful sobriety. Abstinence from alcohol as
short as two weeks (Bach et al., 2020; van Eijk et al., 2013) has been
associated with significant GM recovery (Cardenas et al., 2007; Segobin
et al., 2014; Zou et al., 2018). Furthermore, treatment seeking AUD
patients with faster GM recovery have a better chance of remaining
abstinent for a longer time than those with slower recovery (Cardenas
et al., 2007). Likewise, AUD patients with less GM atrophy early in
treatment seem to have a better chance of successful abstinence than
those with more severe atrophy (Durazzo et al., 2017), and the degree of
prefrontal brain volume loss and recovery within the first month of
abstinence has been shown to be associated with relapse in AUD treat-
ment seekers (Durazzo and Meyerhoff, 2020). Therefore, the degree of
GM atrophy in regions vulnerable to the specific effects of alcohol - such
as the frontocerebellar circuit - early in treatment and their potential for
recovery during treatment may be important indicators that distinguish
AUD patients who succeed to stay sober from those who may need
additional support to achieve the same goal.

One aim of this analysis was to follow-up on our previous findings in
recovering treatment seekers with AUD (Cardenas et al., 2007; Durazzo
and Meyerhoff, 2020) by investigating if abstainers had greater GM
recovery in brain regions belonging to the frontocerebellar circuit than
relapsers. Using a purely data-driven method at the voxel-level (Voxel
Based Morphometry (VBM)) for the brain’s GM including cortical and
subcortical regions as well as cerebellum, we wanted to know specif-
ically (a) if GM reduction in the frontocerebellar circuit can differentiate
between future relapsers and future abstainers in a sample of 38 AUD
patients at one month into treatment when they all were still abstinent,
and (b) how these early GM differences related to both GM differences
and their changes three months later when some of the AUD patients had
relapsed. In a previous morphometric study of a similar patient cohort
using graph theory analysis (GTA) (Mueller and Meyerhoff, 2021), we
observed that regions with AUD-related local GM atrophy do not
represent GM alterations that are independent of each other but can be
better understood as a network of co-altered brain regions. Furthermore,
brain regions with AUD-related atrophy also have the potential to alter
how not affected neighboring and remote regions are integrated within
the GM network organization of the entire brain (Mueller and Meyerh-
off, 2021). These earlier observations are consistent with the “network
degeneration hypothesis” (Cauda et al., 2020; Liloia et al., 2021; Seeley
et al., 2009), which is based on physiological evidence of synchronous
neuronal firing that supports network-based synaptogenesis (Seeley
et al., 2009) and on the observation that atrophy patterns in neurolog-
ical and psychiatric conditions frequently resemble distinct intrinsic
connectivity networks found in healthy controls (Cauda et al., 2020;
Liloia et al., 2021; Seeley et al., 2009). Furthermore, intrinsic connec-
tivity networks are not isolated entities within the brain but are char-
acterized by finetuned and dynamic interactions with each other (Wig,
2017). Atrophy-related functional disturbance in one network therefore
has the potential to affect how this network functionally interacts with
the brain’s other intrinsic connectivity networks (Hoffstaedter et al.,
2015; Mueller and Weiner, 2017; Shafiei et al., 2020). Neuronal firing
patterns altered in this way then have the potential to lead to corre-
sponding changes in synaptogenesis or dendritic spine density, both of
which can be picked up by VBM (Keifer et al., 2015). The findings of our
previous publication using GTA and PSI in the context of predefined
ROIs (Mueller and Meyerhoff, 2021) in combination with the new VBM
findings of our study’s first specific aim, motivated the second aim of the
study: using the same GTA approach as Mueller and Meyerhoff (2021) in
a post-hoc analysis to investigate the degree to which the VBM-detected
(i.e., voxel-wise) local GM atrophy affected the integration of four
behaviorally relevant frontocerebellar subcircuits within the GM
network organization of the entire brain; those subcircuits are the DMN,
ECN, SAL, and SMN. Given the distinctly different atrophy and recovery
patterns already described in relapsers and abstainers, we hypothesized
that disentangling the role of these four frontocerebellar subcircuits in
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the two AUD groups at baseline and follow-up would help to gain
additional knowledge into which gray matter features may promote
abstinence or may predict relapse.

2. Methods
2.1. Participants

Longitudinal T1 weighted 3T MRI data from 38 AUD patients and 25
healthy non-drinking/light drinking controls were used for this study.
The AUD participants were recruited from outpatient treatment clinics
in San Francisco, CA in the context of an ongoing study on polysubstance
use disorders, and they belong to a group of individuals with alcohol use
disorder diagnoses only. All AUD participants came for the first MRI
examination approximately one month into abstinence (=baseline) and
returned for their follow-up appointment approximately three months
later (=follow-up). The drinking status of the AUD individuals at follow-
up determined their group allocation for the purpose of this analysis: 23
AUD individuals started consuming alcohol again during the three-
months interval and were classified as relapsers, whereas 15 AUD in-
dividuals stayed successfully sober during the three-months interval and
were classified as abstainers. The controls were recruited from the local
community, and all were scanned twice with identical MRI sequences
and at the same time interval as AUD participants. However, because
only 13 controls from the polysubstance use disorder study had a com-
plete data set with baseline and fellow-up at the time of analysis, the
control group was supplemented with controls from two other studies
with different research questions but with identical scanning protocols.
Consequently, AUD specific clinical measures were not available for the
12 supplemented control participants. Therefore we report basic de-
mographics for all 63 participants but only report clinical measures for
the AUD patients and the 13 controls from the study about poly-
substance use disorder in Table 1.

The screening section of the Structural Clinical Interview for DSM-5
Axis I disorders was administered to all AUD participants. All AUD in-
dividuals had moderate or severe AUD and no other moderate or severe
substance use disorder. Exclusion criteria for all participants included a
history of neurologic disorder, e.g. epilepsy, traumatic brain injury with
loss of consciences > 30 min, cerebrovascular disease, a history of
general medical disease such as untreated hypertension, diabetes, hypo/
hyperthyroidism, and of psychiatric diseases (e.g. major depression,
anxiety, trauma, and PTSD).

All AUD participants were also assessed by a battery of in-person
interviews and standardized questionnaires that included the Beck
Depression Inventory (BDI, Beck et al., 1961), Barratt Impulsivity Scale
(BIS-11, Patton et al., 1995), the State-Trait-Anxiety Inventory (STAI,
Spielberger and Vagg, 1984), the Alcohol Use Disorder Identification
Test (AUDIT; Reinert and Allen, 2002) as well as standardized ques-
tionnaires assessing lifetime substance use (alcohol and other substances
including tobacco). AUD patients had a history of consuming at least 80
standard alcoholic drinks (1 standard alcoholic drink contains 13.6 g of
ethanol) per months (>150 for men) for >6 years (>8 years in men)
before treatment. Controls had consumed <60 standard alcoholic drinks
in any month over lifetime. The Committees on Human Research at the
University of California San Francisco and the VA Medical Center had
approved the study. Signed informed consent had been obtained from
each participant prior to any research procedures in accordance with the
Declaration of Helsinki.

