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ARTICLE INFO ABSTRACT

Keywords: Binge drinking (BD) is a common pattern of alcohol consumption which is generating great concern because of its
Alcohol deleterious consequences. We selected 33 neuroimaging studies of healthy young binge drinkers (BDs) by
Adolescence

following PRISMA guidelines. This review provides a comprehensive overview of the relationship between BD
and neurocognitive anomalies reported across magnetic resonance studies. Moreover, this work is the first in
which results of relatively new imaging techniques, such as resting-state functional connectivity (RS-FC) and
neurite orientation dispersion and density imaging (NODDI), have been reviewed using a systematic procedure.
We established strict inclusion criteria in order to isolate the various potential effects of BD on the adolescent
brain. Two authors independently evaluated the methodological quality, assessing different aspects related to
sample size, and statistical correction methods, which are of particular importance in neuroimaging studies. BD
is associated with structural and functional anomalies in several cortical and subcortical brain regions intimately
involved in the control and regulation of impulsive or risky behaviours, as well as in the processing of reinforcing

Binge drinking
Brain structure
Brain function

stimuli.

1. Introduction

Different international epidemiological studies (European School
Survey Project on Alcohol and other Drugs [ESPAD, 2020]; Substance
Abuse and Mental Health Services Administration [SAMSHA, 2021])
have shown that alcohol is one of the most widely available and
commonly used drugs among teenagers and young adults worldwide.
Among the various patterns of alcohol consumption, one in particular is
generating strong concern in both the scientific community and society
because of its deleterious consequences. Binge drinking (BD) is a com-
mon pattern of alcohol intake among adolescents and is defined as the
consumption of 5 or more standard drinks per drinking session for males
(4 or more for females), over the course of 2 h, leading to a blood alcohol
concentration (BAC) of 0.08 g/dL, according to the National Institute on
Alcohol Abuse and Alcoholism (NIAAA, 2004). This hazardous pattern
of drinking usually starts at very early ages and is firmly established
among young adults because of its recreational character, the low
perception of risk and the positive alcohol expectancies (Borsari et al.,
2007; Patrick and Schulenberg, 2010; Petit et al., 2014).

According to the latest results reported by SAMSHA (2021), 31.4% of
people aged 18-25 in the United States (US) had practiced BD in the
previous 30 days, corresponding to approximately 10.5 million young
adults. Similar results were found in the major European survey (ESPAD,
2020), in which 34% of students between 15 and 16 years of age re-
ported to have engaged in BD during the previous month. These
alarmingly high rates of BD are of great concern because they occur
during a period in which the brain is still developing and may be
especially vulnerable to the neurotoxic effects of alcohol (for a review
see Crews et al., 2007; Jacobus and Tapert, 2013).

Adolescence is a critical neurodevelopmental period characterized
by a series of significant changes in brain morphology and function.
Several magnetic resonance imaging (MRI) studies have demonstrated
structural changes, usually reflected in an overall reduction in grey
matter and a general increase in white matter (Gogtay et al., 2004;
Raznahan et al., 2011; Tamnes et al., 2010; Wierenga et al., 2014). In
addition, important changes take place in the patterns of functional and
structural connectivity in the brain during this period, leading to
increased efficiency of the interactions between brain regions (Grayson
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and Fair, 2017; Vogel et al., 2010). These changes in the brain lead to
significant improvements in the efficiency of the most complex cognitive
processing, such as cognitive control and self-regulation processes
(Casey et al., 2005, 2008; Crone and Steinbeis, 2017; Luna et al., 2010).

During this life-changing period, brain regions associated with
motivational processes (reward sensitivity, emotions, pleasure...), such
as the amygdala and the nucleus accumbens (NAcc), reach their
maximum development, while other regions intimately involved in ex-
ecutive processes (i.e. decision-making, planning and inhibitory con-
trol), such as the prefrontal cortex (PFC), are less well developed (Van
Duijvenvoorde et al., 2016). In this regard, neuroscientific models of
addiction have indicated that an imbalance between self-regulatory and
motivational processes may lead to the development of addictive be-
haviours (Goldstein and Volkow, 2011, 2002; Wiers et al., 2007),
highlighting the key role of the PFC in this process (Goldstein and Vol-
kow, 2011). Consequently, the asynchrony in brain maturation pro-
cesses makes adolescents particularly susceptible to becoming involved
in risky behaviours such as illicit drug use and BD (Bjork and Pardini,
2015). Interestingly, brain structures with protracted development (e.g.
PFC) and greater plasticity (e.g. hippocampus) seem to be particularly
sensitive to the deleterious effects of alcohol, as shown in both human
and animal models (Crews et al., 2007, 2000; Guerri and Pascual, 2010;
Oscar-Berman and Marinkovi¢, 2007; Spear, 2018). Specifically
regarding the potentially negative effects of BD during adolescence and
emerging adulthood, a recent review and a meta-analysis (Carbia et al.,
2018; Lees et al., 2019) have both reported that this consumption
pattern affects executive control and verbal memory processes, which
are subserved precisely by these brain regions that tend to take longer to
mature (e.g. PFC) (Carbia et al., 2017; Goudriaan et al., 2007; Parada
etal., 2011; Scaife and Duka, 2009). Moreover, BD has also been related
to other important negative outcomes, including behavioural problems
such as drink-driving (Hingson, 2010), fighting (Swahn et al., 2004) and
unsafe sexual practices (Moure-Rodriguez et al., 2016), as well as
decline in academic performance (Miller et al., 2007) and also an
increased risk of developing alcohol use disorder (AUD) during adult-
hood (Addolorato et al., 2018; Olsson et al., 2016; Wechsler et al.,
1994).

Considering that BD is the most prevalent pattern of alcohol con-
sumption among adolescents and taking into account the aforemen-
tioned deleterious effects, it is not surprising that the impact of BD on the
still developing brain during this important stage of life is a field of
growing interest, as reflected by more than 30 neuroimaging studies
published on this topic in the last decade.

Collectively, BD research has revealed several structural and func-
tional anomalies; however, some of these studies have reported widely
varying, if not contradictory, results. These apparently inconsistent
neurocognitive findings between studies may be due to the following: (i)
heterogeneity in the alcohol consumption criteria used to classify study
subjects as binge drinkers (BDs) (studies focused on investigating the
effects of alcohol consumption on the adolescent brain have tradition-
ally included individuals with a diagnosis of AUD); and (ii) the presence
of confounding factors that may bias the results (e.g. psychiatric co-
morbidity, concomitant substance use or gender-related differences).

In this respect, although numerous neuroimaging narrative reviews
have evaluated how BD consumption specifically affects the architecture
and functionality of the human brain (e.g. Cservenka and Brumback,
2017; Hermens et al., 2013; Jones et al., 2018; Petit et al., 2014), only
one study has compiled the most relevant results from the literature
considering the above-mentioned aspects and using a systematic pro-
cedure (Lees et al., 2019). However, to date, no systematic review has
integrated the results obtained using relatively new imaging techniques
such as neurite orientation dispersion and density imaging (NODDI) and
resting-state functional connectivity (RS-FC). The findings of such
studies may provide relevant information that will help to clarify the
relationship between BD and neurocognitive anomalies.

We, therefore, propose carrying out an exhaustive systematic review
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of neuroimaging studies in order to better understand the specific effects
of BD in adolescents and young adults. Specifically, we aim to consider
the previously mentioned possible confounding factors in order to fill
the gaps that remain to be resolved regarding the integration of findings
related to this pattern of alcohol consumption. More concretely, the
current review attempts to address the following aspects: (i) the neu-
rostructural and functional (in terms of blood oxygen level dependent
[BOLD] activity) anomalies associated with BD during adolescence and
emerging adulthood; (ii) possible evidence of anomalies in the basal
brain activity associated with BD; (iii) possible differences in the
structural or functional brain connectivity between adolescents and
young adult BDs relative to non-BDs; (iv) the potential increase in any
anomalies observed due to the medium/long term maintenance of BD;
(v) any gender differences in BD-related effects on the brain.

Finally, in order to achieve the proposed objectives, we consulted a
systematic review carried out by Ewing et al. (2014) as a reference
article regarding structure and methodology. The aforementioned re-
view is an extensive compilation of the effects of different alcohol con-
sumption patterns on the brain of young and adolescents and it thus
seems to us a very valuable starting point from which to dig deeper into
the specific effects of the BD pattern of alcohol consumption.

2. Methods
2.1. Search strategy and article selection

This systematic review was conducted in accordance with the
Preferred Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) guidelines (Moher et al., 2015). An advanced document
protocol was registered in the PROSPERO database (registration number
CRD42018086114; https://www.crd.york.ac.uk/prospero/). An
exhaustive search of the Pubmed and Web of Science databases was
completed on manuscripts published between 1 January 2000 and 31
December 2020 by using keywords covering the three domains of the
review (i.e. binge drinking, adolescence and neuroimaging). The full
search strategy can be found at PROSPERO.

Given the considerable number of confounding factors that can in-
fluence neuroimaging results, we established strict inclusion criteria in
order to better isolate the effects of a BD pattern of consumption on the
developing brain. Hence, we only included studies in which the drinking
group comprised participants who engaged in BD, defined as the con-
sumption of five (or more) drinks for male and four (or more) drinks for
female in about 2 h according NIAAA’s criteria (NIAAA, 2004). We also
only included articles that evaluated the consequences of BD on a
healthy young population that had not experienced any current or

Table 1
Inclusion criteria.

1. English language.

2. Peer-reviewed and journals indexed in journal citations reports (JCR).

3. Published between 1 st January 2000 and 31 st December 2020.

4. Empirical studies.

5. Age range of 13-30 years

6. N > 10 BD participants.

7. Healthy adolescents or young adults without any psychiatric diagnosis.

8. Participants must have experienced BD episodes (see definition provided by
NIAAA, 2004).

9. Studies must explore the relationships between BD pattern and brain structure
and/or function through neuroimaging techniques; dMRI, fMRI and MRI.

10. Studies must examine mainly the effects of BD on the brain; articles with other
substance use groups only will be included when the experimental design allows
to isolate the specific effects of BD.

11. Excluded if aimed to evaluate psychiatric disorders, to determine the effects of
other conditions (such as acute ethanol effects), to explore the effects of
polysubstance use, or to identify cognitive functions that may play a role as risk
factors for BD.

Note. BD: Binge Drinking; dMRI: diffusion magnetic resonance imaging; fMRI:
functional magnetic resonance imaging; MRI: magnetic resonance imaging.
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lifetime history of AUD or other substance use disorder. For a more
detailed description of the inclusion criteria, see Table 1. Furthermore,
although it is worth noting the efforts made by different multisite lon-
gitudinal studies to characterize the normative development and the
association between adolescent brain and alcohol use (e.g. NCANDA,
IMAGEN), we decided not to include the articles arising from those
projects (except Whelan et al., 2014), because they do not allow the
effects of BD to be isolated from those of other patterns of consumption.
Finally, we considered as single studies the research led by Whelan et al.
(2014) and Sousa et al. (2019), although we split the results into
different sections in order to report separately on each of the neuro-
imaging techniques used (i.e. structural and functional MRI).

Two authors (JMP and SS) independently reviewed the articles
retrieved through the search strategy, as recommended by the PRISMA
guidelines. Selection of the articles at each stage of the review process
was conducted using Covidence (Babineau, 2014), an online systematic
review platform which facilitates the process of screening and data
extraction. Any discrepancies in the articles selected by the review au-
thors were resolved by consensus, when necessary with the assistance of
other authors (SD, FC).

According to the PRISMA guidelines, data from each study were
extracted by two authors (JMP and SS) and summarized in tables
including the following categories: Study & design, Sample character-
istics, BD criteria, non-BD criteria, Exclusion criteria, Imaging modality,
Region of interest (ROI), Group by gender interactions.

