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Neuroimaging studies have shown that cognitive impairments in Alcohol Use 
Disorder (AUD), particularly involving executive functions, reflect widespread 
structural and functional brain alterations. However, these findings mostly result 
from magnetic resonance imaging (MRI). To complement previous MRI findings 
with a more direct measure of brain metabolism, we  therefore explored the 
neural bases of executive impairments in AUD using FDG-PET. Twenty-three 
AUD patients and 18 healthy controls underwent a neurocognitive assessment, 
and patients also an 18F-FDG-PET scan. Using as reference for brain metabolism 
a FDG-PET dataset of age-matched healthy controls, we assessed a relationship 
between executive impairment and regional hypometabolism in AUD patients, 
while also considering a possible moderating age effect. Compared with controls, 
AUD patients exhibited widespread hypometabolism in the anterior/midcingulate 
cortex, fronto-insular cortex, and medial precuneus, supporting the hypothesis 
that their impaired executive performance might reflect an altered transition 
from automatic to controlled processing. Patients’ worse executive performance 
reflected in higher metabolism in the midcingulate cortex and medial precuneus, 
suggesting a possible compensatory neural mechanism. This relationship was 
moderated by age in the right anterior insula, where the decrease of metabolism 
is steeper, in older patients, at the lowest level of cognitive performance. This 
finding suggests that an age-related decrease in the compensatory capacity of 
the insular node of the salience network might contribute to cognitive decline in 
older patients. While supporting the use of FDG-PET to improve the understanding 
of AUD-related cognitive decline, and differential diagnosis in older patients, 
these findings might help design personalized innovative treatment protocols.
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1 Introduction

Alcohol use disorder (AUD) is a chronic clinical condition 
marked by a compulsive intake of alcohol despite its adverse physical, 
psychological, and social effects, leading to approximately 3.3 million 
deaths annually (WHO, 2014). The burden of these effects is enhanced 
by AUD patients’ cognitive impairments (Wang et  al., 2023), 
particularly involving executive functions (Chanraud et al., 2007; Jang 
et al., 2007) which play a key role in difficulties concerning impulse 
control, decision-making and goal-directed behavior (Alarcon et al., 
2015; Bickel et al., 2017; Green et al., 2010; Pitel et al., 2009; Ramey 
and Regier, 2019).

The frequent pattern of executive impairment observed in AUD 
(Trick et al., 2014; Wiers et al., 2015; see Maharjan et al., 2022) has 
been initially ascribed to the specific susceptibility of the frontal cortex 
(i.e., “Frontal lobe hypothesis”; Dao-Castellana et  al., 1998; Oscar-
Berman and Marinkovic, 2003; Uekermann et al., 2003). However, the 
growth of multimodal neuroimaging techniques—and particularly 
functional magnetic resonance imaging (fMRI)—unveiled a more 
extensive pattern of brain damage in AUD, prompting an alternative 
“Diffuse Brain Hypothesis” (Stavro et al., 2013). More recent evidence 
rather highlights the role played by distinct specific neural systems, 
including fronto-insular, cingulate and parietal regions (Fama et al., 
2019). This view has been strengthened by Voxel-Based Morphometry 
(VBM) evidence of grey matter (GM) atrophy not only in frontal 
structures such as lateral prefrontal cortex, anterior cingulate and 
insular-opercular cortex, but also in the posterior cingulate cortex 
alongside hippocampus, thalamus and striatum (Xiao et al., 2015; 
Yang et al., 2016). This pattern of cortico-striatal-thalamic structural 
damage (Peters et al., 2016; see Cushnie et al., 2023) supported the 
hypothesis that, in AUD, the well-known impairment of attentional 
and cognitive control might reflect structural and/or functional 
alterations in the so-called salience network underlying the switch 
from automatic to controlled processing (Butcher et al., 2022; Grodin 
et al., 2017; Menon and Uddin, 2010; Padula et al., 2022).

Increasing evidence indeed shows that this switch entails the 
transition between two anti-correlated networks, i.e., from the default 
mode network (DMN) to the executive control network (Fox and 
Raichle, 2007), when behaviorally relevant stimuli are detected by the 
fronto-insular and dorsal anterior cingulate (dACC) nodes of the 
salience network (Goulden et al., 2014; Menon and Uddin, 2010). The 
hypothesis of an impaired switch from automatic to controlled 
processing in AUD patients—contributing to their executive deficits—
is nowadays supported by considerable structural and functional 
evidence. On the hand, GM atrophy in the insular and dACC sectors 
of the salience network has been shown to explain about half of 
variability in the attentional and working-memory impairment among 
AUD patients (Galandra et al., 2018). This structural evidence has 
been complemented by resting-state fMRI (rs-fMRI) studies, unveiling 
differences, across AUD patients and healthy individuals, in multiple 
facets of the intrinsic brain functional architecture, and in its 
relationship with behavioral performance (Canessa et  al., 2022; 
Galandra et al., 2019). First, rs-fMRI studies have provided evidence 
of abnormal intrinsic activity in the DMN in AUD patients (Chanraud 
et al., 2011, 2013; Fede et al., 2019; Song et al., 2021). Moreover, they 
unveiled a relationship between executive impairments and altered 
intrinsic connectivity within and between resting-state networks 
underlying reward processing (Camchong et al., 2013; Maleki et al., 

2022; Müller-Oehring et al., 2013, 2015), salience detection (Sullivan 
et al., 2013; Zhu et al., 2017) and the engagement of executive control 
(Weiland et al., 2014; Zhu et al., 2017). Via diffusion-tensor imaging 
(DTI), we found that these neuro-structural and functional correlates 
of AUD patients’ executive impairment represent different facets of a 
common neuropathological process involving alterations of white 
matter (WM) structural connections among salience, executive and 
default mode networks (Crespi et al., 2020). Overall, these findings 
appear to support the notion that cognitive impairments are at least 
partially explained by disrupted functional dynamics among large-
scale neural networks in AUD (Crespi et  al., 2019; see Spindler 
et al., 2022).