2.2. MRI data

The MRI data were collected at the VA Medical Center San Francisco
on a 3T MRI scanner (Siemens Magnetom Skyra Syngo MR D13) using a
20 channel receive head coil. The full study protocol included different
types of structural images, as well as rs-fMRI and spectroscopy. This
report analyzed the images obtained with a T1 weighted MPRAGE
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Table 1
Demographics.
Controls Relapsers Abstainers Significance
Sample Size [N] 25 23 15
Age [Years] 43.4 42.1 (9.8) 41.1 p > 0.49
(10.2) (10.3)
Male/Female [N] 18/7 15/8 8/7 p>0.48
Education [Years] 16.2 15.1 (2.1) 15 (2.4) p>0.11
(2.349)
AUDIT 1.8 (1.2) 31.0 (6.1) 30.6 (6.7) p=0.83
Lifetime Number of 7 (6.2)* 193.9 187.2 p=0.85
Drinks/Month (122.3) (96.1)
Onset Age Heavy na 22.9 (7.8) 23.8 (7.5) p=0.72
Drinking [Years]
Heavy Drinking na 178.2 152.5 p=0.28
[Months] (86.8) (71.3)
Abstinence [Days] na 19.6 (9.9) 20.8 (8.8) p=0.73
Smoker/Non-Smoker 2/11* 9/14 2/13 p =0.08
BIS-11 53 (9.2) 66.4 67.1 (8.8) p=0.82
* (11.1)
BDI 3(4.3)* 14.7 12.07 p=0.34
(7.67) (8.6)
STAI State 23 (3.5) 36.3 36.8 p=0.88
* (10.8) (10.8)
STAI Trait 32 (9.0) 49.6 46.0 p=0.38
* (12.1) (12.0)
Median Total Days na 6 [1-105] 0
Drinkingduring Scan
Interval
Median Total Number of na 42 0
Drinks during Scan [4-1,246]
Interval

Group means with the corresponding standard deviations in parentheses. Sta-
tistical tests were calculated only for the two AUD groups, the p values reported
in the last column on the far right refer to these comparisons. The asterisks
indicate that only the values of the 13 control subjects for which these values
were collected were used for the calculation of mean and SD. A standard alco-
holic drink is defined as containing 13.6 g of pure alcohol. Range in square
brackets; AUDIT = Alcohol Use Disorders Identification Test; BIS-11 = Barret
Impulsivity Scale, BDI = Beck’s Depression Index and STAI = State-Trait-Anxi-
ety Inventory.

sequence with repetition time (TR) = 2300 ms; echo time (TE) = 2.98
ms; flip angle 90% field of view (FOV) 192 x 256 x 256 mm®, isotropic
voxel size 1 x 1 x 1 mm?, 256 slices per volume, acquisition duration =
5.28 min.

2.3. Voxel-based morphometric analyses

To examine cross-sectional GM differences between the three groups
at the two timepoints and group-specific within-subject change over the
three-months interval, we computed a VBM using the default longitu-
dinal processing pipeline of the Computational Anatomic Toolbox
(CAT12 version 12.7) (http://www.neuro.uni-jena.de/cat/), which is
implemented in the Statistical Parametric Mapping Toolbox (SPM12)
(http://www.fil.ion.ucl.ac.uk/spm/) and was run on MATLAB R2017b.
CAT12 offers two longitudinal pre-processing pipelines, one optimized
for subtle changes in response to short-time neuroplastic effects, the
other optimized for larger changes in response to ageing, developmental
or neurodegenerative effects over longer time periods. We expected only
subtle GM changes, since the degree of sobriety-induced plasticity in
AUD is highest within the very first few weeks of abstinence (Gazdzinski
et al., 2005; Zou et al., 2018), as the baseline scan in our study had not
been acquired until the AUD participants had been sober already for one
month. Therefore, we chose the longitudinal CAT12 pipeline optimized
for subtle changes within time intervals as short as three months for our
study.

At first, all T1 weighted images from both time points of each indi-
vidual participant were realigned using an inverse-consistent rigid-body
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registration, followed by an intra-subject bias-field correction. The
resulting images were then segmented into GM and white matter (WM),
and cerebro-spinal fluid (CSF) probability maps reflecting the concen-
tration of the respective tissue within each individual voxel, the defor-
mation to the standard template was estimated, a mean transformation
for both timepoints calculated and applied to all individual images, and
the tissue maps normalized to the MNI template. In a final step, the
resulting modulated and normalized tissue probability maps were
smoothed with a 2 mm FWHM smoothing kernel to enhance the regional
specificity, since the core regions of the brain reward system consist of
relatively small subcortical structures.

2.3.1. Statistical analyses VBM

Age and total intracranial volume ((TIV) Malone et al., 2015) were
modeled as covariates of no interest to control for differences of age and
head size. An implicit mask was used to ensure that only GM voxels with
intensities of 0.1 and higher were included in the analyses. The fit of the
implicit mask with the subjects’ smoothed GM map was checked by
visual inspection.

To test for group differences in voxel-wise GM probability at each
timepoint separately, the SPM full factorial model was used to compute
a1l x 3 ANOVA with TIV and age as covariates without interest. The
three group contrasts were defined as t-tests: controls vs relapsers,
controls vs abstainers, and abstainers vs relapsers. The SPM flexible
factorial model with TIV and age as covariates without interest was used
to compute within-subject change of GM probability in each group
separately. These change contrasts were defined as paired t-tests to test
for changes from baseline to follow-up.

The non-parametric Threshold-Free-Cluster-Enhancement (TFCE;
permutation with 10,000 iterations) method in combination with the
FWE correction (threshold p = 0.05 FWE) to control for multiple com-
parisons were used to detect voxel clusters indicating significant
between-group differences and within-subject changes in GM probabil-
ity. In contrast to other cluster-based thresholding methods, the TFCE
method does not assume stationarity (=constant smoothness) of the
data, provides better sensitivity as it is less affected by the smoothing
kernel used, and does not require the user to arbitrarily specify an initial
cluster-forming threshold (Salimi-Khorshidi et al., 2009; Smith and
Nichols, 2009).

2.4. Post-hoc GM network analyses in combination with the profile
similarity index (PSI)

In a second step, we used a GTA approach to investigate (a) whether
the GM network organization differed between the three groups as a
result of the local GM reductions detected by the VBM in the two AUD
groups, and (b) the degree to which the two AUD groups’ GM network
organization had changed from baseline to follow-up as a result of their
GM volume alterations. GTA is a mathematical branch that uses two
basic elements - nodes and links connecting the nodes - to describe
complex network structures like the brain. An advantage of GTA
compared to other analysis methods is that by combining it with the PSI
approach it is not only possible to compare different network architec-
tures between groups and describe how efficiently the brain as a whole is
organized, but also to describe the roles of the different nodes within the
whole-brain network and how a change of a node’s role influences the
roles of all other nodes. We used that feature of GTA to understand better
how the GM network architecture of the entire brain differed between
the three groups and particularly to disentangle how the GM differences
in the four frontocerebellar subcircuits between the two AUD groups and
controls (as detected by the initial VBM analyses) as well as their po-
tential for change after treatment related to successful abstinence and
future relapse.