Even though meta-analyses provide robust evidence and address
significant issues as the effect sizes of findings and publication bias, we
considered that the reviewed results are no suitable for that kind of
approach because the selected neuroimaging data did not meet two
important aspects to perform robust analysis (Miiller et al., 2018): (i)
same original search coverage across studies (e.g. MRI metrics and
functional tasks, brain coverage or statistical correction methods); and
(ii) sufficient number of studies/experiments. Therefore, our results will
be reported through a narrative synthesis.
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2.2. Quality assessment

Methodological quality assessment of all included studies was per-
formed by JMP and SS using adapted version of the National Heart,
Lung, and Blood Institute (NHLBI) Quality Assessment Tool for Obser-
vational Cohort and Cross-Sectional Studies (National Heart, Lung, and
Blood Institute, 2014). In order to better explore any potential bias in
neuroimaging studies, we adapted questions 5 and 14 of the question-
naire. These modifications were specifically chosen to assess aspects
related to the sample size and statistical correction methods, which are
of particular importance in neuroimaging studies (Brown and Behr-
mann, 2017; David et al., 2018; Eklund et al., 2016; Poldrack et al.,
2017) (see supplementary Table S1 and S2 for further details). Total
agreement (Good/Fair/Poor) between assessors was high (29/33 =
88%). Inter-rater reliability, measured using Cohen’s Kappa coefficient,
was high to moderate (K= 0.79) (McHugh, 2012).

3. Results
3.1. Selected studies and summary characteristics

The search strategy generated a total of 1915 studies. After removing
duplicates (n = 1034) and adding articles retrieved from other sources
(n = 3), 1037 studies were identified. Screening based on titles and
abstracts yielded 214 articles, which were assessed by reading the full
text. Of these, 181 studies were excluded following the inclusion and
exclusion criteria outlined above. Finally, 33 papers were included in
the data analysis (see Fig. 1).

The results of these 33 selected studies were classified according to
their image modality, as follows: 16 structural studies (9 volumetric and
cortical thickness [MRI] studies and 7 diffusion MRI [dMRI] studies) and
18 functional imaging (fMRI) studies. Among the fMRI studies included
in the review, 15 measured brain activity during the performance of
different experimental tasks, while the remaining 3 studies examined
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(n=823)
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Fig. 1. PRISMA flow chart of literature search.
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resting-state functional connectivity (RS-FC) between brain regions. The
main characteristics of each study are summarized in Table 2 and
Table 3.

Given the heterogeneity of the results summarized in the following
sections, we illustrate, in Fig. 2, the number of publications and
anatomical locations where significant differences have been reported in
BDs relative to non-BDs. We then plotted brain regions that showed
structural or functional significant alterations in, at least, two inde-
pendent studies, highlighting in bold those in which the anomalies fol-
lowed a common direction (see Fig. 3).

3.2. Quality assessment results

Most of the studies were of intermediate quality (61%), 30% were of
high quality and 9% of poor quality (see Table 4). One of the main
limitations of the studies was that potential confounding factors that
could influence the results were overlooked, either because of a lack of
relevant and clearly specified exclusion criteria or because of a lack of
statistical control over confounders. The use of other drugs (including
cannabis) as well as family history of alcoholism were the most frequent
unspecified confounders. Specifically, a total of 14/33 studies did not
record past and, in some cases, current use of illicit drugs while only 10/
33 studies explicitly reported on the family history of alcoholism in their
sample. It should also be taken into consideration that none of the
selected studies informed whether the assessors were blinded to the
exposure status of the participants (Q12, Table 4). Another factor that
should be considered is the implementation of the neuroimaging tech-
nique selected and the adjustment of the specific potential confounders
for this type of measurement. Thus, although most studies (27/33) re-
ported the use of correction methods for multiple comparisons (e.g.
FWE, FDR, etc.), 4 studies did not use formally statistical methods with
this purpose, while 2 studies, in the absence of significant group dif-
ferences, did not report whether these results were corrected for mul-
tiple comparisons. Furthermore, in most of the studies the sample size
was relatively small (20/33), which can lead to modest effect sizes. In
this respect, only 11/33 studies provided effect size estimates. Finally,
only 9/33 studies specifically evaluated the presence of any potential
gender differences. Among the common strengths for all the studies, it is
worth noting the precise descriptions of both the objectives as well as the
independent and dependent variables.

3.3. Structural findings in BDs

We then summarized 16 structural studies that characterized
anatomical organization of brain tissues (Table 2) and provided quan-
titative information about structural differences between young BDs and
non-BDs.

3.3.1. Volumetric and cortical thickness (MRI) studies

Nine studies analyzed the macrostructure of grey matter using
different morphometric methods, such as voxel-based morphometry
(VBM) and surface-based morphometry (SBM). VBM is the most com-
mon approach used to quantify morphological features such as volume
and tissue concentration (Whitwell, 2009). SBM, on the other hand,
enables estimation of more specific metrics (e.g. cortical thickness,
surface area, cortical curvature) and exploration of how each of these
measures contributes individually to the variability in cortical anatomy
(Greve, 2011).

Squeglia et al. (2012) examined the impact of BD history on frontal
lobe cortical thickness in adolescent male and females. The sample was
formed by 29 BDs and 30 non-BDs. Imaging analysis did not reveal any
main effect, either of group or gender on cortical thickness; however,
group by gender interactions were observed in four frontal regions in the
left hemisphere: frontal pole, pars orbitalis, medial orbital frontal gyrus
(mOFG) and rostral anterior cingulate cortex (ACC). Thus, in male BDs
the cortex was thinner in the left pars orbitalis, left mOFG and left rostral
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ACC than in male non-BDs, while in female BDs the frontal pole cortex
was thicker than in female non-BDs. Moreover, these anomalies were
associated with different levels of performance in a series of neuropsy-
chological tests. Specifically, thicker left pars orbitalis areas were
correlated with worse visuospatial construction, and the thicker left
frontal poles were correlated with worse inhibition and attention in
female BDs, while in male BDs, thicker rostral ACC was correlated with
worse performance in an attention test. The authors suggested that these
neuroimaging findings may reflect greater vulnerability to deleterious
effects of alcohol use on neuromaturation in females than in males.

Howell et al. (2013) characterized the volume of grey matter in
cortical and subcortical regions among university students with and
without a BD pattern of consumption, focusing on the ventral striatum
(VS), hippocampus and amygdala. The participants were classified as
BDs (n = 19) and non-BDs (n = 19). ROI analysis, targeting previously
identified regions, reported larger grey matter volume in the VS in the
BDs than in non-BDs. Furthermore, whole-brain exploratory analysis
also revealed higher grey matter volume in the left thalamus and the
right lingual gyrus as well as lower volume in the right precuneus in BDs
relative to non-BDs. Across all participants (i.e. BDs and non-BDs com-
bined), grey matter volume in the left VS, amygdala and left hippo-
campus was negatively correlated with Alcohol Use Disorders
Identification Test (AUDIT) scores. The increase in volume in the VS was
interpreted as an indicator of a possible neuromaturational delay related
to the intermittent use of alcohol.

Doallo et al. (2014) examined the effects of a persistent (at least 3
years) BD pattern on grey matter volume in various frontal regions. The
sample comprised university students, who were classified as BDs
(n = 11) or non-BDs (n = 21) according to their consumption trajectory.
The ROI analysis showed that the BDs had larger grey matter volume in
the left mid-dorsolateral prefrontal cortex (DLPFC) and ACC than
non-BDs. Correlation analysis in the BDs showed a positive association
between the left mid-DLPFC volume and the Self-Ordered Pointing Test
(SOPT) total error scores. Across both BDs and non-BDs, the left
mid-DLPFC volume was positively correlated with the quantity and
speed of alcohol intake. These results may indicate that persistent BD
throughout young adulthood is associated with structural anomalies in a
region critically involved in high-level executive aspects of working
memory.

A study conducted by Mashhoon et al. (2014) evaluated the impact
of alcohol consumption on cortical thickness in young adults with and
without a BD pattern. The groups were formed by 23 BDs and 31
non-BDs. ROI analysis showed lower cortical thickness in the right
middle ACC and left dorsal posterior cingulate cortex (PCC) in BDs than
in non-BDs peers. The results also revealed that middle ACC cortical
thickness in the BDs was negatively correlated with the number of drinks
consumed per occasion and per week in the previous 3 months. For both
groups (BDs/non-BDs), the right middle ACC cortical thickness was
negatively correlated with (i) number of hours spent consuming alcohol
and number of drinks consumed during the most recent use, and (ii)
quantity of drinks consumed per occasion and per week over the pre-
vious 3 months; the same measure was also positively correlated with
the number of days elapsed since the last BD episode. These findings,
according to the authors, suggest that BD may interfere with neuro-
maturational processes, leading to increased synaptic pruning and
resulting thinning of the microarchitecture in the frontal lobe.

Whelan et al. (2014). This longitudinal paper, whose authors are
involved in the IMAGEN project, was the first study to apply machine
learning techniques to predict the consumption trajectories of adoles-
cents with different levels of alcohol consumption. Among the different
measures included in the machine learning model, neuroimaging eval-
uations were carried out to obtain grey matter volume of a sample
composed of current BDs (n = 115) and non-BDs (n = 150). MRI anal-
ysis revealed smaller grey matter volume in ventromedial prefrontal
cortex (vmPFC), right inferior frontal gyrus (IFG) and left middle frontal
gyrus (MFG), as well as a larger grey matter volume in right putamen in
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Table 2
Summary of neurostructural studies of BDs young adults.
Study & Sample BD criteria non-BD criteria Exclusion criteria: Imaging Regions of interest Group-by-gender
design characteristics Control of confounding modality / (ROI) interactions
variables (neurological or Measure
psychiatric comorbidity,
AUD, etc.)
Volumetric and cortical thickness (MRI) studies
Squeglia Age range: > 1 BDE® in past 3 < 3drinks total for ~ Parental history of psychotic, = MRI-SBM 13 frontal lobe Males: BDs < non-
et al. 16-19 months. the last 3 months bipolar, or antisocial Thickness regions were BDs CT in the left
(2012) 29 BDs (14 F) and no lifetime personality disorder; selected by pars orbitalis, left
Ccs M: 18.59 + 0.56 BDE. premature birth or prenatal automated medial OFG, and
F:17.81 +1.01 exposure to drugs or alcohol; parcellation method left rostral ACC.
30 non-BDs serious medical problem; based on Desikan- Females: BDs
(15F) left-handedness; lifetime use Killiany cortical > non-BDs CT in
M:17.89 +1.15 of psychotropic medications; atlas. the frontal pole.
F:18.02 +1.08 current or past DSM-IV Axis I
diagnosis (except conduct
disorder, oppositional
defiant disorder, simple
phobia, or AUD); marijuana
use > 3 x /month in the past
3 months; > 25 lifetime total
uses of other illicit
substances; positive alcohol
or substance use test on the
day of scanning.
Howell Age range: NR BDE at least once a NR History of regular or current MRI-VBM - VS NA
et al. 19BDs (12 F) week for the last 3 use of other substances; Volume - AMYG
(2013) 22.95 + 3.41 months. major psychiatric disorders - HIPP
CS 19 non-BDs according to Mini
(12F) International
24.63 + 4.40 Neuropsychiatric Inventory;
major neurological illness, or
head injury; positive alcohol
or substance use test on the
day of scanning.
Doalloetal.  Age range: > 6 standard drinks on < 6 standard Score > 90 GSI of the SCL-90- ~ MRI-VBM - DLPFC NA
(2014) 20-24 same occasion (=~ drinks on same R or in at least two of the Volume - VLPFC
CS 11 BDs (4 F) BDE), at least once a occasion, less than symptomatic dimensions; - OFG
22.18 +1.08 week, or (ii) > 6 once a month with history of neurological - ACC
21 non-BDs standard drinks on a consumption disorders; regular (i.e. on a - DLPMC
11 P same occasion (= speed < 2 drinks weekly basis) consumption of
22.43 +£1.03 BDE), at least once a per hour. cannabis or other drugs
month with a (legal or illegal) with
consumption speed psychoactive effects; alcohol
> 2 drinks per hour. abuse/dependence according
All participants to the DSM-III-R criteria;
maintained this personal and/or family
pattern during > 3 history of major mental
years. disorder and history of
alcoholism in first-degree
relatives.
Mashhoon Age range: > 3 BDE per month for ~ 1-2 drinks per Past or present mental health ~ MRI-SBM - ACC NA
et al. 18-24 the last 3 months. week and no BDE disorders (DSM-1V, Axis I Thickness - PCC
(2014) 23 BDs (11 F) in past 3.5 years. disorders); neurological - POS
Ccs 220+ 1.2 illness; current psychoactive
31 non-BDs substance use and/or
(15F) dependence (including
21.5+1.6 nicotine); current
psychoactive medication use;
any severe medical problems
(including prior episodes of
loss of consciousness);
positive substance use test on
the day of scanning.
Whelan Age range: 14 > 3 lifetime drinking < 2 lifetime Pregnancy and birth MRI-VBM NA
et al. 115 BDs (66 F) episodes® leading to drinking episodes concerns (e.g. prenatal Volume
(2014) 14.62 + 0.39 drunkenness. leading to alcohol exposure); medical
CS 150 non-BDs drunkenness. history (e.g. diabetes);
(79 F) neurological or
14.53 + 0.43 developmental conditions (e.

