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Abstract
Alcohol Use Disorder (AUD) is a chronic relapsing condition characterized by excessive alcohol consumption despite its
multifaceted adverse consequences, associated with impaired performance in several cognitive domains including decision-
making.While choice deficits represent a core component of addictive behavior, possibly consecutive to brain changes preceding
the onset of the addiction cycle, the evidence on grey-matter and white-matter damage underlying abnormal choices in AUD is
still limited. To fill this gap, we assessed the neurostructural bases of decision-making performance in 22 early-abstinent alcoholic
patients and 18 controls, by coupling the Cambridge Gambling Task (CGT) with quantitative magnetic resonance imaging
metrics of grey-matter density and white-matter integrity. Regardless of group, voxel based morphometry highlighted an inverse
relationship between deliberation time and grey-matter density, with alcoholics displaying slower choices related to grey-matter
atrophy in key nodes of the motor control network. In particular, grey-matter density in the supplementary motor area, reduced in
alcoholic patients, explained a significant amount of variability in their increased deliberation time. Tract-based spatial statistics
revealed a significant relationship between CGT deliberation time and all white-matter indices, involving the most relevant
commissural, projection and associative tracts. The lack of choice impairments other than increased deliberation time highlights
reduced processing speed, mediated both by grey-matter and white-matter alterations, as a possible marker of a generalized
executive impairment extending to the output stages of decision-making. These results pave the way to further studies aiming to
tailor novel rehabilitation strategies and assess their functional outcomes.
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Introduction

Alcohol Use disorder (AUD) is a chronic relapsing condition
characterized by excessive alcohol consumption despite its
adverse consequences. AUD is associated with neurological
alterations involving both brain metabolism (Volkow et al.
2017) and morphology (Pfefferbaum and Sullivan 2005;
Xiao et al. 2015), and with neuro-cognitive impairments
encompassing several domains, including decision-making
(Le Berre et al. 2017; Oscar-Berman et al. 2014). Increasing
evidence suggests that a critical characteristic of AUD such as
the transition from voluntary and reward-related drinking to
compulsive behavior depends on abnormal evaluations of
action-reward instrumental associations (Beck et al. 2009;
Galandra et al. 2018a). Novel insights into the neural bases
of such deficits are coming from multi-modal MRI, associat-
ing specific cognitive impairments with regional alterations of
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brain structure and/or function. There is, however, limited
evidence relating defective decision-making to grey-matter
(GM) atrophy or white-matter (WM) disorganization.

The severity of decision-making deficits in early-abstinent
AUD patients has been shown to reflect GM atrophy in key
nodes of the reward network, such as ventro-medial prefrontal
cortex, dorsal anterior cingulate cortex (dACC) and hippo-
campus (Le Berre et al. 2013). Conversely, GM atrophy in
the amygdala, unrelated to altered decision-making, has been
reported in long-term abstinent patients (Fein et al. 2006).
Moreover, despite evidence ofWMmicrostructural abnormal-
ities associated with alcohol neurotoxic effects (Yeh et al.
2009; Konrad et al. 2012; Sorg et al. 2015), a relationship with
decision-making impairments is debated. The available find-
ings might reflect the different WM profiles observed in early
vs. long-term abstainers. In the former, no relationship was
found between abnormal decision-making and decreased ax-
onal microstructural integrity, i.e. lower fractional anisotropy
(FA) in the corpus callosum and in parietal, occipital, and
frontal tracts (Zorlu et al. 2013). Instead, the lack of
decision-making and FA alterations after long-term abstinence
highlights possible compensatory repair processes of axonal
injuries (Zorlu et al. 2014).