The nodes for the GTA were defined with the AICHA parcellation
(Joliot et al., 2015) complemented by the 32 cerebellar regions of in-
terest (ROI) of the AAL atlas (Tzourio-Mazoyer et al., 2002), since the
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AICHA partition does not include the cerebellum. The PSI metric
(Mueller et al., 2014) was used to define the edges between the 416
nodes. The steps necessary for computing GM PSI connectivity matrices
from individual normalized modulated GM tissue maps were described
in detail in Mueller and Meyerhoff (2021) and are illustrated in Fig. 1. In
short, the following steps were involved: The individual, smoothed,
normalized, and modulated GM probability maps (Fig. 1, step A) were
corrected for TIV and age differences and then transformed into z-scored
GM maps (Fig. 1, step B). The AICHA parcellation supplemented by the
cerebellar nodes was then used to partition the TIV- and age-corrected z-
score maps into 416 ROIs and the mean z-score of each ROI was
extracted (Fig. 1, step C). The global mean of the z-scored GM maps of all
25 controls at baseline was computed and used as reference for
computing of the individual timepoint-specific PSI connectivity matrices
of all participants (Fig. 1, step D). A PSI matrix always has both positive
and negative entries. However, since we are particularly interested here
in describing how the GM network of the two AUD groups differs from
the controls due to the local GM reduction, only the meaning of a
negative entry is of interest. A negative entry in the PSI matrix indicates
that both brain regions have lower z-scored GM values than the global z-
scored GM value of the controls at baseline and that therefore both brain
regions are atrophic relative to controls at baseline. Additionally, in-
dependent from the sign of a PSI entry, the PSI value is higher (lower)
the more similar (dissimilar) the two brain regions’ z-scored GM values
are.

The resulting PSI matrices were then used to compute the GTA
measure of weighted negative strength for each of the 416 nodes in the
PSI matrix (Fig. 1, step E) using the respective GTA metric from the BCT
toolbox (Rubinov and Sporns, 2010). The negative strength of a node
equals the weighted sum of all negative PSI connections of the node in
question. In that context, a high negative strength value means that
many other nodes share the same degree of atrophy relative to the
reference group with the node in question and is an indicator for diffuse
atrophy.

To get a better understanding of how the GM network architecture of
the entire brain differs between the controls and the two AUD groups,
we computed the negative nodal strength of all 416 individual nodes for
each participant at each timepoint. For easier interpretability, we then
built 10 AICHA composites representing the gross anatomy of the brain

Neurolmage: Clinical 32 (2021) 102788

(frontal lobe, temporal lobe, parietal lobe, occipital lobe, cerebellum,
insular cortex, sensorimotor cortex, limbic cortex and the subcortical
structures thalamus and basal ganglia) and calculated their average
negative strength. Additionally, we computed the global negative
strength value by averaging the negative strength values of 416 nodes as
a simple proxy for the two AUD groups’ degree of diffuse global atrophy
relative to controls.

Next, we wanted to better understand the degree to which the
observed GM reductions and any GM recovery from baseline to follow-
up related specifically to the frontocerebellar circuit. To that aim, we
took advantage of the fact that this circuit can be further differentiated
into four functionally separate subcircuits known as the DMN subcircuit,
ECN subcircuit, SAL subcircuit, and SMN subcircuit (Krienen and
Buckner, 2009; Habas et al., 2009; Buckner et al., 2011). The selection of
the ROIs/nodes to create AICHA composites of these four frontocer-
ebellar subcircuits was guided by previous descriptions (Krienen and
Buckner, 2009; Habas et al., 2009; Buckner et al., 2011), including a
more precise identification of the thalamic and striatal subregions pro-
jecting to the frontal cortex (Zhang et al., 2008), and of the subcortical
regions of the DMN (Alves et al., 2019). After having thusly identified
the AICHA nodes that corresponded most closely to the four subcircuits
(Fig. 2), we computed for each subcircuit a new participant- and
timepoint-specific PSI connectivity matrix built only from the nodes of
the respective subcircuits. Next, these new PSI matrices were used as
input to calculate a single global negative strength value for each sub-
circuit by averaging the negative strength values across all individual
nodes of the respective subcircuit (Fig. 1, step F). The result was a single
participant- and timepoint-specific negative strength value for each
subcircuit restricted to the connections between the nodes belonging to
the same subcircuit (=internal negative strength, Fig. 1, step G). A
subcircuit’s mean internal negative strength quantifies how similar the
degree of atrophy is between the brain regions belonging to the same
subcircuit in relation to the average GM probability value in the refer-
ence group, i.e. controls at baseline. Therefore, a high internal negative
strength value means that all constituent regions of the subcircuit are
similarly atrophic, whereas a small internal negative strength value in-
dicates a heterogeneous degree of atrophy among the constituent re-
gions of the subcircuit, with some regions being “atrophy hotspots”.

In a final step, we calculated the mean external negative strength of

Fig. 1. Graphical description of the computing of
a profile similarity index (PSI) matrix, internal
and external negative nodal strength for one of
subcircuits. The input to compute a PSI matrix is an
individual, normalized gray matter map (A). The gray
matter map is corrected for age and total intercranial
volume and then z-scored, resulting in (B). Next, the
AICHA parcellation (C) is used to extract the mean
gray matter intensity of each of the 416 regions of
interest or nodes from (B) and used to compute a PSI
connectivity matrix (D). In this matrix, a negative
entry for two nodes codes the information that both
nodes have a mean GM amount that is lower than the
global mean GM amount of the reference group
(=controls at baseline), and a positive entry codes the
information that at least one of the nodes has a mean
gray matter amount higher than the global mean GM
amount of the reference group. In a next step, the
negative strength of all nodes is computed using the
PSI connectivity matrix as input, resulting in (E). (E)
illustrates the negative strength distribution across the
entire brain, darker orange color codes nodes with
lower negative strength values, lighter orange - yel-
low color codes nodes with higher negative strength

values. Next, the steps C — E are repeated but only the nodes forming the default mode network (DMN) subcircuit are used to compute the PSI connectivity matrix
resulting in (F). Again, negative strength is computed from E, resulting in G, which shows the internal negative strength distribution of the DMN subcircuit. In a last
step, the DMN-nodes-only PSI connectivity matrix (F) is subtracted from the corresponding nodes (location in matrix is highlighted by the red rectangle) of the entire-
brain PSI matrix (D) and negative strength is anew computed form the nodes within the shaded rectangle resulting in external strength of the DMN subcircuit (I).
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Fig. 2. The four frontocerebellar subcircuits. Anatomical location of the four fronto-cerebellar subcircuits. Default mode network subcircuit (A), executive-control
network subcircuit (B), salience network subcircuit (C), sensorimotor network subcircuit (D).

each subcircuit with the rest of the brain. For this purpose, we first
subtracted the individual internal negative strength value of each node
in a specific subcircuit from its individual negative strength value that
we had computed using the PSI Matrix with all 416 nodes (Fig. 1, step E)
and then averaged these subtraction results across all nodes belonging to
the same subcircuit to yield a single value that quantified the external
negative connectivity of the subcircuit to the rest of the brain (=external
negative strength, Fig. 1, steps H and I). A subcircuit’s mean external
negative strength relates its atrophy to the degree of global atrophy of
the rest of the brain. A high (low) external negative strength value in-
dicates that the subcircuit’s degree of atrophy is in the same range
(greater) than the atrophy of the brain regions outside the subcircuit.

2.4.1. Statistical analysis GTA

Since the negative strength values were not normally distributed, we
used non-parametric Wilcoxon Rank Sum tests for group comparisons
and Wilcoxon Signed Rank tests to assess within-group change from
baseline to follow-up. The Bonferroni method with a critical value q =
0.05 was used to correct for multiple comparisons as indicated in the
Table legends.