g. major neuro-
developmental disorders);
mental health and abilities (i.
e. treatment for

(continued on next page)
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Table 2 (continued)
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Study & Sample BD criteria non-BD criteria Exclusion criteria: Imaging Regions of interest Group-by-gender

design characteristics Control of confounding modality / (ROI) interactions

variables (neurological or Measure
psychiatric comorbidity,

AUD, etc.)

schizophrenia, bipolar

disorder or IQ < 70).

Banca et al. Age range: NR BDE at least once a NR Any substance-use disorders; MRI - VBM - Cerebellum NA
(2016) 30 BDs (13 F) week for the last 3 neurological concerns (e.g. Volume - DLPFC
CSs 22.22 +3.35 months. head injury); medical or -IPC

30 non-BDs psychiatric disorders; - Thalamus
(13 F) positive alcohol or substance

21.85 + 3.26 use test on the day of

29 subjects scanning.

completed MRI

session (BD = 14;

non-BDs = 15)

Kvamme Age range: NR BDE at least once a NR History of regular or current ~ MRI-VBM -Vs Males: BDs < Non-
et al. 30 BDs (12 F) week for the last 6 use of other substances; Volume BDs GM in IFG,
(2016) M: 21.38 + 2.83 months. major psychiatric disorders right medial SFG,
Ccs F: 21.08 + 1.78 assessed with the Mini left caudate, VS,

46 non-BDs International right fusiform
(23F) Neuropsychiatric Inventory; gyrus, right SMA,
M: 22.30 + 2.05 major neurological illness, or right postcentral
F:20.26 + 1.28 head injury; positive alcohol gyrus, left MTG and
or substance use test on the left precuneus.
day of scanning. Females: BDs
> non-BDs GM in
the same regions
informed for males.

Sousa et al. Age range: > 1 BDE per month for ~ No alcohol use Scores > 20 in the AUDIT; MRI-VBM A mask including Males: BDs > AACs
(2017) 18-23 the last 10 months experience. GSI > 90 or scoring in atleast ~ Density regions associated GM in the left MFG
CS 20 BDs (10 F) (minimum). 2 symptomatic dimensions of with inhibitory Females: BDs

20.45 + 1.60 the SCL-90-R; uncorrected control and self- > AACs GM in the
16 AACs (10 F) sensory deficits; left- regulatory processes left MFG.
21.00 +1.71 handedness; personal history (i.e. SFG, MFG, IFG,

of traumatic brain injury or FSOG, CC, Caudate,

neurologic disorder; regular NAcc) was

(i.e. on a weekly basis) generated.

consumption of cannabis,

personal history of regular or

occasional use of other drugs

(illegal or medically

prescribed psychoactive

substances); personal and/or

family history of any

neurological or DSM-IV axis I

disorder in first-degree

relatives (including AUD).

Sousa et al. Age range: > 1 BDE per month for ~ No alcohol use Scores > 20 in the AUDIT; MRI-VBM - Caudate None
(2020) 18-23 the last 10 months experience. GSI> 90 or scoring in atleast ~ Volume - NAcc
Ccs 20 BDs (10 F) (minimum). 2 symptomatic dimensions of

20.45 + 1.60 the SCL-90-R; uncorrected

16 AACs (10 F) sensory deficits; left-

21.00 +£1.71 handedness; personal history
of traumatic brain injury or
neurologic disorder; regular
(i.e. on a weekly basis)
consumption of cannabis,
personal history of regular or
occasional use of other drugs
(illegal or medically
prescribed psychoactive
substances); personal and/or
family history of any
neurological or DSM-IV axis I
disorder in first-degree
relatives (including AUD).

Diffusion MRI (dMRI) studies

McQueeny Age range: > 1 BDE in past 3 No lifetime BDE. History of neurological dMRI-DTI NA
et al. 16-19 months. concerns (e.g. learning FA
(2009) 14 BDs (2 F) disorder; head trauma with
CS 18.09 £ 0.69 loss of consciousness >2 min,

14 non-BDs (2 F) migraine) or psychiatric

17.95 + 0.88 disorders; history of alcohol

or other drug use disorder
(abuse or dependence); left-

(continued on next page)
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Study & Sample BD criteria non-BD criteria Exclusion criteria: Imaging Regions of interest Group-by-gender

design characteristics Control of confounding modality / (ROI) interactions

variables (neurological or Measure
psychiatric comorbidity,

AUD, etc.)

handedness; prenatal

exposure to alcohol or drugs;

use of psychotropic

medication; substance use in

the 72 h previous to MRI

scanning.

Jacobus Age range: History of at least one Very limited if any ~ History of: DSM-IV Axis I dMRI-DTI NA
et al. 16-19 BDE. substance use disorder other than alcohol FA, MD
(2009) 14 BDs (2 )¢ history. or cannabis use disorder; use
Ccs 18.1 £0.7 of psychoactive medications;

14 non-BDs (2 F) chronic medical illness;

17.3+£0.8 history of neurological
concerns (e.g. learning
disorder; head trauma with
loss of consciousness
>2 min); premature birth or
prenatal alcohol or drug
exposure; left handedness;
uncorrected sensory deficits;
parental history of bipolar I
or psychotic disorder; non-
fluency in English; positive
alcohol or substance use test
on the day of scanning.

Correas Age range BACY of 0.08% or No lifetime BDE. Personal history DSM-IV-TR dMRI-DTI NA

et al. baseline/follow- above (=~ BDE), at least disorders; family history of FA, MD,
(2016) up: once during the last major psychopathological RD, AD
LNG 18-19/20-21 month. disorders in first degree

17 BDs (8 F) relatives; family history of

22 non-BDs alcoholism or substance

(12 F) abuse in first or second-
degree relatives; use of illegal
drugs (except occasional
cannabis consumption);
regular use of psychoactive
medications; uncorrected
sensory deficits; AUDIT
scores > 20; positive alcohol
test on the day of scanning.

Smith et al. Age range: Binge score higher Binge score > 4 Past or present medical, dMRI-DTI Five segments of the =~ Males: BDs < non-
(2017) 18-25 than 30.€ and < 16 (non- neurological or psychiatric FA CC: BDs FA in different
LNG Session 1 binge range for the  disorder; any medication use. - (i) prefrontal areas of the CC.

20 BDs (10 F) employed scale). - (ii) premotor/ SMA  Females: BDs

M: 20.3 £ 1.06 - (iii) motor > non-BDs FA in
F:19.6 £ 0.97 - (iv) sensory the same regions as
20 non-BDs - (v) parietal, those informed for
(10F) temporal and males.

M: 20.5 + 2.46 occipital

F:20.8 £2.15

Session 2

(8-12 months

later)

19BDs (9F)

18 non-BDs (9 F)

Kashfi et al.  Age range: > 3 BDE for the last 3 < 5drinks at same  Positive alcohol or substance ~ dMRI-DTI - ACR NA
(2017) 21-26 months. occasion, with <9 use test on the day of FA, MD, - Genu and body of
CS 12 BDs (6 F) drinks per week for scanning. AD, RD the CC

22.08 +1.38 females and -Cingulum

12 MoDs (6 F) < 12-14 drinks - Anterior/posterior

23.42+1.51 per week for limbs of the IC and
males. EC

Morris et al.  Age range: NR > 8 drinks for males No BDE in past 6 Major psychiatric disorder; dMRI- -VS NA
(2018) 28 BDs (11 F) and > 6 drinks for months. substance addiction NODDI
CS 22.03 + 4.47 females (~ BDE), at (including alcohol NDI, ODI

38 non-BDs least once a week for dependence and excluding
(24 F) the last 6 months. nicotine); history of regular
23.69 + 3.85 or current use of other
substances; medical illness or
use of psychotropic
medications; left-
handedness.
NA

(continued on next page)
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Table 2 (continued)

Study & Sample BD criteria non-BD criteria Exclusion criteria: Imaging Regions of interest Group-by-gender
design characteristics Control of confounding modality / (ROI) interactions
variables (neurological or Measure
psychiatric comorbidity,
AUD, etc.)
Sousa et al. Age range: > 1 BDE per month for ~ No alcohol use Scores > 20 in the AUDIT; dMRI-DTI - Left ECN
(2019) 18-23 the last 10 months experience. GSI > 90 or scoring in atleast ~ FA, AD, - Right ECN
CS 20 BDs (10 F) (minimum). 2 symptomatic dimensions of ~ RD, MD - MFG of the
20.45 + 1.60 the SCL-90-R; uncorrected left ECN
14 AACs (8 F) sensory deficits; left-
20.86 + 1.75 handedness; history of

traumatic brain injury;
regular (i.e. on a weekly
basis) consumption of
cannabis, personal history of
regular or occasional use of
other drugs (illegal or
medically prescribed
psychoactive substances);
personal and/or family
history of any neurological or
DSM-IV axis I disorder in
first-degree relatives
(including AUD).