This multifaceted evidence shows that (f)MRI studies have 
significantly advanced our understanding of the neural bases of 
cognitive impairment in AUD. However, further valuable insights into 
this issue might come from other neuroimaging techniques, and 
particularly 18F-Fluoro-Deoxy-Glucose Positron Emission 
Tomography (FDG-PET). By tracking glucose metabolism, FDG-PET 
provides a direct assessment of regional brain activity, its changes in 
pathological conditions (Bralet et al., 2022), and whether/how they 
relate to cognitive-behavioral alterations (Clergue-Duval et al., 2020; 
Segobin et al., 2015). Differences in regional cerebral blood flow (CBF) 
across AUD and healthy controls should be therefore assessed as a 
potential confound of activation patterns in task-related or resting-
state fMRI studies (Sullivan et al., 2021). FDG-PET might therefore 
provide a truly “functional” perspective on the relationship between 
neural and cognitive alterations in AUD, thereby complementing and 
enriching the widespread structural (Hahn et al., 2022) and functional 
(Taebi et al., 2022) evidence resulting from (f)MRI studies. Moreover, 
FDG-PET plays a key role in the early and differential diagnosis of 
neurodegenerative diseases (Guillén et al., 2020; Nestor et al., 2018), 
and in predicting the progression from subjective or mild cognitive 
impairment to dementia (Cotta Ramusino et al., 2024), as well as 
cognitive decline in patients without dementia (Torosyan et al., 2017). 
Nevertheless, neuroimaging studies on AUD are mostly based on 
MRI. With few exceptions (e.g., Clergue-Duval et al., 2020; Ritz et al., 
2019), PET has been mainly focused on metabolic rates and 
dopaminergic transmission without assessing the associated cognitive 
deficits (e.g., Bralet et al., 2022; Ritz et al., 2016; see Spitta et al., 2023; 
Volkow et al., 2017), and on Korsakoff syndrome (KS), i.e., an alcohol-
induced neurocognitive disorder characterized by severe anterograde 
amnesia that can persist chronically (Maillard et al., 2021; Pitel et al., 
2009). These studies reported hypermetabolism in the cerebellum, and 
hypometabolism in fronto-insular and middle cingulate cortex, in KS 
(Maillard et  al., 2021; Pitel et  al., 2009), as well as cerebellar 
hypermetabolism, related to ataxia and working-memory deficits, in 
AUD (Ritz et al., 2019).

Combining neuropsychological, MRI and FDG-PET evidence 
might therefore increase the potential of neuroimaging data to 
characterize the neuro-functional changes underlying specific 
cognitive impairments in AUD, thereby supporting differential 
diagnosis in older patients, the development of targeted treatment 
protocols, and the assessment of their effectiveness. Importantly, 
pursuing this goal entails investigating also whether the relationship 
between regional brain metabolism and executive performance is 
itself modulated by patients’ age (Ewers et  al., 2014). Building on 
previous findings from MRI studies, and to provide a more direct 
assessment of brain metabolism, the present study investigates the 
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neural bases of cognitive-executive impairment in AUD through 
FDG-PET. Based on our previous VBM (Galandra et al., 2018) and 
rs-fMRI (Canessa et al., 2022) findings, we predicted that the degree 
of AUD patients’ executive impairment, and its relationship with their 
age, would reflect decreased metabolism, compared with age-matched 
healthy individuals, in fronto-insular and/or posterior frontomedial 
structures in charge of salience detection.

2 Materials and methods

2.1 Participants

The study involved 23 AUD patients (9 females; mean age: 
45.70 years, standard deviation (SD): 7.82; mean educational level: 
10.00 years; SD: 2.63) and 18 healthy control (henceforth “HCs”) 
participants (8 females, mean age, 44.83 years, SD, 8.86, mean 
educational level, 10.11 years, SD: 2.78). There were no significant group 
differences concerning age, education level, gender distribution or 
smoking status (Table 1). Patients joined the study after completing a 
28-days in-patient alcohol withdrawal treatment at the Functional 
Rehabilitation Unit of ICS Maugeri-Pavia (Italy), and following at least 
10 days of detoxification via standard medical treatments 
(benzodiazepine treatment was stopped at least 8 days before PET 
scanning). We assessed participants’ drinking history (i.e., quantity, 
type, and duration of alcohol use), and measured alcohol consumption 
as the average number of standard units of alcohol (UA) per day (with 
1 UA corresponding to 12 g of ethanol, i.e., approximately 330 mL of 
beer, 125 mL of wine, or 40 mL of hard liquor). In patients, disease 
duration varied from 1 to 26 years (mean: 10.8 years ± 7.21). Inclusion 
criteria for patients were: (a) 20 < age<65 years; (b) AUD diagnosis 
based on DSM-5 criteria. Exclusion criteria for both groups included: 
presence/history of neurological/psychiatric disorders other than AUD 
(with the exception of nicotine dependence), current use of psychotropic 
substances/medications, past brain injury or loss of consciousness, 
severe medical conditions, inability to complete the neuropsychological 
assessment, and contraindications to PET. HCs were excluded in case of 
history of alcohol abuse based on a threshold of average alcohol 

consumption <2 UA for males and 1 UA for females. HCs were asked to 
remain abstinent from alcohol for at least 10 days prior to the study, with 
compliance verified through pre-experiment interviews. All participants 
provided their written informed consent to the study protocol, that was 
designed according to the latest version of the Declaration of Helsinki 
and approved by the ICS Maugeri Ethical Committee (Pavia, Italy).