3. Results
3.1. Demographics

The three participant groups did not differ significantly from each
other in age, sex, or years of education (see Table 1). In addition, the
relapser and abstainer groups did not significantly differ from each other
on proportion of smokers, in BIS-11, BDI, STAI or AUDIT, lifetime
alcohol intake per month, or duration of abstinence at baseline.

3.2. Global atrophy and global tissue volumes: Cross-sectional and
longitudinal findings

At baseline, both abstainers and relapsers showed significantly
higher TIV/brain size than controls indicating global atrophy, but the
two AUD groups did not significantly differ on this measure (see
Table 2). At follow-up, however, TIV/brain size was significantly higher
in relapsers compared to either abstainers or controls. Relapsers at both
timepoints had significantly smaller absolute GM, WM, and larger CSF
volumes than controls (Table 2). Abstainers, on the other hand, signif-
icantly differed from controls in GM and CSF only at baseline, due to a
significant increase in GM volume during the three-months interval.

Table 2
Group comparisons of total intracranial volume, brain atrophy, global gray and
white matter volume.

Controls Relapsers Abstainers
TIV
Baseline 1495.8 (123.32) 1499.94 (94.01) 1529.08 (146.43)
Follow-Up 1495.45 (122.11) 1497.08 (87.83) 1522.42 (147.08)
Global Atrophy
Baseline 1.25 (0.048) 1.32 (0.065) 1.29 (0.060) *
Follow-Up 1.25 (0.049) 1.31 (0.071) 1.26 (0.054) ©

Global GM [cm®]
Baseline
Follow-Up

622.80 (47.11)
625.20 (50.11)

655.97 (56.01)
653.06 (50.95)

644.97 (50.09) *
657.34 (54.30) 1

Global WM [cm?]
Baseline
Follow-Up

516.20 (50.05)
517.63 (55.24) °

540.31 (45.3)
541.25 (47.13)

536.56 (51.04)
548.09 (53.35) @ H

Global CSF [cm®]
Baseline
Follow-Up

359.55 (59.21)
352.86 (60.34)

298.73 (58.07)
300.16 (59.78)

345.64 (79.35) *
315.14 (71.87) © #

Global atrophy (= TIV/(Global GM + Global WM) and mean global tissue vol-
umes for gray matter (GM), white matter (WM), and cerebrospinal fluid (CSF)
before total intercranial volume (TIV) and age correction, standard deviations in
parentheses. Significant differences between the three groups are coded as fol-
lows: ° after TIV correction significant difference between controls and relapsers
at p < 0.05; °° after TIV correction significant difference between controls and
relapsers at p < 0.005; * after TIV correction significant difference between
controls and abstainers at p < 0.05; © after TIV correction significant difference
between relapsers and abstainers at p < 0.05; * after TIV correction significant
change in abstainers at p < 0.005.

Abstainers also showed a significant increase in global WM volume to
the effect that they had significantly more global WM volume than re-
lapsers at follow-up. The corresponding CSF volume changes were also
observed.

3.3. Voxel based morphometry (VBM): Cross-sectional and longitudinal
findings

At baseline, relapsers presented with significantly less GM in 12
clusters encompassing 51,834 voxels (Fig. 3A in the main text and
Table S1 with the detailed VBM results in the supplement). The largest
cluster had its peak in the right thalamus and covered over 49,516
voxels or 95.5% of all voxels showing GM reduction. The cluster
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Fig. 3. Gray matter reduction in relapsers relative to controls at baseline and follow-up. Brain regions showing significant gray matter (GM) reduction in
relapsers relative to controls at baseline (A). Brain regions showing significant GM reduction in relapsers relative to controls at follow-up (B). Red colored brain
regions = significant GM reduction at p < 0.05 FWE corr., yellow colored brain regions = significant GM reduction at p < 0.001 FWE corr.

extended from there into the left thalamus and bilaterally into the
amygdala, putamen and caudate nucleus, hippocampus and adjoining
parahippocampal gyri. Cortically, this large cluster bilaterally covered
parts of the anterior cingulum gyrus, gyrus rectus, middle and lateral
orbital gyri, anterior insula, middle frontal, and superior frontal, pre-
central, and superior temporal gyri, temporal pole, precuneus and
anterior and posterior cerebellum. The other 11 clusters were observed
in the cerebellum, frontal and adjoining precentral, bilateral temporal
and visual cortices.

In contrast, abstainers at baseline showed GM reduction relative to
controls in 8 clusters covering only 4,809 voxels, which is about 11% of
the GM reduction found in relapsers at that timepoint (Fig. 4A,
Table S2). However, just as in the relapsers, the abstainers’ most
prominent cluster had its peak in the right thalamus and extended into
the left thalamus; it included 1,772 voxels constituting 36.8 % of all
voxels with GM reduction at baseline. The other 7 clusters were located
in the right pars orbitalis and fusiform gyrus, right and left amygdala, as
well as left pars opercularis and thalamus. However, although the re-
lapsers’ thalamus cluster was almost 28 time larger than the abstainers’

cluster, we did not observe any statistically significant regional differ-
ences in GM volumes between the two AUD groups at baseline.

Three months later at follow-up, and although they had resumed
consuming alcohol, relapsers showed smaller regions of GM loss relative
to controls than at baseline, with 16 clusters encompassing 35,145
voxels (Fig. 3B, Table S3). The most extended cluster with 32,642 voxels
or 92.9% of all voxels showing significant GM reduction covered the
same subcortical and cortical regions as at baseline, except for the left
middle frontal gyrus and the bilateral temporal and lateral occipital
regions — tissue volumes in those regions seemed to have increased
relative to controls. The other clusters of reduced GM were located in the
right frontal cortex, cingulate gyrus, inferior and superior temporal gyri,
precuneus and caudate nucleus. In contrast, regional GM volumes in
abstainers at follow-up did no longer differ significantly in GM from
those in controls. Nevertheless, despite this apparent GM volume re-
covery in abstainers, the two AUD groups did not differ significantly in
any regional GM volume at follow-up.

Although GM increased in both AUD groups from baseline to follow-
up (as expressed by the number of voxels with significantly less GM

Fig. 4. Gray matter reduction in abstainers relative to controls at baseline and gray matter increase in abstainers from baseline to follow-up. Red color
indicates brain regions with significant reduction in gray matter (GM) in abstainers relative to controls at p < 0.05 FWE corr. (A). Red color indicates brain regions
with significant increase of GM at p < 0.05 FWE corr., yellow color indicates significant GM increase at p < 0.001 FWE corr. (B).
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relative to the controls at the respective time point), only the abstainers’
GM increase was significant, occurring in 13 clusters (40,763 voxels)
throughout the brain (Fig. 4B, Table S4). Fig. 5 shows that especially
brain regions without significant GM reduction at baseline had under-
gone significant volume increases by follow-up. The most extensive
cluster (37,764 voxels) of GM increase in the abstainers had its peak
voxel in the right cerebellum (lobule VI) and extended from the cere-
bellum into the caudal to the rostral midline of the brain, further
covering bilateral lateral and medial frontal regions, bilateral insula, the
posterior bilateral parts of the thalamus, the head of the caudate nu-
cleus, and right putamen. The other clusters of volume increases were
mainly located in the left hemisphere (postcentral, angular, inferior
parietal, and middle temporal gyri), except for the right middle occipital
gyrus and right hippocampus.