Note. AACs, alcohol abstinent controls; ACC, anterior cingulate cortex; ACR, anterior corona radiata; AD, axial diffusivity; AMYG, amygdala; AUD, alcohol use
disorder; AUDIT, alcohol use disorders identification test; BAC, blood alcohol content; BD, Binge drinking (pattern); BDs, binge drinkers; CC, corpus callosum; CS,
cross-sectional; CT, cortical thickness; DLPFC, dorsolateral prefrontal cortex; DLPMC, dorsolateral premotor cortex; DTI, diffusion tensor imaging; dMRI, diffusion
MRI; EC, external capsule; ECN, Executive Control Network; F, females; FA, fractional anisotropy; FSOG, frontal superior orbital gyrus; GM, grey matter; GSI, Global
Severity Index; HIPP, hippocampus; IC, internal capsule; IFG, inferior frontal gyrus; IPC, inferior parietal cortex; LNG, longitudinal; M, males; MD, mean diffusivity;
MFG, middle frontal gyrus; MJ, marijuana; MoDs, moderate drinkers; MRI, magnetic resonance imaging; MTG, middle temporal gyrus; NA, non-assessed; NAcc,
nucleus accumbens; NDI, neurite density index; NODDI, Neurite Orientation Dispersion and Density Imaging; non-BDs, Non-binge drinkers; NR, non-reported; LNG,
longitudinal; ODI, orientation dispersion index; OFG, orbital frontal gyrus; PCC, posterior cingulate cortex; POS, parietal occipital sulcus; RD, radial diffusivity; ROI,
region of interest; SBM, surface-based morphometry; SCL-90-R, Symptom Checklist-90-Revised; SFC, superior frontal cortex; SFG, superior frontal gyrus; SLF, superior
longitudinal fasciculus; SMA, supplementary motor area; VBM, voxel-based morphometry; VLPFC, ventrolateral prefrontal cortex; VS, ventral striatum.

a: BDE; binge drinking episode, defined by NIAAA as consuming five or more drinks (male), or four or more drinks (female), in about two hours.

b: Following the European School Survey Project on Alcohol and Drugs (ESPAD).

c: Only results of this article which assessed specifically BD effects were included in the current summary.

d: BAC was assessed in every participant according to the following algorithm: [BAC= g of alcohol consumed/weight in Kg x r (where r is a constant with value 0.68 for
male and 0.55 for female)] — mr (where mr is the metabolization rate with value 0.15 for male and 0.18 for female) x hours, based on the number of standard drinks
consumed in one single occasion.

e: Binge score was calculated from ftems 10 (‘average drinks per hour’), 11 (‘number of times being drunk in the previous 6 months’) and 12 (‘percentage of times
getting drunk when drinking (average)’) from the Alcohol Use Questionnaire (AUQ) (Townshend and Duka, 2002).

current BDs than in non-BDs. These authors also reported functional
anomalies in the three different cognitive tasks explored (i.e. inhibition,
reward and emotional processing), which will be described extensively
in the corresponding sections of this review.

Banca et al. (2016). The main objective of this study was to evaluate
decisional impulsivity in BDs and its relationship with potential brain
volume differences. More specifically, 60 volunteers (30 BDs and 30
non-BDs) completed two tasks assessing reflection impulsivity (the
beads task and the information sampling task [IST]) and a delay dis-
counting task (DDT). Twenty-nine of the participants (14 BDs and 15
non-BDs) were examined by MRI. At the behavioural level, BDs per-
formed less well in the beads task than non-BDs; however, regarding
neuroimaging analysis, no volumetric differences between groups were
observed in the ROIs examined (i.e. cerebellum, DLPFC, inferior parietal
cortex and thalamus).

Kvamme et al. (2016) explored brain volumetric differences between
genders in college-aged BDs (n = 30) and non-BDs (n = 46). Although
the data analysis did not reveal a main effect of group, significant group
by gender interactions were observed in several areas, including the
prefrontal (IFG; right medial superior frontal gyrus [SFG]), striatal (left
caudate, putamen and VS), right fusiform gyrus, motor preparatory re-
gions (right supplementary motor area [SMA]), somatosensory cortex
(right postcentral gyrus), left middle temporal gyrus (MTG) and left
precuneus. Specifically, the results showed that male BDs had smaller
grey matter volumes in these regions than male non-BDs and, in turn,
female BDs had a greater volume than the counterpart non-BDs. In

addition, for the BDs, the AUDIT scores were negatively correlated with
volume in the right SFG and left paracentral lobule. These results indi-
cate that cortical volume abnormalities among young people partaking
in BD vary depending gender and suggest differences in vulnerability to
the neurotoxic effects of alcohol between males and females.

Sousa et al. (2017) examined the grey matter density in 20 BDs and
16 alcohol abstinent controls (AACs) within the core brain regions
associated with self-regulatory processes. ROI analysis showed
increased grey matter densities in the left MFG in the BDs than in AACs.
Additionally, a group by gender interaction effect was observed in the
left MFG. Post hoc analysis revealed that male BDs had greater grey
matter density in this region than male AACs; the same pattern was also
reported for female BDs and female AACs. Furthermore, correlation
analysis showed a positive correlation between the grey matter density
in left MFG and the self-control subscale of the Barratt Impulsiveness
Scale (BIS) in young BDs. This study suggests grey matter abnormalities
associated with a BD pattern in the left MFG, a key region in
self-regulatory processes.

Another recent study conducted by Sousa et al. (2020) explored the
potential morphological anomalies of 20 college BDs and 16 AACs by
using manually segmented protocol to delineate the anatomical ROIs (i.e.
NAcc and caudate). MRI analysis revealed larger grey matter volume in
the NAcc in BDs than in their AAC peers. The authors suggest that these
results may indicate that the BD pattern is associated with neuroana-
tomical immaturity in a region of the brain (i.e. NAcc) that appears to play
a key role in the cycle of addiction (Koob and Volkow, 2010).



Table 3

Summary of functional MRI studies of BDs young adults.

Study & design Sample BD criteria non-BD criteria Exclusion criteria: Imaging modality/ fMRI Regions of Group-by-gender
characteristics Control of Confounding Variables (neurological or task interest interactions
psychiatric comorbidity, AUD, etc.) (ROD)
Working memory
Squeglia et al. Age range: NR > 1 BDE® in past 3 months. < 3 drinks in the past 3 Parental history of bipolar, psychotic, or antisocial Spatial Working Memory - SFG Males: BDs > non-BDs
(2011) 40BD (13 F) months. disorder; prenatal exposure to alcohol or illicit drugs; task - Right IFG activation during SWM
CS M:18.1 +£0.7 premature birth; history of neurological or serious - ACC vs. vigilance trials.
F:17.8 £ 1.0 medical illness; lifetime use of psychotropic - Right SPL  Females: BDs < non-
55 non-BDs (24 F) medications; current or past DSM-IV Axis I diagnosis BDs activation during
M:17.7 £ 1.0 other than conduct disorder, oppositional defiant SWM vs. vigilance
F:18.1 +£0.92 disorder, phobia, or alcohol abuse; left-handedness; trials.
sensory problems; marijuana use > 3x/month in past
three months; > 25 lifetime uses of other illicit
substances; positive alcohol or substance use test on the
day of scanning.
Campanella Age range: NR > 6 drinks (10 g of alcohol) on Drank 1-30 days/month, Major medical problems; conditions of the central N-back NA
et al. (2013) 16 BD (9F) the same occasion at a speed of 2 < 5 standard alcoholic nervous system (e.g. epilepsy or history of brain
CS 20.9+1.8 drinks per hour, at most 2-3 drinks/occasion and < 2 injury); sensory problems, past or current drug use
16 non-BDs (9 F) times per week. drinks/hour. (other than cannabis and tobacco); positive alcohol or
21.6 + 2.6 substance use test on the day of scanning.
Inhibitory control
Ames et al. Age range: 18-22 BDE at least twice weekly. Expected to drink < 3 History of psychiatric or neurological disorders; use of  Alcohol-specific Go/ NA
(2014b) 21 BDs (11 F) Males: > 15 drinks/week. times/week and consume medications that affect the central nervous system,; left- NoGo task
CS 202+ 1.4 Females: > 8 drinks/week. < 2 drinks/occasion, with handedness.
20 non-BDs (13 F) no reported binging
20.7 £ 1.1 behavior.
Whelan et al. Age range: NR > 3 lifetime drinking episodes® < 2 lifetime drinking Pregnancy and birth concerns (e.g. prenatal alcohol Stop Signal Task NA
(2014) 115 BDs (66 F) leading to drunkenness. episodes leading to exposure); medical neurological or developmental
CS 14.62 + 0.39 drunkenness. conditions (e.g. major neuro-developmental disorders);
150 non-BDs mental health and abilities (i.e. treatment for
(79 F) schizophrenia, bipolar disorder or IQ < 70).
14.53 4+ 0.43
Molnar et al. Age range: NR > 5 binge episodes in the last 6 < 2 binge episodes in the History of seizures or traumatic brain injury; Stroop task - VLPFC At the behavioural
(2018) 14 BDs (9 F) months. last 6 months. neurological or neuropsychiatric disorders; visions or - Thalamus level there were no
CS 23.8+ 3.4 A binge episode was defined as hearing non-corrected impairments; left-handedness; - PreSMA differences between
17 non-BDs (9 F) consuming 5 + /6 + drinks for positive substance use test on the day of scanning. - PreCent males and females.
255+ 4.1 females/males within a 2 h- Participants were medication-free, and they reported - Parijetal Gender differences on
period. no use of drugs or tobacco at least one month prior to - Insula fMRI data were not
the study, and none had been enrolled in alcohol abuse - Motor assessed.
treatment.
Suarez-Suarez Age range: 18-19 At least 1 binge episode once a Less than 1 binge episode Scores > 20 in the AUDIT; GSI > 90 or scoring in at Alcohol-specific Go/ - Right IPL NA
et al. (2020) 32 BDs (20 F) month for the last 6 months. once a month for the last 6 least 2 symptomatic dimensions of the SCL-90-R; NoGo task - Right IFG
CS 18.22 £ 0.42 A binge episode was defined as months. uncorrected sensory deficits; left-handedness; personal - Left IFG
35non-BDs (16 F)  consuming 5 + /7 + drinks for history of neurological disorder or traumatic brain - Right
18.08 + 0.28 females/males in one drinking injury; history of regular use of other drugs (except MFG
occasion. occasional use of cannabis); personal history of chronic - Right SFG
medical conditions that affect neurocognitive
functioning (i.e. hypothyroidism); personal and/or
family history of DSM-IV axis I or II disorder in first-
degree relatives; family history of alcoholism in first-
degree relatives.
Decision making and reward-related decision making
Xiao et al. Age range: NR > 5 drinks/occasion, > 1 Alcohol naive. History of neurological or psychiatric disorder; left- Towa Gambling Task NA
(2013) 14 BDs (6 F) occasion in the past month. handedness; sensory problems. (IGT)
CS 17.3+ 0.5

(continued on next page)
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Table 3 (continued)

Study & design Sample BD criteria non-BD criteria Exclusion criteria: Imaging modality/ fMRI Regions of Group-by-gender
characteristics Control of Confounding Variables (neurological or task interest interactions
psychiatric comorbidity, AUD, etc.) (ROD)
14 non-BDs (11 F)
17.1+0.7
Whelan et al. Age range: NR > 3 lifetime drinking episodes® < 2 lifetime drinking Pregnancy and birth concerns (e.g. prenatal alcohol Monetary Incentive NA
(2014) 115 BDs (66 F) leading to drunkenness. episodes leading to exposure); medical neurological or developmental Delay task
CS 14.62 + 0.39 drunkenness. conditions (e.g. major neuro-developmental disorders);
150 non-BDs mental health and abilities (i.e. treatment for
(79F) schizophrenia, bipolar disorder or IQ < 70).
14.53 + 0.43
Worbe et al. Age range: NR > 8 alcohol units/occasion (> 6 NR History of neurological or psychiatric disorders; regular ~ Anticipatory risk-taking - SPC NA
(2014) 19BD (11 F) alcohol units/occasion for use of drugs (except nicotine); < 18 years old; positive task with and without - DLPFC
CSs 23.2+35 females) in a 2-hour period, > 1 substance use test on the day of scanning. feedback - DMPFC
21 non-BDs (12 F) occasion/week, over a period of - Anterior
24.1 +3.1 3 months. insula
- Lateral
OFC
Cservenka et al. Age range > 1 BDE in past 3 months and, Alcohol and substance- At baseline: > 10 lifetime alcoholic beverages, > 2 Wheel of Fortune -VS None
(2015) baseline: 12-16 > 2 occasions of > 4 drinks/ naive. drinks/occasion, > 5 lifetime uses of marijuana, or > 4 (Reward-based decision-
LNG 17 BDs (9 F) occasion in the same 90-days cigarettes/day. making task)
Baseline: period. Both baseline and follow-up:
149+1.0 DSM-IV Axis I disorder; psychotic disorders in first-
Follow-up: degree biological parents; prenatal alcohol exposure;
16.9+1.3 head injury with loss of consciousness; use of
17 non-BDs (9 F) psychotropic medication; left-handedness; serious
Baseline: medical/ neurological conditions; alcohol consumption
14.8 + 0.8 on the day of scanning.
Follow-up:
16.7 £1.2
Jones et al. Age range > 1 BDE in past 3 months and, Alcohol and substance At baseline: > 10 lifetime alcoholic beverages, > 2 Wheel of Fortune -DS NA
(2016) baseline: 13-16 > 3 occasions of > 4 drinks/ naive. drinks/occasion, > 5 lifetime uses of marijuana, or > 4 (Reward-based decision- -DC
LNG 13 BDs (5 F) occasion in the same 3-month cigarettes/day. making task) - DLPFC
Baseline: period. Both baseline and follow-up:
149+1.2 Any other drug use; DSM-IV psychiatric disorder;
Follow-up: serious medical/ neurological problems; learning
17.7 £1.2 disorder; psychotic disorder in a biological parent;
13 non-BDs (5 F) prenatal drug or alcohol exposure; left-handedness;
Baseline: alcohol consumption on the day of scanning.
149+1.1
Follow-up:
170+ 1.1
Garbusow et al. Age: 18 years old An average intake > 60 g of An average intake < 60 g of  History of major neurological or major mental Pavlovian-to- - NAcc NA
(2019) 94 high-risk ethanol per drinking occasion. ethanol per drinking disorders, including substance abuse (except for instrumental transfer - Amygdala
CS drinkers (all of occasion. nicotine dependence and alcohol abuse); current (PIT)
them male) alcohol abstinence; left-handedness.
97 low-risk
drinkers (all of
them male)
Chen et al. Age: 18 years old An average intake > 60 g of An average intake < 60 g of  History of major neurological or major mental Pavlovian-to- NA
(2020) 94 high-risk ethanol per drinking occasion. ethanol per drinking disorders, including substance abuse (except for instrumental transfer
CS drinkers (all of occasion. nicotine dependence and alcohol abuse); current (PIT)