2.2 Neurocognitive evaluation

AUD patients underwent the neuropsychological assessment 
before PET sessions. As previously reported (Galandra et al., 2018), 
both AUD patients and controls underwent the Brief 
Neuropsychological Examination (ENB-2, Mondini et al., 2011), a 
well-validated Italian battery for neuro-cognitive assessment that, in 
approximately 45 min, allows to assess different cognitive areas: 
attention (Trail Making Test A and B), memory (digit span, immediate 
and delayed prose memory), working-memory (interference memory 
tasks with 10- and 30-s delays), executive functions (TMT-B, cognitive 
estimation, abstract reasoning, phonemic fluency, clock drawing, 
overlapping figures), as well as perceptual and praxis skills (praxis 
abilities, spontaneous and copied drawing tasks, ideative and 
ideomotor praxis tests). The battery results in 15 scores of cognitive 
performance across these domains, alongside a score of global 
cognitive status.

2.3 Statistical analysis of neurocognitive 
data

Age and group effects were examined using parametric or 
non-parametric tests depending on a preliminary assessment of the 
normality of score distribution across all tasks. In case of significant 
effects of age or education level, we used an analysis of covariance 
(ANCOVA) to evaluate group differences in cognitive performance 
after accounting for these variables (Ciricugno et  al., 2021). 
We applied a primary statistical threshold of p < 0.05 (two-tailed) 
corrected for multiple comparisons with False discovery Rate (FDR; 

TABLE 1 Demographics and alcohol use variables.

Group comparisons

Mean HC 
(n = 18)

Mean AUD 
(n = 23)

SD HC SD AUD DF T-score p-value

Demographic variables

Age (years) 44.83 45.69 8.86 7.82 39 −0.33 0.371

Education level (years) 10.11 10.0000 2.78 2.63 39 0.13 0.448

Gender (female/total) 8/18 9/23 0.987

Smoking status (yes/total) 7/18 16/23 0.100

Alcohol use variables Mean all 
patients

SD all 
patients

Mean 
females

SD females Mean 
males

SD males p-value

Duration of alcohol use (years) 10.80 7.21 11.89 7.11 10.11 7.48 0.576

Average daily alcohol dose (UA) 14.48 6.55 14.94 5.92 14.18 7.12 0.791

The upper section of the table presents the demographic variables for the AUD and HC groups, as well as the outcomes of group comparisons based on two-sample t-tests. The lower section 
reports disease duration and average daily alcohol use for the whole patient sample, as well as separately for males and females, along with the results of gender comparisons based on two-
sample t-tests. DF, degrees of freedom; UA, Units of Alcohol.
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Benjamini, 2010). We then explored higher-order cognitive domains 
transcending specific tasks through a Principal Component Analysis 
(PCA) on the 15 ENB-2 raw scores. The suitability of the correlation 
matrix was confirmed (Keiser-Meyer-Olkin Measure of Sampling 
Adequacy = 0.61; Bartlett’s test of sphericity<0.001; 
Supplementary Table 1). The number of components was determined 
using the Kaiser-Guttman criterion (eigenvalues>1), and an 
orthogonal rotation (Varimax) facilitated component interpretation 
(Supplementary Tables 2, 3). Finally, we performed an ANOVA (with 
FDR correction) on the PCA factor scores to investigate group 
differences in cognitive performance.

2.4 Acquisition and reconstruction of 
18F-FDG PET image

In line with previous studies (e.g., Ritz et al., 2019) AUD patients 
underwent a 18F-FDG PET/CT scan acquisition (GE Discovery 690 
VCT scanner) at rest, with their eyes closed, in a quiet and dark 
environment. We  collected static emission images 45 min after 
injecting 2.5 MBq/Kg of 18F-FDG in fasting patients. This uptake time 
enables an equal distribution of the tracer across the entire brain, with 
negligible blood flow-dependent differences, and therefore an optimal 
signal-to-noise ratio (Della Rosa et al., 2014). PET data were acquired 
for 15 min, and images were reconstructed through a fully 3D ordered 
subset expectation maximization (3D-OSEM) algorithm. PET data 
correction (dead time, random, scatter, attenuation, normalization, 
TOF and point spread function) were included into the iterative 
reconstruction algorithm. A quality control process was performed to 
check for major artefacts in PET images due to inaccuracy in patient 
orientation or in PET-CT co-registration.

A General Electrics 3 Tesla MRI scanner (MR750 Discovery, GE 
Healthcare, Milwaukee, WI), equipped with a 16-channels head coil, 
was used to collect also a T1-weighted structural image through a 3D 
inversion-recovery-prepared fast spoiled gradient recalled (IR-FSPGR-
BRAVO) sequence (152 contiguous slices, TR = 8.2 ms, TE = 3.2 ms, 
TI = 450 ms, in-plane resolution = 0.9375×0.9375 mm; 
thickness = 1 mm).