Overall, the evidence on GM and WM changes associated
with decision-making impairments in AUD is limited. We
thus aimed to characterize the possible relationship between
alcoholics’ decision-making deficits, assessed with the
Cambridge Gambling Task (CGT), and both GM density re-
duction and WM disorganization. While most previous stud-
ies have used the Iowa Gambling Task (Fein et al. 2006; Le
Berre et al. 2013; Zorlu et al. 2013, 2014), the CGTovercomes
some of its limitations by assessing decision-making outside a
learning context, and minimizing the engagement of high-
order cognitive functions. Consistent with the role of informa-
tion processing speed in higher-order cognitive tasks
(Salthouse 1996), previous evidence of increased deliberation
time in alcoholic patients performing this task was discussed
in terms of psychomotor slowing (Czapla et al. 2016;
Lawrence et al. 2009). This proposal fits with recent evidence
that alcoholics’ executive dysfunction, mostly involving pro-
cessing speed in tasks such as the Trail Making Task Part A
(TMT-A), reflects structural (Galandra et al. 2018b) and func-
tional (Galandra et al. 2019) alterations in fronto-insular-
striatal mechanisms supporting the salience-based access to
cognitive resources required for cognitive control on goal-
directed behavior and its motor implementation. On this basis,
we assessed the hypothesis that slowed CGT performance in
early-abstinent alcoholic patients reflects their decreased in-
formation processing speed at the TMT-A, as well as GM and
WM alterations in networks underlying the production of be-
havioral responses, such as the motor control network and
distinct features of white-matter microstructure of commissur-
al bundles (e.g., body of corpus callosum).

Materials and methods

See Supplementary Materials for a full description of
Materials and methods.

Participants

Twenty-two early-abstinent alcoholic patients and 18 healthy
controls participated in the study. Patients, recruited during a
28-days alcohol withdrawal treatment, were interviewed to
determine their drinking history, including the amount, type
and lifetime duration of alcohol use (see Table 1a, b and
Supplementary Methods for demographic, clinical, as well
as nicotine and alcohol use, variables). They joined the proto-
col after being detoxified for at least 10 days via medically
supported standard treatments, but had ceased benzodiazepine
consumption at least 8 days before scanning (see
Supplementary Methods for details on inclusion/exclusion
criteria).

Participants provided written informed consent to the ex-
perimental procedure, which was approved by the ICS
Maugeri (Pavia, Italy) Ethical Committee.

Decision-making assessment

Decision-making skills were assessed with the CGT (Rogers
et al. 1999), providing six outcome measures reflecting differ-
ent facets of decision-making: 1) deliberation time; 2) quality
of decision-making; 3) delay aversion; 4) overall proportion
bet; 5) risk adjustment; 6) risk taking.

MRI data acquisition

We used a 3 Tesla General Electrics Discovery MR750 scan-
ner (GE Healthcare), equipped with a 16-channel head coil, to
collect T1-weighted and Diffusion Tensor Imaging (DTI) im-
ages (See details in Supplementary Methods).

Statistical analysis of decision-making data

For each CGT measure we checked the normality of the score
distribution across the whole sample. Based on this assessment,
we examined age- and group-effects via non-parametric
(Spearman’s correlation index and Mann-Whitney t-test, respec-
tively) tests. Based on our previous reports of decreased process-
ing speed at the TMT-A task (Galandra et al. 2018b), we assessed
a correlation between performance in this task and CGT deliber-
ation time. In patients, we also assessed a relationship between
the CGT measure(s) showing a significant difference compared
with controls and alcohol use variables (disease duration, length
of sobriety before MRI and daily alcohol consumption). We
applied a statistical threshold of p < 0.05, one-tailed due to a
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priori hypotheses of decision-making impairment in alcoholic
patients vs. controls (Czapla et al. 2016; Lawrence et al. 2009).

VBM data preprocessing and statistical analysis

The preprocessing and statistical analysis of T1-weighted im-
ages was based on SPM12 (http://www.fil.ion.ucl.ac.uk/spm)
and the CAT12 toolbox r1447 (www.neuro.uni-jena.de/cat/).
Pre-processing steps included image correction for bias-field
inhomogeneities, spatial normalization using the DARTEL
algorithm (Ashburner 2007), segmentation into GM, WM
and cerebrospinal fluid (CSF) (Ashburner and Friston 2005),
and smoothing (8 mm).

Statistical analyses included: a) two-sample t-tests, to com-
pare groups; b) multiple regressions, to test correlations with
behavioral variables; c) full factorial models (two-sample t-
test plus a behavioral covariate) to test group differences in
such correlations. Age and smoking status were modeled to
remove their potentially confounding effects. We used
conjunction-null analyses (Nichols et al. 2005) to assess the
predicted overlap between regions in which GM density was
both reduced in alcoholics, and related to decision-making
performance. We applied threshold-free cluster enhancement
(TFCE; Smith and Nichols 2009) with 5000 permutations per

contrast and Family-Wise Error (FWE) correction for multiple
comparisons at p < 0.05 (Radua et al. 2014).