them male)
97 low-risk
drinkers (all of
them male)

Alcohol cue reactivity

alcohol abstinence; left-handedness.

(continued on next page)
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Table 3 (continued)

Study & design Sample BD criteria non-BD criteria Exclusion criteria: Imaging modality/ fMRI Regions of Group-by-gender
characteristics Control of Confounding Variables (neurological or task interest interactions
psychiatric comorbidity, AUD, etc.) (ROD)
Ames et al. Age range: 18-22 BDE at least twice weekly. Drink < 3 times/week and History of psychiatric or neurological disorders; use of  Alcohol-IAT NA
(2014a) 17 BDs (8 F) Males: > 15 drinks/week consume < 2 drinks/ medications that affect the central nervous system,; left-
CS 20.2+1.2 Females: > 8 drinks/week. occasion, with no reported handedness; alcohol consumption on the day of
19 non-BDs (14 F) binging behavior. scanning.
20.8 +£1.1
Brumback et al. Age range: 16-19 > 3 BDE in past month. < 5 lifetime drinking History of psychiatric disorder; head trauma; learning Alcohol-specific cue - DS/GP NA
(2015) 22 BDs (12 F) > 100 lifetime drinking episodes.  episodes. disorder; neurological medical illness; family history of ~ reactivity task - NAcc
LNG 17.9+0.7 No history of heavy drinking  bipolar I or psychotic disorder; prenatal alcohol - OFC
16 non-BDs (7 F) (i.e. > 4/5 standard exposure; sensory problems; use of psychoactive - ACC
17.4+0.7 alcoholic drinks/ occasion medications; extensive marijuana (>50 lifetimes) or - DLPFC
for females/males). other drug use (>15 times); and alcohol or substance
use during the abstinence protocol.
Socio-emotional processing
Maurage et al. Age range: NR > 5 doses (10 g of ethanol)/ < 2 doses (10 g of ethanol)/  Positive personal or family history of alcohol- Emotional categorization NA
(2013) 12BD (5F) occasion, > 3 occasions/week, occasion; dependence; past or present drug or psychotropic task (taken from
CS 242+ 45 > 2 doses/hour in the last 6 < 1 occasion/week; medication consumption (including tobacco); major Montreal Affective
12 non-BDs (5 F) months. < 1 dose/hour in the last 6 medical or central nervous system disorder; auditory Voices Battery)
23.4+42 months. impairment; high depression (BDI) and anxiety scores
(STAI A-B); left-handedness.
Whelan et al. Age range: NR > 3 lifetime drinking episodes < 2 lifetime drinking Pregnancy and birth concerns (e.g. prenatal alcohol Face Task NA
(2014) 115 BDs (66 F) leading to drunkenness. episodes leading to exposure); medical neurological or developmental
CSs 14.62 + 0.39 drunkenness. conditions (e.g. major neuro-developmental disorders);
150 non-BDs mental health and abilities (i.e. treatment for
(79 F) schizophrenia, bipolar disorder or IQ < 70).
14.53 + 0.43
Rae et al. (2020)  Age range: Binge score higher than 30.4 Binge score < 16 History of psychiatric or neurological problems; Empathy task NA
CS 18-26 current medication at the time of the study (including
36 BDs (19 F) paracetamol and antibiotics); left-handedness; below
20.17 £1.13 or above normal BMJ; alcohol consumption 12 h before
35 non-BDs (17 F) the MRI session.
20.97 + 2.4
Resting-state
Morris et al. Age range: NR > 8 alcohol units/occasion (> 6 NR Current major depression or another major psychiatric ~ fMRI resting-state seed- - STN NA
(2016) Study 3¢ alcohol units/occasion for disorder; any substance addiction; major medical to-voxel -Vs
CS 32 BDs (14 F) females) in a 2-hour period, > 1 illness; or use of psychotropic medication. - SGC
22.1+3.3 occasion/week, over a period of - Putamen
32non-BDs (16 F) 3 months.
24.1+3.4
Arienzo et al. Age range: > 5 BDE in past 6 months. < 1 BDE in past 6 months. History of neurological or psychiatric disorder; History ~ fMRI resting-state seed- - Caudate None
(2020) 18-30 of seizures or traumatic brain injury; non-corrected to-voxel - NAcc
CS 18 BDs (11 F) vision or hearing problems; learning difficulties; - ACC
23.3+3.1 medication use; tobacco or drug illicit use in the past - IFC
17 LDs (8 F) month; positive alcohol or substance use test on the day
25.6 £4.2 of scanning.
Sousa et al. Age range: > 1 BDE per month for the past No alcohol use experience. Scores > 20 in the AUDIT; GSI > 90 or scoring in at fMRI resting-state None
(2019) 18-23 10 months. least 2 symptomatic dimensions of the SCL-90-R; Independent Component
CS 20 BDs (10 F) uncorrected sensory deficits; left-handedness; personal Analysis (ICA)
20.45+ 1.6 history of traumatic brain injury; regular (i.e. on a
14 AACs (8 F) weekly basis) consumption of cannabis, personal
20.86 + 1.7 history of regular or occasional use of other drugs

(illegal or medically prescribed psychoactive
substances); personal and/or family history of any
neurological or DSM-IV axis I disorder in first-degree
relatives; family history of alcoholism in first-degree
relatives; AUD.
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Note. AACs, alcohol-abstinent controls; ACC, anterior cingulate cortex; AUD, alcohol use disorder; AUDIT, alcohol use disorders identification test; BA, Brodmann’s
Area; BAC, blood alcohol content; BD; Binge drinking (pattern); BDs, binge drinkers; BDI, beck depression inventory; BMI, body mass index; BOLD, blood oxygen
level-dependent; CS, cross-sectional; DC, dorsal caudate; DLPFC, dorsolateral prefrontal cortex; DMPFC, dorsomedial prefrontal cortex; DS, dorsal striatum; DSGP,
dorsal striatum/globus pallidus; GSI, global severity index; IAT, implicit association test; IFC, inferior frontal cortex; IFG, inferior frontal gyrus; IPL, inferior parietal
lobule; ILF: inferior longitudinal fasciculus; LNG, longitudinal; MFG, middle frontal gyrus; MJ, marijuana; mOFG, medial orbital frontal gyrus; MOG, middle occipital
gyrus; MRI, magnetic resonance imaging; MTG, middle temporal gyrus; NA, non-assessed; NAce, nucleus accumbens; non-BDs, non-binge drinkers; NR, non-reported;
LDs, light episodic drinkers; OFC, orbitofrontal cortex; PPI, psychophysiological interaction; ROI, region of interest; SFG, superior frontal gyrus; SGC, subgenual
cingulate cortex; SMA, supplementary motor area; SPC, superior parietal cortex; SPL, superior parietal lobule; STAI A-B, state and trait anxiety inventory; STN,
subthalamic nucleus; SWM, spatial working memory; VLPFC: ventrolateral prefrontal cortex; VS, ventral striatum.

a: BDE; binge drinking episode, defined by NIAAA as consuming five or more drinks (male), or four or more drinks (female), in about two hours.

b: Following the European School Survey Project on Alcohol and Drugs (ESPAD).

c: Only results of this article which assessed specifically BD effects were included in the current summary.

d: Binge score was calculated from items 10 (‘average drinks per hour’), 11 (‘number of times being drunk in the previous 6 months’) and 12 (‘percentage of times
getting drunk when drinking (average)’) from the Alcohol Use Questionnaire (AUQ) (Townshend and Duka, 2002).

3.3.1.1. Overview of MRI studies. Structural imaging studies that eval- proposed that these structural variations may reflect the deleterious
uated grey matter in BDs relative to non-BDs have largely indicated effects of alcohol on typical brain development, the significance of al-
morphological brain abnormalities in adolescents who report a BD terations in grey matter measures has not yet been clarified. Some re-
pattern of consumption. Most of the studies that have examined volume searchers have suggested that greater grey matter volume or cortical
and cortical thickness measures found widespread alterations (both in- thickness may represent alteration of synaptic pruning processes,
creases and decreases) in cortical and subcortical regions (Doallo et al., probably caused by the neurotoxic effects of alcohol. On the other hand,
2014; Howell et al., 2013; Kvamme et al., 2016; Mashhoon et al., 2014; it has been suggested that a decrease in grey matter may indicate an
Sousa et al., 2020, 2017; Squeglia et al., 2012; Whelan et al., 2014), atypical trajectory in cortical development, reflected by loss or
although not all of the studies reviewed reported differences between decreased volume or cortical thickness also associated with neurotoxic
groups (Banca et al., 2016). Among the different structures where effects.
anomalies were found, the prefrontal cortex was the most commonly Exploration of the relationship between structural changes and dif-
identified region (n = 5) followed by different subcortical (n = 4) and ferences at the neurocognitive level revealed various associations
cingulum areas (n = 3, Fig. 2). (Doallo et al., 2014; Sousa et al., 2017; Squeglia et al., 2012). Specif-
Among studies that reported structural changes in prefrontal regions ically, alterations in prefrontal grey matter were correlated with worse
(Doallo et al., 2014; Kvamme et al., 2016; Mashhoon et al., 2014; Sousa performance in neuropsychological tests involving response inhibition,

et al., 2017; Squeglia et al., 2012; Whelan et al., 2014), some revealed attention, visuospatial skills (Squeglia et al., 2012) and executive as-
higher ACC (Doallo et al., 2014) and left MFG/DLPFC grey matter vol- pects of working memory (Doallo et al., 2014), as well as with higher

ume in BDs than in non-BDs (Doallo et al., 2014; Sousa et al., 2017). By scores on an impulsiveness scale (Sousa et al., 2017).

contrast, other studies reported lower vmPFC, right IFG, and left MFG Furthermore, some studies have also shown that grey matter mea-
volume (Whelan et al., 2014) as well as a reduced thickness in the right sures are correlated with consumption variables, such as AUDIT scores
middle ACC (Mashhoon et al., 2014). (Howell et al., 2013; Kvamme et al., 2016) and quantity of alcohol