2.5 Spatial pre-processing of 18F-FDG PET 
images

We used the Statistical Parametrical Mapping (SPM12) software,1 
as implemented in MATLAB (Mathworks Inc., Sherborn, MA, USA), 
to perform a standard pre-processing of PET scans. Each image was 
first normalized to an 18F-FDG PET template registered to the 
Montreal Neurological Institute (MNI) standard space (Della Rosa 
et al., 2014) using the default SPM12 bounding-box, resampled at an 
isotropic voxel size of 2 mm, and spatially smoothed with an 8 mm 
isotropic 3D Gaussian Full-Width-Hald-Maximum (FWHM) kernel. 
The 18F-FDG PET template has been reported to ensure high 
normalization accuracy, while reducing noise-related random effects 
(Della Rosa et al., 2014; Gallivanone et al., 2014). Each image was 

1 https://www.fil.ion.ucl.ac.uk/spm/software/spm12/

proportionally scaled to its global mean (Dukart et al., 2010; Signorini 
et  al., 1999) to generate standardized uptake value ratio (SUVR) 
images and thus overcome issues of between-subject uptake variability 
(Buchert et al., 2005). We preferred this approach over other available 
scaling methods (e.g., cerebellar reference region) both because the 
former has been reported to enable higher signal-to-noise ratio 
(Nudo, 2013), and to ensure that intensity values would not 
be referenced to a single region underlying the executive processes 
under investigation such as cerebellum (Keren-Happuch et al., 2012). 
The same pre-processing pipeline was applied to 42 PET scans of 
age-matched healthy controls (henceforth “PET-HCs”), extracted 
from a larger, previously validated (Della Rosa et al., 2014), dataset of 
FDG-PET of healthy individuals.

2.6 Control analysis: correction for 
partial-volume effect

We performed a control analysis to assess partial volume effects 
(PVEs) in AUD patients’ FDG-PET brain images (Hoffman et al., 
1979), using the modified Müller-Gärtner (mMG) approach as 
implemented in the PETPVE12 toolbox (Gonzalez-Escamilla et al., 
2017). Each patient’s T1-weighted MRI image was co-registered to the 
corresponding FDG-PET image, and segmented into grey matter 
(GM), white matter (WM) and cerebrospinal fluid (CSF) using the 
CAT122 toolbox. The mMG method uses the GM, WM and CSF 
compartments to correct the PET GM signal for spill-in effects from 
the surrounding tissue (typically WM signal) as well as spill-out effects 
of GM PET signal into adjacent WM and CSF compartments. In 
particular, the WM PET signal used to correct spill-in effects is 
estimated as signal spill-over between each pair of a pre-specified set 
of non-overlapping brain regions from the Desikan-Killiany (Desikan 
et al., 2006) structural atlas, as in the “Geometric Transfer Matrix” 
(GTM) method. The resulting PVE-corrected FDG images underwent 
the same pre-processing pipeline described (Section 2.5).

2.7 Statistical analyses of 18F-FDG PET 
images

SPM12 was also used for statistical analyses, including: (1) a 
two-sample t-test, to assess the hypothesis of decreased regional 
metabolism in AUD patients, compared with PET-HCs, while 
controlling for age (nuisance variable), and (2) multiple regressions, 
in the AUD sample, to assess a relationship between regional brain 
metabolism and performance in the cognitive domain(s) displaying a 
significant impairment in patients. In separate multiple regressions, 
age was modeled to either discount in correlation analyses, or to 
explicitly investigate in interaction analyses, its possible effect on the 
relationship between regional brain metabolism and cognitive 
performance. We used a conjunction analysis to assess the predicted 
anatomical overlap between the regions in which brain metabolism 
was lower in patients (vs. PET-HCs), and related to the extent of 
cognitive impairment. To assess the selectivity of results, we performed 

2 www.neuro.uni-jena.de/cat/
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correlation and interaction control analyses with the remaining 
PCA scores.

For all contrasts the statistical threshold was set at p < 0.05, 
corrected for multiple comparisons with False discovery Rate (FDR; 
Chumbley and Friston, 2009; as in Arioli et al., 2021) at the cluster 
level (voxel-level forming threshold = p < 0.001 uncorrected). 
We additionally applied threshold-free cluster enhancement (TFCE; 
Smith and Nichols, 2009), that for each voxel in a cluster generates a 
TFCE score combining its statistical strength with cluster extent. By 
comparing the TFCE scores of the original data with a null distribution 
generated through 5,000 random permutations and correction for 
multiple comparisons, TFCE enables the identification of spatially 
extended signals without inflating false positives.

Based on behavioral (Section 3.1) and neural (Section 3.2) results, 
we assessed a moderation model to characterize the effect of age on 
the relationship between executive performance and brain metabolism 
in the right ventral anterior insula. To this purpose, we first used the 
SPM toolbox Marsbar3 to create binary masks of the right insular 
cluster displaying this interactive effect, and the toolbox Rex4 to 
extract its individual mean metabolism level. We  then used the 
PROCESS macro (v.3.5) for SPSS (v.23, IBM, Armonk, NY, USA) to 
test Hayes’ (2017) model 1 (moderation), through a conditional 
process analysis (Hayes and Rockwood, 2020) based on Ordinary 
Least Squares (OLS) regression, using bootstrapping resampling 
(50,000 samples) to generate 95% confidence intervals for direct and 
moderated effects. Age and executive performance were mean 
centered before entering the analyses, and the Johnson and Neyman’s 
(1936) approach was used to compute the range of significance and 
simple slopes for the interaction analyses, which were assessed 1 SD 
below and above the mean. While a Breusch-Pagan test confirmed 
homoscedasticity of residuals (p = 0.25), due to a marginally 
significant negative correlation between metabolism and age 
(r = −0.3318, p = 0.1) we chose to use an heteroscedasticity-consistent 
standard error estimation (Hayes and Cai, 2007). The statistical 
threshold was set at p < 0.05 (two-tailed).