3.4. Post-hoc GM network analyses: cross-sectional and longitudinal
negative strength findings

3.4.1. Global and gross anatomical negative strength

The global negative strength over all 416 ROIs is a proxy for diffuse
global atrophy. Relapsers and abstainers at both timepoints had signif-
icantly higher global negative strength values than the controls, indi-
cating a persistent and diffuse global atrophy of the entire brain in both
AUD groups relative to controls (Table 3). Abstainers and relapsers,
however, did not differ significantly on this global measure at either
timepoint (baseline: p = 0.36; r = 0.06; follow-up: p = 0.57; r = 0.09),
although a numerical decrease in this proxy measure at follow-up
indicated some global volume recovery in both AUD groups.

Fig. 6 shows that the negative strength distribution pattern across the
entire brain was preserved in the two AUD groups, although with
globally higher negative strength values than in controls. Consequently,
all groups had similar distributions, with the frontal, temporal, parietal,
occipital cortices and cerebellum showing the highest negative strength
values (orange in controls vs yellow in the AUD groups) and insula and
sensorimotor cortex, the limbic system, thalamus and basal ganglia
showing the lowest negative strength values (dark red in controls vs red
in the AUD groups).

Wilcoxon Rank Sum tests revealed the timepoint-specific group dif-
ferences in negative strength at the level of the gross anatomical AICHA
composites, further clarifying the distribution pattern (Table 3). At both
timepoints, both AUD groups had significantly higher negative strength
values than controls in the frontal, sensorimotor, temporal and parietal
composites. Additionally, only relapsers had significantly higher nega-
tive strength values than controls in the cerebellum and limbic system at
both timepoints, and in the occipital cortex and thalamus at baseline
only. In addition, abstainers at baseline had significantly higher negative
strength values than controls in insular and occipital cortices, the limbic
system, and the thalamus, reflecting atrophy that was no longer
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observed at follow-up after continued abstinence.

Quantitatively, the thalamus, insula, temporal lobe, and the limbic
system in both AUD groups at both timepoints, the cerebellum in re-
lapsers at both timepoints, and the cerebellum in abstainers at baseline
belonged to the five brain regions with the highest negative strength
differences relative to controls (Table 3). Longitudinally over the three-
months interval, thalamus (—1.99 in relapsers and —1.74 in abstainers)
and cerebellum (—1.41 in relapsers and —1.31 in abstainers) were the
regions with the greatest recovery in negative strength (Table 3).

3.4.2. Internal negative strength of the four subcircuits

At baseline, relapsers had significantly higher internal negative
strength values in all four subcircuits than controls. By contrast, ab-
stainers at baseline had significantly higher internal negative strength
values than controls in the subcircuits of the DMN and ECN only (Table 4
and Fig. S1 in the supplement). Three months later, relapsers had still
significantly higher internal negative strength in DMN-, ECN-, and SMN-
subcircuits than controls, whereas the SAL-subcircuit value was similar
to that of the controls. In contrast, none of the abstainers’ subcircuits at
follow-up showed a significant difference in internal negative strength
compared to the controls. The internal negative strength values of the
abstainers’ and relapsers’ subcircuits did not differ significantly at any
point in time (Table 6). Although both AUD groups showed a reduction
in internal negative strength values from baseline to follow-up, only the
decrease in the DMN subcircuit of the abstainers survived a Bonferroni
correction for four simultaneous comparisons.

3.4.3. External negative strength of the four subcircuits

At both timepoints, relapsers and abstainers had across all four
subcircuits significantly higher external negative strength values than
controls (Table 5 and Fig. S2 in the supplement), with no significant
differences between the two AUD groups at either timepoint. The mean
external negative strength values of all four subcircuits decreased from
baseline to follow-up in both abstainers and relapsers, and the large
decrease in the relapsers’ SAL-subcircuit value was statistically signifi-
cant (p = 0.012) (Table 6). However, this change did not survive a
subsequent Bonferroni correction for four simultaneous comparisons.

4. Discussion

The aims of this study in treatment-seekers with AUD were a) to
investigate the degree to which GM reduction specifically in the fron-
tocerebellar circuit early in treatment relates to subsequent abstinence
and relapse, and b) to measure the degree to which AUD-related GM
reduction in the frontocerebellar circuit alters the GM network archi-
tecture of the entire brain and influences the integration of four prom-
inent frontocerebellar subcircuits within the brain’s GM network
architecture.

Fig. 5. Regions of AUD-related gray matter re-
ductions in abstainers do not correspond to the
regions of gray matter recovery in abstainers.
Axial plane (A), sagittal plane (B), and coronal plane
(C) indicate the brain regions with GM reduction in
abstainers at baseline relative to controls (red color)
and the GM increase pattern in abstainers at follow-up
(blue color). The blue recovery pattern is shown at
0.05 FWE corrected, the red reduction pattern at
0.001 uncorrected to allow for an easier comparison
of the two patterns. The overlap of the two pattern is
minimal, mainly in the lateral and medial part of the
motor cortex. Otherwise, the two patterns cover
different brain regions.
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Table 3

Group differences and change in negative strength on global and gross

anatomical level.

Negative Strength Controls Relapsers Abstainers

Baseline

Frontal 7.59 14.11 (4.49; 12.66 (5.14;
(5.72) 0.65)* —0.59)*

Insula 3.45 7.35(6.83; 0.44)  8.81 (5.35; —0.57)
(4.57) *

Sensorimotor 4.48 7.58 (2.62; 0.56) 7.75 (4.18; —0.61)
(1.96) * *

Temporal 4.93 9.73 (5.08; 0.58) 8.61 (4.31; —0.59)
(3.29) * *

Parietal 6.79 12.00 (4.33; 11.30 (3.75;
(3.24) 0.59)* —0.61)*

Occipital 7.91 11.00 (5.54; 11.22 (4.36;
(5.17) 0.48)* —0.52)*

Limbic 3.50 7.65 (3.32; 0.56) 7.25 (3.99; —0.58)
(2.56) * *

Thalamus 3.58 8.98 (7.65; 0.61)  9.41 (6.71; —0.54)
(3.82) * *

Basal Ganglia 3.57 6.34 (4.99; 0.39) 5.23 (4.36; —0.-
(3.39) 29)

Cerebellum 5.16 11.31 (7.62; 9.48 (4.92; —0.48)
(3.20) 0.60)*

Global 5.82 10.29 (3.47; 9.45 (3.45; —0.64)
(3.57) 0.64)* *

Negative Strength Controls Relapsers Abstainers

Follow-Up

Frontal 7.45 13.54 (5.35; 12.59 (4.40;
(5.92) 0.59)* —0.56)*

Insula 3.60 8.08 (5.25; 0.41)  7.92(4.11; —0.48)
(4.81)

Sensorimotor 4.41 7.35 (4.25; 0.53) 7.57 (1.99; —0.64)
(2.75) * *

Temporal 5.36 9.73 (3.98; 0.54) 8.45 (1.86; —0.53)
(3.28) * *

Parietal 7.36 11.90 (3.48; 10.48 (2.65;
(3.64) 0.56)* —0.56)*

Occipital 8.44 10.68 (5.68; 10.87 (2.90;
(5.56) 0.43) —0.44)

Limbic 4.06 7.47 (3.67; 0.51)  6.35 (2.80; —0.48)
(2.33) *

Thalamus 4.60 7.33(6.94;0.44)  7.67 (3.48; —0.46)
(4.97)

Basal Ganglia 4.09 6.23 (4.21; 0.32)  4.93 (6.60; —0.11)
(3.71)

Cerebellum 4.74 9.66 (6.75; 0.52) 8.16 (4.55; —0.41)
(4.27) *

Global 6.10 9.53 (4.20; 0.58)  9.25(1.39; —0.58)
(3.63) * *

Change Negative Controls Relapsers Abstainers

Strength

Frontal —0.14 -0.72 —0.06

Insula 0.15 0.58 —0.89

Sensorimotor —0.07 —0.34 —0.18

Temporal 0.43 —0.13 —0.16

Parietal 0.57 —0.16 —0.82

Occipital 0.52 —0.34 —0.36

Limbic 0.56 -0.2 —0.89

Thalamus 1.01 -1.99 -1.74

Basal Ganglia 0.52 0.35 -0.31

Cerebellum —0.42 -1.41 -1.31

Global 0.27 -0.77 -0.19

Values are median with interquartile distance and effect size r in parentheses,
asterisk = significant difference at p < 0.05 relative to controls at the same
timepoint (Bonferroni corrected for 33 simultaneous comparisons); change was
computed by subtracting the median value at baseline from median at follow-up.