Regarding the possible gender differences associated with BD and intake (Doallo et al., 2014; Mashhoon et al., 2014).

including, but not limited to, prefrontal frontal regions, various studies Finally, one of the objectives of the present review was to explore the
reported group by gender interactions (Kvamme et al., 2016; Squeglia possible differences between BDs and non-BDs observed in longitudinal
et al., 2012), showing that, in comparison their control peers, male BDs studies (i.e. whether the observed abnormalities increased by the
tend to show lower thickness or volume in the left frontal pole, left pars medium/long-term maintenance of the BD pattern). However, as all the
orbitalis, left mOFG, left rostral ACC (Squeglia et al., 2012), IFG and MRI studies included in this review were cross-sectional (i.e. only one
right medial SFG (Kvamme et al., 2016), while female BDs showed the MRI scan was performed), we cannot address this aspect in this section.

opposite pattern. These findings, according to the authors, may indicate
a differential effect of episodic BD between males and females, reflecting 3.3.2. Diffusion MRI (dMRI) studies

differences in neuromaturation trajectories and neurotoxic sensitivities Seven studies used diffusion MRI techniques to investigate how BD
depending on gender. can affect the white matter tracts that connect different brain structures,

Other cortical regions where structural differences between BDs and as well as grey and white matter microstructure. While most of the
non-BDs have been identified (Howell et al., 2013; Kvamme et al., 2016; studies used diffusion tensor imaging (DTI; n = 6), one study, conducted
Mashhoon et al., 2014) showed increased right lingual gyrus and right by Morris et al. (2018), used neurite orientation dispersion and density
precuneus grey matter volume (Howell et al., 2013) as well as decreased imaging (NODDI) model. DTI is a conventional variant of dMRI that is
left dorsal PCC cortical thickness (Mashhoon et al., 2014); group by sensitive to directional displacement of molecular water and provides
gender interactions were observed in right fusiform gyrus, right SMA, some insight into properties of brain microstructure, including frac-
right postcentral gyrus and left MTG volume (Kvamme et al., 2016). tional anisotropy (FA), mean diffusivity (MD), axial diffusivity (AD) and

Studies that have focused on how BD impacts subcortical areas radial diffusivity (RD) (Qiu et al., 2015). Collectively, these parameters
(Howell et al., 2013; Kvamme et al., 2016; Sousa et al., 2020; Whelan are indicators of the microstructure of white matter, with FA and MD
et al., 2014) have also observed different alterations in BDs relative to being the most widely used indices (Lebel et al., 2012). In healthy in-
non-BDs, showing larger volume in the VS/NAcc (Howell et al., 2013; dividuals, high values of FA have been associated with enhanced neural
Kvamme et al., 2016; Sousa et al., 2020), right putamen (Whelan et al., connectivity, greater fibre integrity and white matter myelination. By
2014) and left thalamus (Howell et al., 2013). Regarding VS/NAcc contrast, increased MD values seem to be associated with decreased
findings, the results reported by Kvamme et al. (2016) may suggest myelination. Thus, a reduction in FA and an increase in MD may reflect
partial replication, as although these authors did not observe any sig- damaged or disordered neuronal fibre tracts caused by tissue loss or
nificant main effect, they did observe a group by gender interaction, in potential demyelination (Chanraud et al., 2010; Madden et al., 2012).
which female BDs had a larger VS volume than female non-BDs, while NODDI is a more recent and advanced dMRI model that estimates the
male BDs showed the opposite pattern. microstructural complexity of dendrite and axon morphology in the

At this point it is important to note that, although it has been form of the neurite density index (NDI) and the orientation dispersion
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Fig. 2. Anatomical regions where significant differences have been reported in BDs compared to non-BDs.
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Fig. 3. Replicated findings. Brain regions that showed significant structural or functional alterations in at least two independent studies. Those areas with common
anomalies direction are indicated in bold. Acronyms: ACC, anterior cingulate cortex; CR, corona radiata; DLPFC, dorsolateral prefrontal cortex; FA, fractional
anisotropy; FC: Functional Connectivity: IFG, inferior frontal gyrus; ILF, inferior longitudinal fasciculus; MFG, middle frontal gyrus; NAcc, nucleus accumbens; OFC,
orbitofrontal cortex; PIT, pavlovian-to-instrumental transfer; RS-FC, resting-state functional connectivity; SLF, superior longitudinal fasciculus; vimPFC, ventromedial
prefrontal cortex, VS, ventral striatum; |, less or decreased; 1, higher or increased.
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Table 4

Neuroscience and Biobehavioral Reviews 137 (2022) 104637

Quality assessment scores according to the NHLBI Quality Assessment Tool for Observational Cohort and Cross-Sectional Studies.

Study Q1 Q2 Q3 Q4 Q5a/Q5b Q6 Q7 Q8 Q9 Q10 Q11 Q12 Q13 Ql4a/Q14b  Quality Rating
Ames et al. (2014a) Yes Yes NR Yes No/No No No No Yes No Yes NR NA Yes/Yes Fair
Ames et al. (2014b) Yes Yes NR Yes Yes/No No No No Yes No Yes NR NA No/No Poor
Arienzo et al. (2020) Yes Yes NR Yes No/No No No No Yes No Yes NR NA Yes/Yes Fair
Banca et al. (2016)? Yes Yes NR Yes  No/Yes No No No Yes No Yes NR NA No/Yes Fair
Brumback et al. (2015) Yes Yes NR Yes No’/Yes No No? (4 weeks)“ No Yes Yes Yes NR Yes No/Yes Good
Campanella et al. (2013) Yes Yes NR Yes No/No No No No Yes No Yes NR NA Yes/No Fair
Chen et al. (2020) Yes Yes NR Yes  Yes/No No No No Yes No Yes NR NA No/Yes Fair
Correas et al. (2016)? Yes Yes NR Yes No/No No Yes No Yes Yes Yes NR Yes Yes/CD Good
Cservenka et al. (2015) Yes Yes NR Yes No/Yes Yes Yes No Yes Yes Yes NR Yes No/Yes Fair
Doallo et al. (2014) Yes Yes NR Yes No/No Yes  Yes No Yes No Yes NR NA Yes/Yes Fair
Garbusow et al. (2019) Yes Yes NR Yes Yes/No No No No Yes No Yes NR NA No/Yes Fair
Howell et al. (2013) Yes Yes NR Yes No/No No No No Yes No Yes NR NA Yes/Yes Fair
Jacobus et al. (2009) Yes Yes NR Yes No/Yes No No No Yes No Yes NR NA No/Yes Fair
Jones et al. (2016) Yes Yes NR Yes No/Yes Yes Yes No Yes Yes Yes NR Yes No/Yes Fair
Kashfi et al. (2017) Yes Yes NR Yes No/Yes No No No Yes No Yes NR NA No/No Poor
Kvamme et al. (2016) Yes Yes NR Yes Yes/No No No No Yes No Yes NR NA Yes/Yes Good
Mashhoon et al. (2014) Yes Yes NR Yes  Yes/No No No No Yes No Yes NR NA Yes/Yes Good
Maurage et al. (2013) Yes Yes NR Yes No/No No No No Yes No Yes NR NA Yes/Yes Fair
McQueeny et al. (2009) Yes Yes NR Yes No/Yes No No No Yes No Yes NR NA Yes/Yes Fair
Molnar et al. (2018) Yes Yes NR Yes No/No No No No Yes No Yes NR NA Yes/Yes Fair
Morris et al. (2016)? Yes Yes NR CD Yes/No No No No Yes No Yes NR NA No/Yes Fair
Morris et al. (2018) Yes Yes NR Yes Yes/No No No No Yes No Yes NR NA Yes/Yes Good
Rae et al. (2020) Yes Yes Yes Yes  Yes/Yes No No No Yes No Yes NR NA No/Yes Fair
Smith et al. (2017) Yes Yes Yes Yes  Yes/Yes No Yes No Yes  Yes Yes NR Yes No/Yes Good
Sousa et al. (2017) Yes Yes NR Yes Noh/No No No No Yes No Yes NR NA Yes/Yes Good
Sousa et al. (2019) Yes Yes NR Yes  No’/No No No No Yes No Yes NR NA Yes/Yes Good
Sousa et al. (2020) Yes Yes NR Yes  No”/No No No No Yes No Yes NR NA Yes/Yes Good
Squeglia et al. (2011) Yes Yes NR Yes Yes/Yes No No No Yes No Yes NR NA No/Yes Fair
Squeglia et al. (2012) Yes Yes NR Yes  Yes/Yes No No No Yes No Yes NR NA No/No Poor
Suarez-Sudrez et al. (2020) Yes Yes NR Yes  Yes/No No No No Yes No Yes NR NA Yes/Yes Good
Whelan et al. (2014)? No Yes NR Yes Yes/No No No No Yes No Yes NR NA Yes/CD Fair
Worbe et al. (2014) Yes Yes NR Yes No/No No No No Yes No Yes NR NA No/Yes Fair
Xiao et al. (2013) Yes Yes NR Yes No/No No No No Yes No Yes NR NA No/Yes Fair

Note.

@ = The quality assessment scores are referred exclusively to the experiment(s) in which neuroimaging measures (MRI, dMRI, fMRI) explored differences between

BDs and controls.
> — Sample size > 20 in BD group.

¢ =TIt is not clear which is the minimum duration required to observe changes after an abstinence period.
4" = The focus is on machine learning; CD = cannot be determined; NA = not applicable; NR = not reported.

index (ODI) (Zhang et al., 2012).

McQueeny et al. (2009) assessed microstructural white matter
integrity among adolescent BDs. The sample was composed by a group
of 14 participants who met BD criteria and another 14 who were clas-
sified as non-BDs. The FA index was lower in BDs than in non-BDs across
the 18 brain regions examined, which included the inferior longitudinal
fasciculus (ILF), superior longitudinal fasciculus (SLF), corona radiata
(CR), internal and external capsule (IC, EC), corpus callosum (CC),
cerebellum and limbic projection fibres. Moreover, in the BDs, explor-
atory bivariate correlations between FA values and alcohol use measures
revealed negative correlations between the following: (i) more lifetime
alcohol hangover experiences and lower FA in CC; (ii) peak estimated
BAC in the 3 months prior to scanning and lower FA in the body of CC,
left IC, right EC and left posterior CR. According to the authors, these
findings suggest that BD could lead to microscopic disruption of white
matter fibres.

Jacobus et al. (2009) evaluated the integrity of white matter in ad-
olescents with a BD pattern. In this study, participants were classified
according to a three-group design, as follows: 14 BDs, 14 non-BDs and
14 BD + MJs (marijuana users). Thus, diffusion findings showed that the
BDs had lower FA than the non-BDs in all the regions studied (including
the right ILF, left inferior fronto-occipital fasciculus [IFOF], left middle
cerebellar peduncle, left SLF, and four clusters in the left superior CR).
No significant between-group differences were observed in the MD
index. These results indicate the possible neurocognitive consequences
of BD in adolescents, regardless of the use of marijuana.

Correas et al. (2016). This study explored the evolution of the white
matter connectivity in 17 BDs and 22 non-BDs throughout a

14

two-year-long period. DTI analysis did not reveal any significant dif-
ferences associated with a BD pattern of consumption in any of the
indices explored (i.e. FA, MD, AD, RD), or at baseline or in the follow-up
evaluation; however, it is worth noting that the authors reported a dif-
ferential functional connectivity pattern in the default mode network
using magnetoencephalography (MEG). Nevertheless, interpretation of
these results is beyond the scope of this review.