3 Results

3.1 Behavioral results

Age was negatively correlated with both recall scores (r = −0.31, 
p = 0.046) and TMT performance (positive correlation with 
response time; r = 0.46, p = 0.003), while no significant relationship 
with disease duration was found (r = 0.277, p = 0.201). Even when 
controlling the effect of age through an ANCOVA, AUD patients 
showed significantly worse performance than HCs in the ENB 
global score and in immediate recall, interference memory (10″), 
TMT-A, and overlapping figures (p < 0.05 FDR corrected; 
Supplementary Table 4).

A PCA allowed to reduce the 15 ENB-2 scores to 6 components 
explaining 74.89% of their variance (Supplementary Table  5) and 
covering cognitive domains such as visual-constructional abilities, 

3 http://marsbar.sourceforge.net/

4 https://www.nitrc.org/projects/rex/

verbal learning, basic-level and high-level executive processes, 
language and estimation-related processes (Supplementary Table 6). 
Significant group differences were found in the third component 
(basic-level executive processes) (F(1,39) = 11.58, p < 0.002) 
(Supplementary Table  7), primarily reflecting attention (strongest 
contribution from TMT-A response-time; r = −0.78, p < 0.001) and 
working-memory (strongest contribution from interference-
memory-10″ (r = 0.71, p < 0.001) and 30″ (r = 0.69, p < 0.001)). 
Therefore, subsequent FDG-PET analyses focused on the relationship 
between brain metabolism and basic-level executive performance. The 
latter was negatively correlated with age (r = −0.4988, p = 0.018), 
while there was no significant correlation with disease duration 
(r = 0.1567, p = 0.486) or education level (r = 0.1372, p = 0.543). 
Accordingly, in subsequent PET analyses we investigated the effect of 
age on the relationship between executive performance and 
brain metabolism.

3.2 FDG-PET results

Brain metabolism was significantly lower in AUD patients, 
compared with PET-HCs, in the posterior frontomedial cortex 
(including the anterior and midcingulate cortex), left fronto-insular 
cortex (extending into the rolandic and parietal opercula) and right 
temporopolar and insular cortex. A bilateral hypometabolic pattern 
was found, in AUD patients, also in the posterior occipital cortex 
(inferior and middle occipital gyri), sensorimotor cortex and 
cerebellum (Figure 1A; Table 2a). Conversely, higher metabolism, in 
AUD patients than PET-HCs, was found in a sector of the thalamus 
projecting to the prefrontal cortex, and in the posterior cingulate 
cortex (Table 2b).

A negative correlation between basic executive performance and 
brain metabolism was found in the medial precuneus and in a 
posterior frontomedial cluster encompassing the pre-Supplementary 
Motor Area (pre-SMA) and the posterior dorsal midcingulate cortex 
(pdMCC), both located in the paracingulate gyrus according to the 
Harvard-Oxford structural atlas (Desikan et al., 2006; see also de la 
Vega et  al., 2016) (Figure  1B; Table  2c). A conjunction analysis 
between the latter finding and the main effect of group (HC > AUD) 
highlighted, in AUD patients, an hypometabolic pattern inversely 
related to executive performance in the posterior frontomedial cortex 
and medial precuneus (Figures 1A,C; Table 2d).

An interaction analysis showed, in the right ventral anterior 
insula, a significant effect of age on the relationship between brain 
metabolism and executive performance (Figure  1D; Table  2e). 
Concerning the latter finding, a conditional process analysis 
highlighted a strongly significant model (F(4,18) = 36.9337, 
p < 0.00001; R2 = 0.7849) in which the right insular metabolism is not 
only inversely predicted by basic executive performance (p < 0.0001), 
but also by age (p = 0.0014) and their interactive effect (p = 0.0426) 
(Table 3). Namely, as shown in Figure 1D, age modulates this negative 
correlation only at the lowest level of executive performance (where 
right insular metabolism decreases with age), while such influence 
disappears at the highest executive skills.

The lack of significant correlations or interactions with any of the 
other 5 PCA scores (all p > 0.05) confirmed the exclusivity of these 
findings to executive performance. Moreover, a whole-brain control 
analysis of PVE-corrected images (2.6) confirmed the statistical 
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significance of both the negative correlation between executive 
performance and metabolism in the pdMCC (xyz = −2 –2 56; cluster-
extent p-corrected = 0.024), and its interaction with age in the right 
anterior insula (xyz = 40 16 –6; cluster-extent p-corrected = 0.009) 
(Supplementary Figure  1). A homogeneity-of-slopes model 
highlighted a significant main effect of the “pre-processing” 
(uncorrected vs. PVE-corrected PET images) on pdMCC metabolism 
(F(1) = 28.65, p < 0.0001), yet with no interaction on the relationship 
with executive performance (F(1) = 1.02, p = 0.318) (see 
Supplementary Figure 1).

4 Discussion

We used 18F-FDG-PET to investigate the neural bases of cognitive-
executive impairment in individuals with AUD. By focusing on a 
direct measure of brain metabolism, we  complemented previous 
structural (e.g., Galandra et al., 2021; Li et al., 2021) and rs-fMRI 
(Galandra et al., 2019; Canessa et al., 2022; Suk et al., 2021) evidence 
that—in AUD—cognitive impairments might reflect an altered 
interplay between salience and default-mode networks.