Overlap with the motor control network

Based on VBM results, we assessed a spatial overlap between
the regions displaying common effects of interest (atrophy in
patients and correlation with defective CGT measure(s)) and
those included in the motor control network. A meta-analytic
map of this network was generated with the Neurosynth tool-
box (http://neurosynth.org) (Yarkoni et al. 2011). We used the
Marsbar toolbox (http://marsbar.sourceforge.net/) to create
binary masks of the clusters displaying the aforementioned
joint effects of interest, and the REX toolbox (http://web.mit.
edu/swg/software.htm) to extract their average GM density at
the single-subject level, for offline regression analyses (See
details in Supplementary Methods).

DTI data preprocessing and whole-brain statistical
analysis

We performed DTI data pre-processing with FSL (http://fsl.
fmrib.ox.ac.uk/fsl/), and group analyses of fractional
anisotropy (FA), mean (MD), axial (AD) and radial (RD)

Table 1 Demographic, clinical and decision-making variables

Group comparisons

(a). Demographic and clinical variables

Mean (SD) HC (N = 18) Mean (SD) AUD (n = 22) T-score p value

Age (years) 44.83 (8.86) 45.59 (7.99) −0.284 0.389

Education (years) 10.11 (2.78) 9.91 (2.65) 0.234 0.408

BMI 21.07 (4.39) 20.02 (4.52) 0.738 0.232

Nicotine consumption (yes/no) 6/12 18/4 0.184

(b). Alcohol use variables

Mean (SD) all patients Mean (SD) females Mean (SD) males p value

Duration of alcohol use (years) 10.11 (6.57) 11.89 (7.11) 10.11(7.48) 0.576

Average daily alcohol dose (UA) 14.34 (6.66) 14.94 (5.92) 14.18 (7.12) 0.791

Length of sobriety (days) 14 (3.9) 13.44 (3.50) 14.38 (4.25) 0.578

(c). CGT Variables

Mean (SD) HC Mean (SD) AUD U-score p value

Deliberation time (ms) 1912.048 (724.969) 2437.073 (837.103) 112.000 0.0095

Quality of decision-making 0.840 (0.203) 0.834 (0.186) 179.500 0.309

Overall proportion bet 0.515 (0.142) 0.488 (0.132) 177.000 0.290

Delay aversion 0.298 (0.395) 0.291 (0.252) 177.000 0.290

Risk taking 0.509 (0.147) 0.539 (0.149) 181.000 0.309

Risk aversion 0.628 (1.285) 0.883 (0.973) 179.000 0.328

(a) Mean and standard deviation (SD) of demographic variables and nicotine consumption for healthy controls (HC) and alcoholic patients (AUD),
alongside the results of group comparisons with two-sample t-tests or chi-square test, respectively; (b) mean and standard deviation (SD) of alcohol use
variable for the whole patient sample and separately for male and female patients, alongside the results of gender comparisonswith two-sample t-tests; (c)
mean and standard deviation (SD) of CGToutcomes for healthy controls (HC) and alcoholic patients (AUD), alongside the results of group comparisons
with Mann-Whitney test. Bold font denotes a statistically significant effect at p < 0.05. BMI Body Mass Index, UA Units of Alcohol, CGT Cambridge
Gambling Task
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diffusivities with Tract-Based Spatial Statistics (TBSS) (Smith
et al. 2006). We performed whole-brain voxelwise statistics
via Randomise with TFCE (Smith and Nichols 2009), FWE
corrected for multiple comparisons at p < 0.05. We assessed
the presence of WM microstructural alterations in alcoholic
patients vs. controls via a two-sample unpaired t-test (5000
random permutations per contrast) including age and smoking
status as nuisance covariates. To constrain subsequent analy-
ses, for each DTI invariant we created a binarymask reflecting
the alteration pattern in alcoholic patients. We investigated
whether the relationship between defective CGT measures
and microstructural characteristics within such abnormal pat-
terns reflects qualitative or quantitative group differences, via
a linear relationship between CGT measures of interest and
each DTI invariant, and task-by-group interactions, respec-
tively (p < 0.05, TFCE corrected, 5000 permutations). The
anatomical localization of significant clusters was performed
using the JHUWhite-Matter Tractography Atlas and the JHU
ICBM-DTI-81 White-Matter Labels (Hua et al. 2008). We
extracted DTI invariant data from the thereby obtained signif-
icant clusters to perform off-line analyses relating
neurostructural metrics of white-matter connectivity to clinical
variables (p < 0.05 corrected with False-Discovery-Rate).