The VBM analysis revealed that relapsers (who were sober at base-
line but had relapsed before follow-up three months later) showed sig-
nificant whole-brain GM reductions relative to controls at both
timepoints but no significant GM change over the three-months interval
from baseline to follow-up; on the other hand, abstainers showed
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significant GM reduction relative to controls only at baseline and had
experienced significant GM recovery at follow-up. Chronic alcohol-
associated cortical atrophy is a common finding in the alcohol neuro-
imaging literature (Xiao et al., 2015; Yang et al., 2016). The recovery
found in abstainers of this study after four months of sobriety also agrees
with previous longitudinal research (reviewed in Meyerhoff and
Durazzo, 2020). Despite these GM volume increases in abstainers over
time, abstainers did not differ significantly from relapsers on their cross-
sectional or longitudinal VBM metrics. On the other hand, the newly
applied GTA approach proved to be more sensitive to brain morphom-
etry in treatment seeking AUD individuals than the more conventional
VBM analyses. It was not only able to detect a lasting and specific, AUD-
related imprint on the whole-brain GM network architecture in both
AUD groups at follow-up, but it also revealed subcircuit-specific differ-
ences in recovery between abstainers and relapsers. In the following
sections, we discuss our findings in more detail.

4.1. Local group differences and within-group changes in GM

The VBM revealed that both AUD groups at baseline had several
extensive clusters with significant GM reduction compared to controls.
In both AUD groups, the thalamus was in the center of the most exten-
sive cluster, but this cluster was 28 times larger in future relapsers than
future abstainers. The degree of GM damage to the thalamus (GM
reduction compared to controls in 1,372 voxels or 46.6% of all thalamus
voxels in relapsers vs 492 voxels or 16.7% of all thalamus voxels in
abstainers) early into treatment is related to treatment success in AUD.
This finding is consistent with an earlier report (Segobin et al., 2014) in
which the thalamus’ GM volume loss before treatment was related to
future relapse. That the degree of structural damage to the thalamus may
be a key factor for treatment outcome in AUD must be placed in the
context of the thalamus’ role for integrating multidimensional infor-
mation across the brain (Miiller et al., 2020). This brain structure not
only relays first-order sensory information to the cortex (Habas et al.,
2019; Halassa and Sherman, 2019; Sherman, 2007, 2016, 2017; Usrey
and Sherman, 2019), but it is also involved in a wide variety of higher-
order cognitive functions (Habas et al., 2019; Pergola et al., 2018), with
its subunits capable of dynamically integrating multimodal information
from diverse networks (Garrett et al., 2018; Hwang et al., 2017). The
importance of the functional integrity of the thalamus for successful
alcohol abstinence was recently also demonstrated in a resting-state
fMRI study by our team with an AUD patient group similar to that
described here: One month into treatment, future relapsers differed from
healthy controls and future abstainers in the way the thalamus inter-
acted with major resting-state networks (Muller and Meyerhoff, 2021).

Except for the thalamus, the only other brain regions of GM loss in
both AUD groups compared to controls were the bilateral insula and the
medial parts of the orbitofrontal cortex. Neither is specific for AUD, but
they belong to those brain regions that are generally atrophied in sub-
stance use disorder, independent of the addictive substance (Mackey
et al., 2019; Navarri et al., 2020). In addition to the three brain regions
that they had in common with abstainers, the relapsers’ “thalamus”
cluster at baseline and follow-up covered large parts of the bilateral
medial and lateral superior frontal cortex and the cerebellum, all main
constituent regions of the frontocerebellar circuit that is uniquely tar-
geted by AUD (Cardenas et al., 2007; Pitel et al., 2015; Segobin, et al.,
2019; Sullivan et al., 2003; Mackey et al., 2019). Although the two AUD
groups did not significantly differ in any of the assessed AUD-related
behavioral characteristics, the more widespread GM reduction in the
frontocerebellar circuit of relapsers compared to abstainers suggests a
higher vulnerability in relapsers to the effects of AUD. The structural
integrity of the frontocerebellar circuit and specifically the thalamus
very early in treatment may therefore be a potential biomarker for future
relapse risk.

Interestingly, abstainers showed significant GM recovery in the
frontocerebellar circuit at follow-up, although, with exception of the
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Fig. 6. Negative strength network organiza-
tion of the entire brain. Negative strength dis-
tribution on nodal level for the controls at
baseline (A) and follow-up (B), for relapsers at
baseline (C) and follow-up (D), and for abstainers
at baseline (E) and follow-up (F). A dark brown
color indicates a negative strength value of 0 and
a light-yellow color a negative strength value of
20. Controls at both timepoints have visibly
darker orange hues (corresponding to a negative
strength range from 0.1 to 13.5 and a mean =
6.3) than the two AUD groups with relapsers
having negative strength values in the range from
0.7 to 18.5 mean = 10.1, and abstainers having
negative strength values in the range from 0.4 to
18.5, mean = 9.8. The global negative strength
organization is largely preserved in the two pa-
tient groups. Brain regions that have a darker hue
in controls have also a relative darker hue in the
two patient groups, e.g., motor cortex and tem-
poral pole. This indicates that the two patient
groups are rather characterized by a global and
diffuse atrophy pattern relative to controls than
by focal atrophy in specific brain regions.



A.M. Muller and D.J. Meyerhoff

Table 4
Group differences in internal negative strength in the four frontocerebellar
subcircuits.
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Table 5
Group differences in external negative strength in the four frontocerebellar
subcircuits.