Compared with PET-HCs, AUD patients displayed a widespread 
hypometabolic pattern including the anterior and midcingulate 
cortex, left fronto-insular cortex, right insular and temporopolar 
cortex, alongside the medial precuneus. In keeping with our 
previous structural (Galandra et al., 2018) and rs-fMRI (Canessa 
et al., 2022) evidence, these findings are suggestive of a functional 

impairment, in AUD, in the dACC and fronto-insular nodes of the 
salience network (Cushnie et al., 2023; Menon and Uddin, 2010; 
Seeley et  al., 2007; Sridharan et  al., 2008; Uddin, 2015). Altered 
synchronization has been reported, in AUD patients, between the 
insula and both the dorsolateral prefrontal and anterior cingulate 
nodes of the executive control and salience networks, respectively, 
possibly underlying an impaired access to executive resources 
required for regulating controlled behavior (Sullivan et al., 2013). 
This functional alteration is expected to impair the ability to detect 
and respond to salient stimuli, and, alongside the hypometabolic 
pattern in a key hub of the DMN such as the medial precuneus 
(Raichle, 2015; Sanz-Morales and Melero, 2024), might underpin an 
altered transition from automatic to controlled processing (Stavro 
et al., 2013; Yang et al., 2016). This dysfunctional mechanism could 
explain AUD patients’ difficulties in executive tasks requiring 
vigilance, sustained attention, attentional switching and working-
memory (Chanraud et al., 2007; Jang et al., 2007; Sullivan et al., 2021; 
Trick et al., 2014; Wiers et al., 2015). A similar pattern—particularly 
involving the middle cingulate cortex (Pitel et al., 2009)—has been 
also reported in patients with KS (Maillard et al., 2021).

Importantly, however, we additionally found evidence of possible 
compensatory neural mechanisms in the same neural circuitry. 
Within the AUD sample, indeed, executive performance was inversely 
related to brain metabolism both in the medial precuneus and in the 
midcingulate cortex, that is considered to underpin attentional 
allocation and goal attainment as crucial drivers of cognitive control 
(Touroutoglou et  al., 2020). In keeping with previous similar 

FIGURE 1

FDG-PET results. With different color-codes (as tracked by the respective colorbars), the figure depicts the regions in which brain metabolism was 
significantly lower in AUD patients compared with PET-HCs [red; (A)], negatively correlated with executive performance in the AUD sample [yellow; 
(B)], both significantly lower than PET-HCs, and negatively correlated with executive performance, in AUD patients [green; (C)], modulated by the 
interaction between age and executive performance [blue; (D)]. For AUD patients, scatterplots on the right depict the negative correlation between 
brain metabolism and executive performance alongside 95% confidence intervals (top), and its interaction with age as resulting from a conditional 
process analysis (bottom).
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TABLE 2 FDG-PET correlates of executive impairment in AUD.

H Brain region Anatomy toolbox x y z T K p-corrected TFCE

a) HC > AUD (hypometabolism in AUD)

R Anterior Cingulate Cortex 2 44 20 4.5 380 p = 0.0063 696.59

Middle Cingulate Cortex 2 18 38 4.14

Posterior-Medial Frontal 2 20 50 3.71

L Insula Lobe −40 16 −2 6.23 1,556 p < 0.0001 1562.10

Precentral Gyrus Area 44 −54 4 20 5.13 1180.61

Insula lobe Area OP4 [PV] −56 −8 6 4.86 1248.63

IFG (pars Opercularis) Area 44 −52 10 20 4.86 1171.62

Rolandic Operculum −54 −2 6 4.74 1245.72

R Temporal Pole/Insula lobe 36 14 −28 5.94 292 p = 0.0173 945.10

L Postcentral Gyrus Area 3b −44 −28 56 6.76 806 p < 0.001 1760.73

Inferior Parietal Lobule Area 3b −52 −20 40 5.68 1242.19

R Postcentral Gyrus Area 1 42 −36 64 6.47 647 p < 0.001 1353.39

Precentral Gyrus 50 −8 48 4.17 938.81

R Middle Occipital Gyrus 30 −74 38 5.58 606 p < 0.001 1288.47

Cuneus 10 −78 32 5.43 1288.84

Superior Occipital Gyrus 22 −80 22 3.76 984.75

L Middle Occipital Gyrus Area hOc4la −42 −78 −2 4.54 453 p = 0.003 1133.04

Inferior Occipital Gyrus Area hOc4la −36 −84 −10 4.45 1130.09

Middle Occipital Gyrus Area PGp (IPL) −40 −76 24 4.41 1079.67

Fusiform Gyrus Area FG2 −42 −72 −16 4.26 1070.44

R Inferior Occipital Gyrus Area hOc4v [V4(v)] 42 −78 −12 5.74 254 p = 0.0262 1208.16

Cerebellum Lobule VIIa Crus1 −42 −46 −44 5.50 2,263 p < 0.0001

Cerebellum Lobule VIIa Crus1 56 −64 −34 5.26

b) AUD > HC (hypermetabolism in AUD)