Results

Decision-making skills in alcoholic patients vs.
controls

There were no significant group differences in demographic
characteristics, smoking and nutritional status (Table 1a).
Compared with controls, alcoholic patients displayed signifi-
cantly worse CGT performance only in terms of deliberation
time (Table 1c), which was also correlated with TMT-A re-
sponse time (r = 0.303, p = 0.029). We found no significant
correlation between deliberation time and any of the collected
alcohol use variables (length of abstinence: r = −0.101, p =
0.328; disease duration: r = −0.165, p = 0.232; average daily
alcohol use: r = 0.086, p = 0.351).

GMdensity reduction in alcoholic patients vs. controls

As previously reported (Galandra et al. 2018b), GM density
was significantly reduced, in alcoholic patients vs. controls, in
a wide midline cluster extending from the dorsomedial pre-
frontal cortex to the supplementary motor area (SMA) and
middle cingulate cortex. GM atrophy additionally involved,
in patients, the inferior frontal gyrus (IFG), rolandic opercu-
lum and posterior temporo-insular cortex, plus the thalamus,
bilaterally but with a right-sided prevalence (Table 2a; Fig. 1).
There was no significant correlation, in patients, between GM
density and alcohol use variables.

Correlation between GM density and CGT deliberation
time

Regardless of group, deliberation time was negatively correlat-
ed with GM density in a midline cluster encompassing the
posterior fronto-medial cortex, SMA and middle cingulate cor-
tex, as well as in the right fronto-insular cortex and thalamus
bilaterally (Table 2b; Fig. 2a). We found no significant positive
correlation between GM density and deliberation time.

Group differences in the correlation between GM
density and CGT deliberation time

We found no significant task-by-group interactive effect on
GM density.

Common neurostructural effects of AUD
and correlation with CGT deliberation time

A conjunction-analysis confirmed the spatial overlap between
the voxels associated with a) reduced GM density in alcoholic
patients vs. controls, and b) slower performance in the CGT
(Fig. 3a). Such common effects involved a cluster extending
from the posterior fronto-medial to the middle cingulate cor-
tex, plus the thalamus bilaterally (Table 2c).

Overlap between GM-related findings and the motor
control network

To test the hypothesis that slower performance on the CGT re-
flects GM atrophy in the motor control network, we assessed a
relationship between deliberation time and GM density in the
voxels which, besides showing a correlation with behavioral per-
formance in the whole sample and atrophy in alcoholic patients,
were additionally included in the Neurosynth “motor control”
map (Fig. 3b). We found such overlap in the SMA (xyz: −4,
−8, 50), with its average GM density explaining 32.5% of inter-
individual variability in deliberation time (F(1,38) = 18.312; p <
0.001) in the whole sample. A homogeneity-of-slopes model
confirmed the lack of significant group differences in this rela-
tionship (F(1,36) = 1.190; p = 0.283).

WM microstructural changes in alcoholic patients vs.
controls

Compared with controls, early-abstinent alcoholic patients
displayed widespread alterations of microstructural properties
in different white-matter bundles. Significant FA alterations were
found in the body of corpus callosum. We also observed wide-
spread and co-localizedMD, AD and RD alterations in commis-
sural fibers (genu and body of corpus callosum, tapetum, forceps
minor and forceps major), projection fibers (all sectors of corona
radiata and internal capsule, encompassing the corticospinal tract,
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and the anterior and posterior thalamic radiations), as well as
associative fibers (bilateral inferior and superior longitudinal fas-
ciculi, inferior fronto-occipital fasciculus, uncinate fasciculus,
fornix and left cingulum bundle) (Fig. 1). There was no signifi-
cant correlation between alcohol-related WM microstructural
changes and alcohol use variables.