Baseline Baseline
DMN ECN SAL SMN DMN ECN SAL SMN
Controls 1.31/1.34/ 1.95/1.84/ 0.36/0.29/ 0.51/0.49/ Controls 4.15/3.84/ 5.91/5.43/ 4.79/4.27/ 3.94/3.74/
0.43 0.93 0.34 0.28 2.37 3.24 3.32 1.68
Relapsers 2.28/2.31/ 3.12/3.24/ 0.75/0.78/ 0.94/0.85/ Relapsers 7.04/7.14/ 9.91/10.07/ 9.03/8.64/ 6.53/6.58/
0.73 0.71 0.39 0.54 2.94 3.36 4.31 2.62
Abstainers 2.43/2.13/ 3.06/3.22/ 0.56/0.60/ 1.01/0.89/ Abstainers 6.89/6.53/ 9.47/9.36/ 8.34/6.81/ 6.78/6.35/
1.48 1.18 063 1.04 1.84 4.26 4.66 3.26
Group Statistics Group Statistics
Relapsers vs p < 0.0001 p < 0.0001 p = 0.0001 p < 0.0001 Relapsers vs p < 0.0001 p < 0.0001 p < 0.0001 p < 0.0001
Controls (0.59) (0.70) (0.55) (0.59) Controls (0.61) (0.65) (0.66) (0.61)
Abstainers vs p < 0.0001 p = 0.0002 p = 0.057 p = 0.0021 Abstainers vs p < 0.0001 p < 0.0001 p = 0.0007 p = 0.0001
Controls (—0.65) (—0.59) (—0.30) (-0.49) Controls (—0.60) (—0.64) (-0.53) (—0.61)
Abstainers vs p=0.90 p=0.83 p=0.11 p=0.95 Abstainers vs p=0.47 p = 0.47 p=0.34 p=0.98
Relapsers (—0.02) (0.03) (0.26) (-0.01) Relapsers (0.12) (0.12) (0.15) (0.01)
Follow-Up Follow-Up
DMN ECN SAL SMN DMN ECN SAL SMN
Controls 1.36/1.22/ 2.02/2.07/ 0.39/0.36/ 0.53/0.48/ Controls 4.30/4.12/ 6.03/5.45/ 5.06/4.92/ 4.13/3.76/
0.72 1.09 0.39 0.34 2.36 3.27 2.89 2.20
Relapsers 2.15/2.03/ 3.10/2.90/ 0.67/0.59/ 1.01/1.04/ Relapsers 6.81/6.60/ 9.45/9.05/ 8.53/8.60/ 6.25/5.91/
0.71 1.35 0.65 0.85 3.65 3.17 4.27 3.28
Abstainers 1.99/1.69/ 2.72/2.98/ 0.48/0.42/ 0.95/0.89/ Abstainers 6.58/6.40/ 9.01/8.94/ 7.73/7.56/ 6.36/6.05/
0.91 1.54 0.31 0.66 1.31 2.31 1.90 2.08
Group Statistics Group Statistics
Relapsers vs p < 0.0001 p < 0.0001 p =0.0047 p = 0.0008 Relapsers vs p < 0.0001 p < 0.0001 p < 0.0001 p = 0.0002
Controls (0.56) (0.60) (0.41) (0.48) Controls (0.59) (0.62) (0.59) (0.53)
Abstainers vs p = 0.0034 p=0.0119 p=0.59 p = 0.0021 Abstainers vs p = 0.0004 p = 0.0003 p = 0.0014 p = 0.0002
Controls (-0.46) (-0.40) (—0.08) (-0.49) Controls (—0.56) (-0.57) (-0.50) (-0.59)
Abstainers vs p=0.24 p =0.67 p =0.06 p=0.79 Abstainers vs p =0.49 p = 0.42 p=0.27 p=0.74
Relapsers (0.19) (0.07) (0.30) (0.04) Relapsers (0.11) (0.13) (0.18) (—0.05)

Mean, median and interquartile distance for the four frontocerebellar sub-
circuits’ internal negative strength for each group at baseline (top half) and
follow-up (bottom half), together with the group statistics (by Wilcoxon Rank
Sum tests). DMN = default mode network subcircuit, ECN = executive-control
network subcircuit, SAL = salience network subcircuit, SMN = sensorimotor
network subcircuit. Significant p-values are highlighted in italic letters, p-values
that survived a Bonferroni correction for 24 simultaneous comparisons are
highlighted in bold letters. Effect sizes r (after Rosenthal, 1994) are given in
parentheses.

thalamus, this circuit had not shown significant GM reduction relative to
controls at baseline. Additionally, abstainers at follow-up did no longer
exhibit significant GM reduction in the brain regions atrophied at
baseline, indicating that these regions must also have recovered to some
degree during the three-months interval but not as much as regions with
preserved GM at baseline. These three observations combined suggest,
on the one hand, that recovery in AUD involves distinct neural processes
rather than just being a reversal of any AUD-related GM damage (see
Fig. 4), and on the other hand, that abstainers did not simply undergo a
regionally localized GM recovery (as suggested by the clearly defined
VBM change pattern), but that they also must have experienced a global
and rather diffuse GM recovery. The latter was not directly captured by
the VBM but could only be indirectly inferred by combining the cross-
sectional findings for abstainers at both timepoints relative to controls
with the abstainers’ recovery pattern at follow-up.

Another aspect regarding the GM recovery in abstainers deserves
attention: Although only abstainers recovered GM to such a degree that
they did not differ significantly from controls at follow-up, we were
unable to observe a significant GM difference between relapsers and
abstainers at that time point. As GM volume in relapsers at follow-up
was significantly lower than in controls, these observations together
suggests that abstainers had still not fully recovered to the level of the
controls and that further GM volume recovery is likely with longer
abstinence. We had previously observed large tissue volume increases in
abstainers between 1 week and 8 months of abstinence (but essentially
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Mean, median and interquartile distance for the four frontocerebellar sub-
circuits’ internal negative strength for each group at baseline (top half) and
follow-up (bottom half), together with the group statistics (by Wilcoxon Rank
Sum tests). DMN = default mode network subcircuit, ECN = executive-control
network subcircuit, SAL = salience network subcircuit, SMN = sensorimotor
network subcircuit. Significant p-values are highlighted in italic letters, p-values
that survived a Bonferroni correction for 24 simultaneous comparisons are
highlighted in bold letters. Effect sizes r (after Rosenthal, 1994) are given in
parentheses.

Table 6
Change in internal and external negative strength in the four frontocerebellar
subcircuits.

Change Internal Negative Strength

DMN ECN SAL SMN
Controls 0.221 0.459 0.192 0.545

(-0.173) (—0.105) (—0.185) (—0.086)
Relapsers 0.181 (0.197) 0.761 (0.045) 0.094 (0.247) 0.274

(—0.161)

Abstainers  0.012 0.122 (0.290) 0.156 (0.259) 0.650 (0.083)

(0.456)

Change External Negative Strength

DMN ECN SAL SMN
Controls 0.166 0.443 0.069 0.192

(—0.196) (—0.108) (-0.257) (—0.185)
Relapsers 0.248 (0.170) 0.162 (0.206)  0.026 (0.327)  0.107 (0.238)
Abstainers  0.460 (0.135) 0.394 (0.156) 0.140 (0.270) 0.334 (0.176)

p-values and corresponding effect sizes r (after Rosenthal, 1994) are given in
parentheses; CON = controls, REL = relapsers, ABS = abstainers; DMN = default
mode network subcircuit, ECN = executive-control network subcircuit, SAL =
salience network subcircuit, SMN = sensorimotor network subcircuit. Signifi-
cant p-values are highlighted in italic letters, the only p-value that survived a
Bonferroni correction for 4 simultaneous corrections is highlighted in bold
letters.
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no recovery in relapsers), using another voxel-based analysis approach
(deformation-based morphometry) that was sensitive to both GM and
WM changes (Cardenas et al., 2007).