R Thalamus Thal: prefrontal 12 −12 8 9.17 320 p < 0.0001 3522.22

L Thalamus Thal: prefrontal −16 −26 8 8.55 256 p < 0.001 3259.70

L/R Posterior cingulate cortex 10 −54 12 8.02 478 p < 0.0001 3646.82

c) Negative correlation between brain metabolism and executive performance

L Posterior-Medial Frontal −4 6 56 7.21 302 p = 0.0039 1292.20

R Middle cingulate cortex 8 −10 44 6.27 1030.16

L Middle cingulate cortex −4 −4 42 5.4 984.59

R Posterior-Medial Frontal 6 −4 62 3.93 950.02

L Medial precuneus −4 −62 44 5.7 335 p = 0.0039 1150.01

R Medial precuneus 4 −66 32 4.95 1103.26

d) Common effects of a) and c)

R Middle cingulate cortex 8 −10 44 6.27 96 p < 0.001 n/a

L Middle cingulate cortex −4 −4 42 5.4 n/a

L Posterior-Medial Frontal −4 6 56 7.21 182 p < 0.001 n/a

R Posterior-Medial Frontal 6 −4 62 3.93 n/a

L Medial precuneus −4 −62 44 5.7 302 p < 0.001 n/a

R Medial precuneus 4 −66 32 4.95 n/a

(Continued)
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interpretations (Galandra et al., 2019; Sjoerds et al., 2017), the inverse 
efficiency-metabolism relationship suggests a compensatory neural 
mechanism, whereby higher activation in these areas at lower 
executive skills may help compensate for the functional outcome of 
the hypometabolic pattern discussed above. Alongside the observed 
hypermetabolism in a thalamic sector projecting to the prefrontal 
cortex (Shokri-Kojori et al., 2017), the heightened activity of these 
regions might thus represent an attempt to maintain cognitive 
efficiency despite an impaired transition between rest and effortful 
cognitive control due to altered functional and structural connections 
between their respective neural correlates in the default-mode and 
executive control networks (Crespi et al., 2020).

Our findings additionally suggest that this compensatory 
mechanism might also engage the right anterior insular sector of the 
salience network (Cai et al., 2014; Ghahremani et al., 2015; Molnar-
Szakacs and Uddin, 2022), in which the negative relationship between 
brain metabolism and executive performance was also modulated by 
patients’ age. This modulation was only observed at the lowest level of 
executive performance, with right insular metabolism decreasing at 
increasing age, and disappeared at the highest executive skills 
(Figure  1D). This finding might reflect the previously reported 
hemispheric lateralization of insula connectivity (Kann et al., 2016), 
supporting a prominent role of the right anterior insula in salience 
processing (Ham et al., 2013), interplay with DMN (Bonnelle et al., 
2012; Sridharan et al., 2008), and attentional orientation to salient 
stimuli (Thiebaut de Schotten et al., 2011). Along with behavioral 
evidence of decreased executive performance in older AUD patients, 
and of an age-related modulation of right insular activity (Kann et al., 
2016), this finding might be suggestive of an age-related decline in the 
compensatory capacity of the right insular node of the salience 
network, further exacerbating executive impairments in older AUD 
patients. This hypothesis fits with previously reported neuroimaging 
evidence of age-related decreases in functional and structural brain 
integrity in AUD, particularly in regions involved in higher-order 
cognitive processes (Sullivan and Pfefferbaum, 2023).

Importantly, there is previous evidence of a relationship between 
altered insular metabolism (as tracked by regional cerebral blood flow; 
rCBF) and executive performance in AUD, that however specifically 
involves working-memory (Sullivan et al., 2021). While this finding 
fits with the present evidence of interference-memory as a key proxy 
of neuro-cognitive impairment in AUD, the multiple differences 
across studies—in terms of neuroimaging technique, 
neuropsychological battery, and sample characteristics—highlight the 
need of further studies addressing the insula role in AUD patients’ 
cognitive and behavioral changes. Moreover, while the observed 
hypometabolism in Crus I fits with previous related evidence of a 
cerebellum involvement in AUD (Ritz et  al., 2019), the lack of 

hypermetabolism in cerebellar lobule VIII highlights inconsistencies 
that call for further investigation on this topic (see Arioli et al. (2022) 
for a similar discussion on Parkinson’s disease).

Overall, the observed interaction among brain metabolism, 
executive performance and age highlights the dynamic interplay of 
multiple factors in shaping cognitive efficiency in AUD, with the 
decreased effectiveness of compensatory mechanisms possibly 
explaining the larger executive impairment in older patients (Kuhns 
et al., 2022). Moreover, these findings support the view of cognitive 
decline in AUD as reflecting a specific pattern of network-level neural 
disruption involving multiple regions beyond the frontal cortex 
(Guggenmos et al., 2017).

There are some limitations to these findings. The relatively small 
sample-size limits the statistical power and generalizability of our 
results (particularly those concerning age effects on the relationship 
between executive performance and right insular metabolism) 
which should be therefore validated by future studies with larger 
cohorts. Moreover, its cross-sectional study design prevents the 
present study from drawing causal inferences about the relationship 
between brain metabolism and executive performance, which would 
rather require longitudinal studies enabling an explicit modeling of 
its temporal dynamics. A further limitation is represented by the 
lack of in-depth measures of executive functioning and cognitive 
control, such as response inhibition, that should be  thoroughly 
assessed in future research to provide a more comprehensive 
understanding of executive dysfunction in AUD (Cao et al., 2023). 
In the trade-off between comprehensiveness and specificity, however, 
opting for a broad neuropsychological assessment allowed us to 
highlight the selective impairment of an executive domain 
transcending specific attentional and working-memory tasks. 
Finally, although patients joined the study after a 28-day alcohol 
withdrawal treatment and at least 10 days of detoxification, the 
present metabolic and cognitive data might be influenced by clinical 
factors known to be  associated with AUD, such as thiamine 
deficiency (Davis and Bajaj, 2018; Dhir et  al., 2019), hepatic 
encephalopathy (Davis and Bajaj, 2018) and benzodiazepine 
withdrawal (Podhorna, 2002) effects.