Smith et al. (2017). This longitudinal study explored the effects of a
BD pattern consumption on the integrity of white matter at a
whole-brain level and also in five segments of the CC (prefrontal, pre-
motor/SMA, motor, sensory and parietal/temporal/occipital [PTO]).
The sample included 20 BDs and 20 non-BDs, who were given MRI scans
in two different sessions separated by an interval of one year. Despite the
absence of a main effect of group or gender in any of the sessions, sig-
nificant group by gender interactions were observed, both at a
whole-brain and CC ROI level. Whole brain analysis showed lower FA in
male BDs than in male non-BDs and higher FA in female BDs than in
female non-BDs in forceps minor/major, IFOF, left corticospinal tract
and body and splenium of CC in both sessions. Regarding ROI analysis,
the results showed the same pattern of significant group by gender in-
teractions as in the whole-brain analysis for prefrontal, sensory and PTO
segments of the CC in session 1, and for the sensory and PTO regions in
session 2. However, the differences in mean FA from Session 1 to Session
2 did not reveal significant group by gender interaction, or any signifi-
cant main effect associated with the temporal factor. Furthermore,
correlation analysis (session 1) also showed several negative relation-
ships between mean FA and the following: (i) binge scores for the pre-
frontal and PTO segments, only in male BDs; (ii) types of drugs used, in
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the premotor/SMA and motor segment, in both groups combined; (iii)
quantity of drug used, in all segments of CC in male participants; (iv)
performance deficits in a spatial working memory (SWM) test and pre-
frontal, PTO, motor and sensory segments of the CC across all partici-
pants. Neuroimaging findings revealed that the BD pattern of
consumption in adolescents may be associated with white matter al-
terations in several brain areas during a developmental period of
particular cognitive vulnerability.

Kashfi et al. (2017) examined microstructural white matter integrity
in young college-age adults. The sample was formed by a group of 12
BDs and 12 moderate drinkers (MoDs). Whole-brain analysis revealed
higher FA in the right anterior CR in BDs than in MoDs, while the AD,
MD, and RD measures revealed no significant differences between the
groups. On the other hand, ROI analysis showed higher AD of the right
EC and cingulum in BDs than in MoDs. In addition, the following cor-
relations between connectivity metrics (i.e. FA, AD) and drinking
behaviour were observed at the ROI level: (i) for the BD group, FA values
of the right anterior CR were negatively correlated with total number of
drinks consumed and with the average number of drinks per episode,
while AD values of the left and right cingulum correlated negatively
with the total number of drinks consumed and the frequency of BD ep-
isodes; (ii) for both groups combined, AD values of the right EC were
positively correlated with the total number of drinks and number of BD
episodes, as well as with the number of drinks per drinking episode.

Morris et al. (2018) used the NODDI model to evaluate possible
differences between young BDs (n = 28) and non-BDs (n = 38) in both
grey matter ODI and white matter NDI. This study reported that BDs had
higher ODI in regions throughout the parietal cortex (i.e. right angular
gyrus, right supramarginal gyrus, left superior parietal lobule [SPL] and
left inferior parietal lobule IPL)) as well as reduced ODI in several re-
gions, including the right IPL, right SFG (DLPFC), right postcentral
gyrus, left middle occipital gyrus (MOG) and left SPL, than in non-BDs.
On the other hand, BDs showed increased white matter NDI in right SFG,
right supramarginal gyrus, left MFG and bilateral IPL, as well as lower
NDI in right angular gyrus, right postcentral gyrus and left MOG than in
non-BDs. In addition, ROI analysis showed that BDs had greater VS ODI
than non-BDs. Correlation analysis examining the relationship between
microstructural features and drinking severity indicated that VS ODI
values were positively correlated with binge score in the BDs. These
findings suggest that BD may lead to anomalies in the cortical micro-
structure of prefrontal and parietal regions implicated in higher-order
attentional and executive functioning, as well as in the VS, an impor-
tant region in reward-related processes.

Sousa et al. (2019) explored the functional and structural connec-
tivity of frontoparietal regions associated with executive control pro-
cesses (executive control network [ECN]) in young college-age adults.
Regarding structural measures, this study used DTI in a sample formed
by 20 BDs and 14 AACs. No main group effect was found for the FA, AD,
RD, and MD indices in the frontoparietal regions previously identified as
part of the ECN by the FIND lab atlas (Shirer et al., 2012) (i.e. left ECN,
right ECN and the MFG node of the left ECN). However, and similarly to
the study conducted by Correas et al. (2016), significant between-group
differences in functional connectivity were observed (see Resting-state
for details).

3.3.2.1. Overview of dMRI studies. Few studies have examined the
possible relationship between white matter integrity and BD pattern
(Correas et al., 2016; Jacobus et al., 2009; Kashfi et al., 2017; McQueeny
et al., 2009; Morris et al., 2018; Smith et al., 2017; Sousa et al., 2019).
Four of these studies reported FA alterations in adolescent BDs relative
to their non-BD counterparts (Jacobus et al., 2009; Kashfi et al., 2017;
McQueeny et al., 2009; Smith et al., 2017) while two studies did not
reveal differences between BDs and non-BDs in the FA index (Correas
et al., 2016; Sousa et al., 2019). Specifically, the studies led by Jacobus
et al. (2009) and McQueeny et al. (2009) showed decreased FA values in
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the major white matter pathways explored, with some of these regions
(i.e. ILF, SLF, CR, and cerebellar tracts) replicated in both studies (see
Fig. 3), while a single study revealed higher FA values in young college
students categorized as BDs (Kashfi et al., 2017). Likewise, Smith et al.
(2017) reported group by gender interactions for various white matter
tracts, with male BDs having lower FA values than their control peers,
while the inverse pattern was observed in female BDs. Furthermore, as
observed in MRI studies (Kvamme et al., 2016; Squeglia et al., 2012),
these findings suggest that a BD pattern of consumption has different
impacts on the white matter integrity in males than in females. On the
other hand, regarding other DTI indices (i.e. MD, AD, RD), only one
study revealed differences between BDs and non-BDs in the AD index
(Kashfi et al., 2017).

Overall, research that has examined the white matter microstructure
tends to show inconsistencies. However, the results of studies that
observed significant differences between groups suggest that BD during
adolescence may be associated with poor white matter integrity in
projection fibers (e.g. CR), tracts considered important for connecting
the two hemispheres (e.g. CC) and tracts connecting sensory structures
to higher-order frontal cortices (e.g. ILF, SLF), as well as on the grey
matter dendritic features (i.e. ODI) in VS, a region previously associated
with reward/motivation processes.

Only one of the dMRI studies evaluated the relationship between
white matter metrics and performance in cognitive domain (Smith et al.,
2017). More specifically, the authors observed that performance deficits
in a SWM task were negatively correlated with FA. Thus, the findings of
this study support previous reports mentioned in the section on MRI,
which showed an association between poorer neurocognitive func-
tioning in various cognitive domains and structural anomalies in young
people who reported a BD pattern of alcohol consumption (Doallo et al.,
2014; Squeglia et al., 2012).

Four dMRI studies have also related microstructural indexes and
alcohol use/severity variables (Kashfi et al., 2017; McQueeny et al.,
2009; Morris et al., 2018; Smith et al., 2017). Two of these studies
associated diffusion indexes with binge score in the BDs (Morris et al.,
2018; Smith et al., 2017).

Unlike in the MRI section, various longitudinal dMRI studies exam-
ined whether white matter integrity would change across time differ-
ently in BDs and non-BDs participants (Correas et al., 2016; Smith et al.,
2017), implications of the findings will be discussed in the overall dis-
cussion section.

3.4. Functional findings in BDs

A large body of research has investigated the effects of BD on brain
function using fMRI (Table 3), which depicts changes in blood oxygen
level-dependent (BOLD) signal across time. We identified 19 studies that
used this technique to compare brain activity in BDs and non-BDs in
relation to different cognitive functions. Most of the studies (16/19)
were designed to evaluate task-related cognitive and affective processes.
The most widely studied cognitive processes were executive functions
(working memory [2/16] and inhibitory control [4/16]), as well as
decision-making and reward-related decision-making (7/16). In addi-
tion, two studies focused on the brain activity of young BDs during an
alcohol cue reactivity task and another three studies examined the brain
correlates of socio-emotional processing in young adults with and
without a BD pattern. The remaining three studies (3/19) aimed to
assess potential differences in the resting-state functional connectivity of
different brain regions between BDs and non-BDs.

3.4.1. Working memory

Working memory (WM) is considered a core element of executive
functioning, in which information is temporarily analyzed, held and
manipulated in order to perform a specific mental process (Baddeley and
Hitch, 1994). Typically, WM has been classified into different sub-
components according to content (verbal WM and visual-spatial WM).
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Brain areas supporting this function predominantly include prefrontal
structures (both ventrolateral and dorsolateral cortices), as well as the
premotor cortex, the posterior parietal cortex (Owen et al., 2005). The
present review identified two studies that investigated underlying brain
activity in BDs while they performed spatial and verbal working mem-
ory tasks, respectively.

Squeglia et al. (2011) characterized the gender-specific influences of
BD on brain activity related to working memory in young people (40 BDs
and 55 non-BDs). During the fMRI session, participants completed a
spatial working memory (SWM) task, which considered two conditions:
an experimental condition, in which subjects had to respond when a
design (drawing) reappeared in a previously occupied location during
that block (SWM condition), and a vigilance (baseline) condition, in
which the same stimulus was presented in identical locations, but par-
ticipants only had to respond when a dot appeared above the stimulus.
There were no significant differences between groups in terms of task
accuracy or reaction time (RT). ROI analysis findings showed less acti-
vation in right SFG and right IFG during SWM vs. vigilance trials in BDs
than in non-BDs, as well as group by gender interactions in three of the
ROIs analyzed: ACC, right IFG and right SFG. In addition, significant
group by gender interactions were also found in exploratory whole-brain
analysis, despite the absence of main effects of group and gender. On this
occasion, interactions were observed in the left medial frontal gyrus,
right MTG, left superior temporal gyrus (STG) and left cerebellar
declive. In all regions with group by gender interactions (both ROI and
whole-brain analysis), female BDs showed lower activation during SWM
vs. vigilance trials than female non-BDs, while male BDs showed the
opposite pattern to male non-BDs. Moreover, correlation analysis in BDs
during SWM vs. vigilance trials showed the following: (i) greater right
IFG activity was positively correlated with better spatial performance in
males and (ii) lower right dorsal SFG and left cerebellar declive acti-
vation was associated with worse attention and working memory per-
formance in females. The authors reported that the significant
gender-specific differences in frontal, temporal and cerebellar regions
seem to suggest that female BDs may be more vulnerable to the effects of
this consumption pattern. On the other hand, the greater BOLD activity
observed in male drinkers may reflect some capacity to recruit
compensatory systems.

Campanella et al. (2013). This study explored the potentially
different neural regions recruited during a WM n-back task in 16 BDs
and 16 non-BDs. In this task, subjects were asked to detect when the
number presented was identical to the number displayed two trials
before (two-back condition; N2) or whenever the number “2” was pre-
sented (control zero-back condition; NO). The fMRI analysis revealed
greater activation in pre-SMA during N2 vs. NO trials in young BDs than
in non-BDs in the absence of behavioural differences. In addition, rela-
tive to BDs, BOLD activity during N2 vs. NO trials was positively
correlated with the following: (i) the number of alcohol doses consumed
on each occasion (higher activity in the dorsomedial prefrontal cortex);
and (ii) the number of drinking occasions per week (higher activity in
cerebellum, right thalamus and right insula). The authors interpreted
these findings as a greater use of attentional resources by BDs, which
may reflect "compensatory strategies" to reach equivalent behavioural
performance to that in non-BDs.

3.4.1.1. Summary of working memory studies. In the revised studies,
young BDs presented neural anomalies relative to non-BDs in both
spatial and verbal WM in the absence of performance differences. These
anomalies included the engagement of both more and fewer neural re-
sources in different task-related brain structures as well as a group by
gender interaction in some non-hypothesized areas during an SWM task.
Furthermore, the findings of the study of Squeglia et al. (2011) seem to
indicate that the relationship between BD and neural abnormalities is
modulated by gender, at least for the visuospatial component. These
gender-modulated differences were interpreted as female vulnerability
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to the potential neurotoxic effects of alcohol consumption.