Correlation between WM microstructural changes
and CGT deliberation time

We observed a significant linear relationship between delibera-
tion time and distinct metrics of WMmicrostructure (MD, AD,
RD) within the tracts which additionally displayed significant

Table 2 Neurostructural correlates of slowed decision-making in AUD

H Region x y z T k TFCE

(a) GM atrophy in AUD patients vs. controls

L Rectus gyrus 0 46 −18 5.01 1490 3707.02

L Anterior cingulate cortex −3 46 15 6.42 5377 4604.14

L Posterior fronto-medial cortex −3 4 45 5.58 4171.67

L Middle cingulate cortex −14 −26 46 4.95 3654.26

R Anterior cingulate cortex 9 44 3 4.06 3250.06

L Superior temporal gyrus −51 −16 10 7.37 6031 5645.50

L Insula lobe −33 −22 15 6.41 5267.90

L Rolandic operculum −50 −27 14 6.21 5373.84

L Supramarginal gyrus −51 −26 16 6.15 5356.97

R Rolandic operculum 48 −28 18 6.63 6502 4496.78

R Insula lobe 42 20 −3 6.31 3664.52

R IFG (pars triangularis) 50 21 3 5.58 3761.85

R Supramarginal gyrus 60 −32 24 5.44 3911.18

R Middle temporal gyrus 56 −18 −8 8.16 1658 4661.17

R Superior temporal gyrus 57 −30 2 5.56 3610.54

R Fusiform gyrus 45 −46 −18 6.47 960 3650.93

L Posterior cingulate cortex 0 −50 33 6.53 9515 4305.86

R Cerebellum (Crus 1) 50 −42 −30 4.05 3215.07

(b) Correlation between GM density and CGT Deliberation Time

L Posterior fronto-medial cortex −6 −10 51 5.47 4796 1925.16

R Posterior fronto-medial cortex 6 −27 52 4.58 1861.68

L Middle cingulate cortex −6 −33 45 4.12 1680.28

L Superior frontal gyrus −22 54 24 5.96 1116 1523.57

L Middle frontal gyrus −44 44 21 4.17 1316.29

R IFG (pars triangularis) 56 18 20 5.25 1450 1426.11

R IFG (pars orbitalis) 28 34 −9 5.17 1408.36

R Cerebellum (Crus 2) 40 −69 −44 5.25 7831 2043.97

L Cerebellum (Crus 2) −26 −80 −36 4.88 1805.89

(c) Common effects of AUD and correlation with CGT deliberation time

L Middle cingulate cortex −4 −8 50 4.01 1454

L Posterior fronto-medial cortex −4 4 50 3.25

R Middle cingulate cortex 3 −14 44 3.25

R Posterior fronto-medial cortex 4 −14 52 3.22

R Thalamus 2 −15 0 3.37 893

The table reports the regions in which grey-matter density was: (a) significantly reduced in AUDpatients vs. controls; (b) negatively correlated with CGT
deliberation time; (c) both significantly reduced in alcoholic patients vs. controls and negatively correlated with CGT deliberation time. H hemisphere,
TFCE Threshold-Free-Cluster-Enhancement, HC healthy controls, AUD alcohol use disorder, L left, R right, K: cluster extent in number of voxels (1 ×
1 × 1mm3 ). Bold font denotes a statistically significant effect at p < 0.05 corrected for multiple comparisons at cluster-level using TFCE (note that TFCE
statistics are not available for conjunction analyses)
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alterations in patients. Regardless of group, deliberation time
was positively related to diffusivity invariants within a co-
localized pattern including distinct sectors of corpus callosum
(genu, body, splenium), forceps major and forceps minor, ante-
rior and posterior thalamic radiations, all sectors of corona
radiata and internal capsule, major associative bundles bilater-
ally (uncinate and inferior fronto-occipital fasciculi, superior
and inferior longitudinal fasciculi), as well as left cingulum
bundle (cingulate gyrus) and fornix/stria terminalis (Fig. 2b).