Notwithstanding these limitations and the need for follow-up 
studies, our findings have also important and multifaceted 
implications. First, they strengthen previous proposals about the 
role played by a dysfunctional salience network in AUD patients’ 
cognitive-executive impairment (Canessa et al., 2022; Suk et al., 
2021; Zhu et al., 2017). Moreover, they highlight the potential of 
FDG-PET to complement structural and functional MRI data, 
thereby providing novel insights into the neural correlates of 
cognitive impairment in AUD. The unique information provided 
by FGD-PET could enhance the quality of differential diagnosis, 

TABLE 2 (Continued)

H Brain region Anatomy toolbox x y z T K p-corrected TFCE

e) Age-related modulation of the relationship between brain metabolism and executive performance

R Anterior insula lobe 48 14 −10 5.68 235 p = 0.0135 809.64

The table reports the regions in which brain metabolism was a) significantly lower in AUD patients compared with PET-HCs; b) significantly higher in AUD patients compared with PET-HCs; 
c) negatively correlated with executive performance in the AUD sample; d) both significantly lower than PET-HCs, and negatively correlated with executive performance, in AUD patients; e) 
modulated by the interaction between age and executive performance on regional brain metabolism.
AUD, alcoholic patients; L, left; H, hemisphere; OP, parietal operculum; IFG, inferior frontal gyrus; IPL, inferior parietal lobule; FG, fusiform gyrus; K, cluster extent in number of voxels 
(2 × 2 × 2 mm3); PET-HC, PET-healthy controls; R, right; TFCE, Threshold-Free-Cluster-Enhancement. Bold font indicates a statistically significant effect at p < 0.05, corrected for multiple 
comparisons at the cluster (K) or TFCE levels (consider that TFCE statistics are not available for conjunction analyses).
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particularly to distinguish among different neuropathological 
processes underlying cognitive decline in older patients. This 
consideration raises other important implications of the present 
findings, concerning the possible development of personalized 
treatment protocols. The observed age-related modulation of the 
relationship between brain metabolism and executive performance 
suggests that age should be considered in interventions aimed at 
enhancing cognitive functioning in AUD patients. For instance, 
younger patients may benefit more from strategies aimed at 
boosting compensatory mechanisms, such as cognitive training 
(Lo Presti et  al., 2023), whereas older ones might require 
interventions directly addressing the underlying age-related 
hypometabolism. The latter approach may involve innovative 
treatment protocols such as neurostimulation, targeting specific 
nodes within the salience and/or executive networks (Mattavelli 
et al., 2022; Padula et al., 2022) to enhance cognitive control and 
reduce relapse rates (Dubuson et al., 2021; Herremans et al., 2015; 
Mishra et al., 2010).

In conclusion, through FDG-PET we showed that the well-known 
executive impairment in AUD, mainly involving attention and 
working-memory (Galandra et al., 2018), reflects a decrease of brain 

metabolism in key nodes of the salience and cognitive control 
networks, that at the lowest level of cognitive efficiency is steeper in in 
older patients. These findings highlight the potential of FDG-PET as 
a valuable tool for understanding the functional underpinnings of 
cognitive decline in AUD, and for supporting the design of 
personalized interventions.
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TABLE 3 Interaction “age × executive performance” on right anterior insular metabolism.

Model summary

R R2 MSE F DF1 DF2 p

0.8859 0.785 0.004 36.935 4 18 <0.0001

Model

Coeff SE t p LLCI ULCI

Executive performance −0.125 0.012 −10.143 <0.0001 −0.151 −0.099

Age −0.005 0.001 −3.786 0.0014 −0.008 −0.002

Interaction “Age × Executive performance” 0.003 0.001 2.182 0.0426 0.0001 0.006

Disease duration 0.041 0.028 1.452 0.1637 −0.018 0.101

Test(s) of highest order unconditional interaction(s)

R2-change F DF1 DF2 p

Interaction “Age × Executive performance” 0.03 4.761 1 18 0.0426

Conditional effects of posterior frontomedial metabolism at values of gender

Moderator “Age” Effect SE t p LLCI ULCI

1 SD below mean −0.148 0.016 −9.433 <0.0001 −0.1812 −0.115

Mean −0.125 0.012 −10.143 <0.0001 −0.1514 −0.099

1 SD above mean −0.103 0.017 −6.170 <0.0001 −0.1376 −0.068

Bootstrap results for regression model parameters

Coeff BootMean BootSe BootLLCI BootULCI

Executive performance −0.125 −0.130 0.019 −0.170 −0.095

Age −0.005 −0.005 0.002 −0.009 −0.0011

Interaction “Age × Executive performance” 0.003 0.004 0.003 −0.0009 0.009

Disease duration 0.041 0.043 0.035 −0.023 0.112

The table reports the coefficients and 95% confidence intervals of moderation for predicting right anterior insular metabolism based on AUD patients’ age and executive performance.
MSE, Mean Squared Error; DF, degrees of freedom; LLCI, lower level of confidence interval; ULCI, upper level of confidence interval; Coeff, coefficient; SE, standard error. Bold font denotes 
p < 0.05.
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