4.2. Effects of the AUD groups’ global GM atrophy on the brain-wide GM
network organization

In post-hoc analyses, we used a GTA approach to investigate if and
how the locally restricted GM alterations detected by the VBM analysis
in the two AUD groups interacted with the GM network organization of
the entire brain. In combination with the PSI metric, the GTA measure of
negative strength allows to measure diffuse atrophy as it quantifies with
how many other brain regions a specific brain region shares the same
atrophy profile. A high negative strength value indicates that a high
number of other brain regions has a similar degree of atrophy as the
brain region in question. We found that the brain-wide distribution
pattern of negative strength of the two AUD groups at both timepoints
was insofar similar to the controls as frontal, parietal, and occipital brain
regions had in all three groups the highest and basal ganglia and
sensorimotor cortex the lowest negative strength values. However, at
both timepoints both AUD groups had globally higher negative strength
values than the controls (Table 3), which indicates diffuse global GM
atrophy in the two AUD groups relative to controls. The GTA thus made
obvious and quantifiable what the results of the VBM analyses had
allowed us to conclude only indirectly (by combining the GM findings
for abstainers and controls at baseline and follow-up with the abstainers’
GM increase during the three-months interval), the fact that both AUD
groups showed persistent diffuse atrophy.

4.3. Internal and external effects of GM reduction on the network
organization of the frontocerebellar circuit

The VBM had revealed significant AUD-related GM alterations in
thalamus, frontal cortex and cerebellum, the three main constituent
regions of the frontocerebellar circuit, in both AUD groups but no sig-
nificant differences between them. To get a better understanding of such
potential differences, we divided the frontocerebellar circuit into four
subcircuits and used two modified versions of negative strength in their
further characterizations.

Internal negative strength quantifies how homogeneous the degree
of atrophy is between the brain regions belonging to the same subcircuit.
Here again, a high internal negative strength value indicates that all
regions of the same subcircuit show a similar degree of atrophy. The
findings for internal negative strength of the four subcircuits mirrored
closely those of the VBM, indicating a numerically lesser degree of local
atrophy in all four subcircuits of the frontocerebellar circuit of ab-
stainers than relapsers. Compared to controls, all four subcircuits in
relapsers at baseline had significantly higher internal negative strength
values than controls indicating atrophy across all subcircuits, whereas
only the ECN- and DMN-subcircuits were atrophied in abstainers at
baseline. At follow-up, internal negative strength of these two sub-
circuits in abstainers had recovered to such an extent that none of them
did any longer differ significantly from controls, although only the de-
gree of recovery of the DMN subcircuit in abstainers was significant.
This finding was unexpected as one would assume that structural re-
covery of the ECN-subcircuit is an important prerequisite for successful
abstinence (Wilcox et al., 2014). However, the DMN-subcircuit includes
subcortical regions like the ventral tegmental area, and the bilateral
nuclei accumbens and caudate that also belong to the core reward sys-
tem (Alves et al., 2019), and structural recovery of these regions may
promote successful recovery as well as recovery in linked brain regions
subserving executive control. In contrast, relapsers did not show any
significant recovery at all in internal negative strength of the four sub-
circuits except for the fact that the SAL-subcircuit had recovered to such
a degree that its internal negative strength value was no longer signifi-
cantly higher than that of the controls. We suggest that the absence of
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widespread internal structural recovery in relapsers is associated with
the resumption of alcohol consumption during the observation interval,
but that the diminished drinking during the scan interval (compared to
the average lifetime drinking amounts before treatment, see Table 1)
may be related to the improved internal structural integrity of the
salience network observed at follow-up, potentially related to better
functioning.

A subcircuit’s mean external negative strength relates its atrophy to
the degree of global atrophy of all other regions of the brain outside the
subcircuit in question. A high external negative strength value indicates
that the subcircuit’s degree of atrophy is in the same range as the at-
rophy of the brain regions outside the subcircuit. The most important
finding for external negative strength of the four subcircuits is that
although both AUD groups had significantly higher external strength
values than controls at both timepoints, only relapsers made a signifi-
cant recovery. Their external negative strength in the SAL-subcircuit
decreased over time, although the change did not survive our strict
Bonferroni correction.

Assuming that the four subcircuits’ internal and external negative
strength values in healthy controls are representative of a GM network
structure optimized to facilitate the interaction of these subcircuits, the
selective internal and external negative strength recovery in relapsers
with only the SAL-subcircuit having a GM network structure comparable
to that of healthy controls, could also be interpreted to be problematic.
Functionally, the fine-tuned interaction between the ECN-, DMN-, and
particularly SAL-subcircuits is important for switching from an uncon-
strained state during rest to a task-focused state vital for goal-directed
behavior (Goulden et al., 2014; Menon and Uddin, 2010; Seeley et al.,
2007; Sridharan et al., 2008). An impairment of these three subcircuits is
a characteristic finding of task-induced fMRI studies in AUD patients
(Zhang and Volkow, 2019; Zilverstand et al., 2018), and the selective
GM recovery of only one of the three subcircuits in relapsers may reflect
an imbalance in the fine-tuned functional interaction between the sub-
circuits potentially associated with maladaptive alcohol use behavior as
seen in the relapsers.

5. Limitations

One limitation of the study is the relatively small size of the abstainer
sample, which did not allow to control for sex and smoking status in
addition to TIV and age. However, TIV has been described as a more
important variable determining GM volume than sex (Liiders et al.,
2002; Brun et al., 2009; Jancke et al., 2015). While the small number of
smokers among the controls (3/25) and abstainers (2/15) may not have
much of an effect on the VBM results, the higher smoker fraction in the
relapsers (9/23) may have influenced our findings. However, in follow-
up tests with even the most lenient threshold of p < 0.001 uncorrected,
we were unable to detect smoking effects among the relapsers; we are
therefore confident that the extensive GM reduction observed in re-
lapsers was not driven by the higher number of smokers in this group.

6. Conclusion

VBM and post-hoc GM network analyses confirmed our hypothesis
that group-specific differences of AUD-related GM reduction and change
in the frontocerebellar circuit early in treatment can inform about future
treatment success. Relative to healthy controls, relapsers presented with
significant and persistent GM reductions in all main regions of the
frontocerebellar circuit at both one month and four months after alcohol
cessation. By contrast, abstainers, who at baseline showed the most
pronounced GM reduction in the thalamus while the other core regions
of the frontocerebellar circuit (frontal cortex and cerebellum) were
spared, showed a significant GM increase encompassing the entire
frontocerebellar circuit, far beyond the brain regions that had originally
shown GM atrophy. These widespread volumetric improvements in
abstainers and their general absence in relapsers suggest that productive
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structural plasticity in the frontocerebellar circuit supports successful
abstinence in AUD.

The post-hoc GTAs were more sensitive than the voxel-based struc-
tural analyses for understanding AUD-related GM reduction since they
were able to reveal and quantify a persistent diffuse global atrophy in
both AUD groups relative to controls at follow-up. However, the most
important GTA finding was that abstainers and relapsers differed in the
degree the four subcircuits recovered during the three-months interval.
The internal negative strength of all four subcircuits in abstainers
recovered to such a degree that they were no longer significantly
different from healthy controls, with the DMN-subcircuit recovering
most significantly. In contrast, relapsers who had not shown any sig-
nificant GM recovery in the VBM analyses, presented with a normal (i.e.,
not anymore significantly increased relative) external negative strength
value at follow-up only in the SAL-subcircuit. These distinctly different
recovery patterns in the two AUD groups could suggest that relapsers do
not just present with a more severe expression of the same AUD conse-
quences than abstainers, but that AUD affects the four subcircuits
differently in relapsers and abstainers with defining consequences for
treatment success.
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