Group differences in the correlation between WM
microstructural changes and CGT deliberation time

We found no significant task-by- group interactive effect on
WM microstructure.

Discussion

We coupled the CGTwith VBM and TBSS analyses of grey-
and white-matter changes, respectively, to provide prelimi-
nary evidence on the neurostructural correlates of decision-

making impairments in AUD vs. controls. The only signifi-
cant group difference in behavioral performance involved in-
creased choice latencies in early-abstinent alcoholics.
Although at odds with previous reports of defective behavior-
al learning in AUD (Deserno et al. 2015; Park et al. 2010; see
Galandra et al. 2018a), this result fits with available evidence
of psychomotor slowing (Al-Zahrani and Elsayed 2009; Fama
et al. 2012) and increased CGT deliberation time (Lawrence
et al. 2009; Van Der Plas et al. 2009; Zois et al. 2014) in
alcoholic patients. Moreover, the positive correlation between
CGT decision latency and TMT-A response time (which is
also increased in alcoholic patients; Galandra et al. 2018b,
2019), highlights the role of decreased information processing
speed as an unspecific precursor of different types of high-
order cognitive deficits in AUD (Nigg et al. 2017).

While impaired TMT-A performance has been recently
discussed in terms of altered neural mechanisms of salience-
detection (Galandra et al. 2018b, 2019), increased deliberation
time is considered to reflect psychomotor slowing (Lawrence
et al. 2009). A generalized decrease of processing speed in-
deed confirmed previous evidence of a prominent impairment,
in AUD, in the “output” stage of decision-making (Czapla

Fig. 1 Grey-matter and white-
matter damage in AUD.
Significant group differences
resulting from whole-brain
voxelwise VBM and TBSS
statistical analyses, highlighting
grey-matter (GM: red) and white-
matter (WM) changes in alcoholic
patients compared with controls.
In the case of WM changes,
different colors depict alterations
reflecting: a) a significant
decrease of fractional anisotropy
(FA: blue); b) a significant
increase of diffusivity indices
(MD: light blue, AD: green, RD:
yellow) (p < 0.05 corrected for
multiple comparisons).
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et al. 2016; Lawrence et al. 2009). To assess this hypothesis,
we first used MRI metrics to unveil grey- and white-matter
alterations in patients (Fortier et al. 2015; Pfefferbaum and
Sullivan 2005; Xiao et al. 2015). Compared with controls,
they displayed grey-matter atrophy in the subcortical and cor-
tical components of the meso-cortico-limbic pathway (Fig. 1),
alongside the fronto-insular nodes of the salience network
(Menon and Uddin 2010) and the medial sector of the

sensorimotor network. TBSS results confirmed diffuse alter-
ations of WM microstructural integrity in alcoholic patients,
involving the main commissural, projection and associative
tracts, and particularly the body of corpus callosum where
lower FA and higher diffusivity values provided multifaceted
cues of WM damage (Fig. 1) (Crespi et al., 2019, 2020).

A non-significant task-by-group interaction indicates the
lack of qualitative group differences in the relationship

Fig. 2 Neurostructural correlates of slowed decision-making in AUD.
GM and WM voxels showing a significant correlation with deliberation
time (DT) in the whole group. Panel a depicts the regions in which GM
density was negatively correlated with deliberation time. Within the tracts
showing a significant WM damage in alcoholic patients, panel b depicts
the voxels in which DTwas positively related to mean (MD: light blue),

axial (AD: green) and radial (RD: yellow) diffusivity (p < 0.05 corrected
for multiple comparisons). The scatterplots show, in the whole sample,
the relationship between CGT deliberation time (ms) and a) average GM
density in the voxels depicted in red in the slices reported on the left; b)
average DTI invariants in the voxels depicted in yellow (RD), light blue
(MD) and green (AD) in the slices reported above.
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between deliberation time and GM density. Instead, correla-
tion analyses highlighted quantitative group differences (Fig.
2a), with patients’ longer choice latency reflecting in de-
creased GM density in the medial sensorimotor cortex, right
IFG and cerebellum. The extensive involvement of sensori-
motor cortex suggests that alcoholic patients’ increased delib-
eration time might reflect the structural damage of the motor
control network, previously associated with response selec-
tion and adjustment during cognitively demanding tasks
(Sakai et al. 2000). This hypothesis was supported by the
significant overlap between the meta-analytic map of this net-
work and a SMA cluster in which GM was both negatively
correlated with deliberation time in the whole sample, and
decreased in patients vs. controls (Fig. 3b). The SMA role in
the well-known speed-accuracy trade-off (SAT; Wood and
Jennings 1976) has been shown by functional MRI (Ivanoff
et al. 2008), magnetoencephalography (Wenzlaff et al. 2011)

and electroencephalography (Perri et al. 2014) studies
reporting its enhanced activity with faster (rather than accu-
rate) responses. The present evidence of GM atrophy in the
same SMA cluster reflecting deliberation time might thus
highlight a specific neural signature of alcoholic patients’ def-
icits in accumulating evidence to produce fast choices. These
results highlight a relatively simple measure such as choice
speed as a marker of executive and decision-making impair-
ment in AUD.

Successful processing speed depends also on the degree of
WM integrity, supporting a coordinated communication
among cortical brain networks (Mesulam 2000). Alcoholics’
cognitive impairments are thus likely to reflect the neurotoxic
effects of chronic alcohol consumption on white-matter bun-
dles, which in vivo MRI studies associate to demyelination
and axonal structural alterations (Fortier et al. 2015; Monte
and Kiril 2014; Pfefferbaum and Sullivan 2005). This

Fig. 3 Slowed decision-making
and GM atrophy in the Motor
Control Network. The figure
depicts the regions showing
common effects of AUD and
deliberation time (panel a), as
well as the spatial overlap
between the motor control
network (green) and the regions
where GM density was both
correlated with deliberation time
in the whole sample, and reduced
in alcoholic patients (panel b).
Average GM density in the
yellow voxels explained 32.5% of
individual differences in CGT
deliberation time in the whole
sample, with no significant group
difference in the slope of this
relationship. The scatterplot
depicts the relationship between
CGT deliberation time (ms) and
average GM density in the SMA
cluster highlighted by
conjunction-analyses (i.e. in the
voxels depicted in yellow color).
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hypothesis was supported by the present evidence of a rela-
tionship between DTI invariants of WM damage and in-
creased deliberation time. The latter was positively correlated
with all diffusivity invariants (AD, MD, RD) within a co-
localized pattern encompassing the most relevant commissur-
al, projection and associative tracts. As for VBM analyses, the
lack of significant task-by-group interactions highlights no
qualitative group difference with respect to this relationship.

A similar connection between effective processing speed and
WMmicrostructural changes has been reported in healthy ageing
(Borghesani et al. 2013). By impairing WM structural integrity,
alcohol neurotoxic effectsmight accelerate the physiological age-
related decline in processing speed, and promote the vicious
circle linking alcohol abuse with defective decision-making and
control over craving. While only few studies have addressed this
issue, the available data fit with the present evidence of a signif-
icant relationship between decreased processing speed and WM
microstructural changes, in alcoholic patients, mainly in the cor-
pus callosum, alongside prefrontal and temporal bundles
(Pfefferbaum et al. 2010; Rosenbloom et al. 2009).

A limitation of this study is represented by a small-to-
moderate sample size. Although critical confounding factors
such as age and education were matched across groups, the pres-
ent data will require further support from larger samples. On the
other hand, our alcoholic patients were carefully controlled for
potentially confounding clinical variables, and might thus be
considered as strongly representative of the AUD core features.

Conclusions

Our data show concurrent neuropathological changes slowing
down information processing and motor responses during de-
cision-making. Albeit preliminary, this evidence highlights
several directions for future research. Increasing evidence sug-
gests positive effects of cognitive remediation (Rupp et al.
2012) and neurostimulation (Herremans et al. 2016) on cog-
nitive performance and craving in addictions. However, the
efficacy of neurostimulation depends on the choice of target
areas, in turn guided by evidence of significant relationships
between their functional properties and cognitive perfor-
mance. By highlighting decreased information processing
speed as a precursor of more specific executive deficits, and
its neural correlates, our results might thus help tailor remedi-
ation or neurostimulation protocols to target specific networks
and their associated cognitive functions.
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