In an effort to deal with the observed mixed pattern of results (higher
and lower levels of neural activation), the authors of each of the studies
proposed different hypotheses. Thus, greater BOLD activity was inter-
preted as a need to mobilize more neural resources to achieve equivalent
performance in participants and controls (Campanella et al., 2013;
Squeglia et al., 2011). On the other hand, Squeglia et al. (2011) pro-
posed that the lower activation in female BDs may reflect some kind of
difficulty in engaging task-relevant areas. Nevertheless, these different
results and interpretations are not limited to working memory studies
but apply generally to the literature on adolescent alcohol use, as
mentioned in a previous study (Ewing et al., 2014).

3.4.2. Inhibitory control

Successful human behaviour requires the ability to suppress auto-
matic actions or thoughts that are contextually inappropriate. This ex-
ecutive function is generally defined as inhibitory control (Aron, 2007)
and is critical for goal-oriented behaviour. As identified in several
meta-analyses, this executive function is supported by a fronto-parietal
network, including the IPL, IFG, MFG and anterior insula, among other
structures (Cai et al., 2014; Swick et al., 2011; Zhang et al., 2017). We
identified three studies which evaluated inhibitory control using
experimental paradigms from motor response inhibition (Go/NoGo and
Stop Signal tasks) and interference control (Stroop task) approaches.

Ames et al. (2014b). This study explored the potential modulating
effect of alcohol-related stimuli on response inhibition processes in a
sample of college students with and without a BD pattern of alcohol
consumption. The participants (21 BDs and 20 non-BDs) completed an
alcohol-cue Go/NoGo task in which they had to respond to pictures
corresponding to the category designated as “Go” signals (i.e.
non-alcoholic drinks such as cola and water) and suppressing their
response when stimuli of the NoGo category (alcoholic drinks) were
presented (i.e. a bottle of beer). fMRI findings revealed greater BOLD
activity in right DLPFC, anterior/mid cingulate and right anterior insula
during correct NoGo trials in BDs relative to non-BDs in the absence of
behavioural differences in the number of false alarms. The authors
suggest that these results may be explained by greater task difficulty for
the BDs, given the salience of the NoGo cues, which may demand
increased activation of neural regions implicated in working memory
and inhibitory control.

Whelan et al. (2014). In this study, already described in the section
on MRI studies, the authors also evaluated the brain activity in 115
current BDs and 150 non-BDs with different fMRI tasks. The neural ac-
tivity in response inhibition was assessed in participants during per-
formance of a Stop Signal task. In this task, participants were asked to
respond when go stimuli were presented (arrows pointing left or right)
but refrain from responding when the go stimulus was followed by a
stop-signal (an arrow pointing upwards). The fMRI analysis showed
greater activation in right precentral and left postcentral gyrus when
failing to inhibit a response, as well as higher activation in the precuneus
during correct response inhibition in BDs than in non-BDs.

Molnar et al. (2018) characterized the neural correlates of interfer-
ence control, usually defined as the ability to inhibit prepotent mental
representations, in a sample of 14 young BDs and 17 non-BDs. In this
study, participants completed a Stroop task in which they had to identify
the colour of the font from different words under two conditions: (i)
congruent, the colour of the font matched the meaning of the colour
word; (ii) incongruent, the colour of the font was different from the
colour word, inducing interference. At performance level, there were no
differences between groups on accuracy, although RT was significantly
longer in BDs than in non-BDs during incongruent trials. Regarding the
neural response, ROI analysis revealed higher BOLD activity in the
ventrolateral prefrontal cortex (VLPFC) and the left thalamus during the
incongruent trials in BDs compared to non-BDs. Moreover, correlations
across groups during both congruent and incongruent conditions
revealed that the right VLPFC activity was positively correlated with
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Stroop difficulty. Furthermore, correlation analysis during the incon-
gruent condition showed positive associations between the following: (i)
the left thalamus peak activity with BD episodes and (ii) the VLPFC peak
activity with BD episodes, blackouts and the Short Michigan Alcoholism
Screening Test (SMAST) and AUDIT measures. On the other hand, in
correlation analysis of separate groups, a positive correlation between
the right VLPFC with non-planning impulsivity scores was observed in
BDs during incongruent trials. The prolonged RT and the stronger acti-
vation pattern were interpreted as a possible compensatory mechanism
to meet the higher cognitive demands of the incongruent trials.

The final article included in the category of inhibitory control is a
recent publication by Sudrez-Suarez et al. (2020). This study attempted
to explore the potential the impact of BD on the neural activity evoked
by a Go/NoGo task and its modulation by motivational salience of
stimuli (alcohol-related content). In a similar manner to the task used by
Ames et al. (2014b), the participants (32 BDs and 35 non-BDs)
completed a Go/NoGo task in which pictures of alcoholic and
non-alcoholic beverages were used as stimuli. However, in this case,
there were two different blocks in which both alcohol and non-alcohol
related pictures acted as Go and NoGo stimuli, depending on the in-
structions received at the start of each block. fMRI results revealed
greater activity in BDs than in non-BDs in the bilateral IFG, extending to
the anterior insula, during successful inhibition trials (irrespective of the
alcoholic content of stimuli), in the absence of behavioural differences.
Moreover, BDs displayed greater BOLD activity than non-BDs in the
IFG/insula of the right hemisphere when inhibiting a prepotent response
to alcohol-related stimuli. These findings suggest that the motivational
salience of stimuli modulates the inhibition-related activity in the right
IFG/insula, highlighting the role of this brain region in suppressing re-
sponses to substance-associated cues.

3.4.2.1. Summary of inhibitory control studies. Response inhibition and
interference control studies have reported the presence of increased
activity in prefrontal regions (e.g. DLPFC, VLPFC and IFG), anterior
insula and precuneus during successful inhibition in BDs assessed with
three different tasks (i.e. Go/NoGo, Stop Signal and Stroop), as well as
increased response in precentral and postcentral gyrus during inhibition
errors. This consistent hyperactivation pattern of task-relevant areas
may differentiate inhibitory control anomalies from other cognitive
processes in which the pattern of results is less clear and reinforces the
notion that BDs present anomalies related to inhibitory control func-
tioning. Moreover, the prolonged RT observed in BDs during the Stroop
task (Molnar et al., 2018) seems to support the hypothesis proposed in
some of the studies reviewed (Ames et al., 2014b; Molnar et al., 2018), i.
e. increased difficulty associated with the performance of inhibitory
control tasks that would be solved by the recruitment of more neural
resources (i.e. hyperactivation of task-relevant areas). Interestingly, this
neurocompensation hypothesis has also been proposed in event rela-
ted-potential (ERP) studies, in which one of the most robust findings in
tasks involving response inhibition is an augmented P3 amplitude.
Similar to the interpretation proposed in the aforementioned fMRI
studies, this finding has been suggested to indicate brain overactivation
in BDs, allowing them to perform tasks with a normal level of perfor-
mance (for a review see Almeida-Antunes et al., 2021).

3.4.3. Decision-making and reward-related decision-making processing

The adequate functioning of affective decision-making and reward
processing is essential for selection of advantageous alternatives ac-
cording to the possible future consequences and coping successfully with
everyday life (Ruff and Fehr, 2014; Van den Bos et al., 2013). Seven
neuroimaging studies investigated neural activity elicited by a set of
behavioural paradigms related to the anticipation and receipt of rewards
as well as their impact on risky decision-making.

Xiao et al. (2013) investigated the neural correlates of affective
decision-making, measured by the Iowa Gambling Test (IGT), during an
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fMRI session. The sample was divided in two groups according to their
consumption profile, with 14 BDs and 14 non-BDs. In the IGT task,
participants must make a series of choices (through 4 decks of cards)
that can lead to monetary gains or losses without the probabilities of
each condition being known. Behavioural data revealed that BDs made
more selections from the disadvantageous packs of cards while non-BDs
switched to advantageous packs as the task progressed, leading to
significantly worse performance in BDs than in non-BDs. The neural
findings reported a greater BOLD signal in the left amygdala and insula
in adolescent BDs than in non-BDs during the active versus control
conditions. Furthermore, in the BDs, drinking-related problems were
negatively correlated with BOLD activity in the right orbitofrontal cor-
tex (OFC) and positively correlated with the activity in the right insula.
Correlation analysis across groups yielded higher urgency scores asso-
ciated with the following: (i) lower activity in the right OFC; and (ii)
higher activity in the right insula. These findings were interpreted as an
increase in incentive-related behaviours in young BDs that may have
implications regarding the risk of and susceptibility to developing po-
tential substance abuse disorders.

Whelan et al. (2014). In this study, adolescents completed a Mone-
tary Incentive Delay task to assess the neural activity in response to
reward processing. The participants had to respond to a briefly pre-
sented target by pressing a button to indicate that the target appeared on
a particular side of the screen. The position of the target as well as the
points that could be earned with each successful response were indicated
by a signal that preceded the start of each trial. The fMRI analysis re-
ported that current BDs showed lower neural activation than non-BDs in
different brain areas. More specifically, less activity was observed in the
left putamen and left hippocampus when a reward was anticipated, in
the right hippocampus when it was received and in the vmPFC and left
IFG both during anticipation and reception of reward.

Worbe et al. (2014) investigated the differences in affective
decision-making associated with a risky situation in adolescent BDs. The
sample comprised 19 BDs and 21 non-BDs who performed an anticipa-
tory risk-taking task in which they had to choose between two options
(low-risk or a high-risk probability) during two sessions with reward and
loss conditions. In the baseline session, volunteers did not have any
explicit information about the probability and magnitude of loss (feed-
back presentation), while in a second session feedback was presented in
high-risk situations. Behavioural results indicated that in the baseline
session BDs took more risky choices in the high-loss (HL) condition than
non-BDs. However, when feedback was included, BDs made signifi-
cantly fewer risky choices in HL conditions than at baseline. The
reduction in the number of risky choices matched the performance of
both groups. The ROI analysis showed higher BOLD activity in superior
parietal cortex (SPC), lateral OFC and DLPFC during HL and low-loss
conditions in BDs than in non-BDs. In addition, when feedback was
included, whole-brain analysis for the HL condition showed that BDs
had greater BOLD activity in the left IFG, which was positively associ-
ated with the decrease in risky choices. These results indicate that when
anticipating large unlikely losses, BDs took greater risks than their
counterpart non-BDs. However, this higher risk-attitude disappeared
with feedback presentation, which was associated with greater IFG ac-
tivity. According to the authors, these findings in the BD group may
indicate deterioration in the anticipation of negative results associated
with risky choices.

Cservenka et al. (2015) examined, in a longitudinal study, the neural
basis of a reward processing task and its possible relationship to alcohol
consumption during adolescence. The baseline assessment only included
adolescents without regular alcohol consumption. For follow-up, con-
ducted two years later, the sample was classified as BDs (n = 17) or
non-BDs (n = 17) depending on how their alcohol consumption had
changed. Participants were required to complete an adapted version of
the "Wheel of Fortune" (WOF) test during the fMRI scanning. This task
consisted of the presentation of several options of monetary gain (staged
in the form of portions of a wheel) with different risk probabilities. The
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trials were classified as "Wins" or "No Wins" depending on pre-defined
probabilities of winning for each portion of the wheel. There were no
significant behavioural differences in task performance between BDs
and non-BDs in any of the evaluations. The ROI analysis did not detect
significant effects between groups in the VS in any of the assessments;
however, whole-brain analysis showed that BDs had lower BOLD
response during Win vs. No Wins trials in the left cerebellum (lobe VII)
at follow-up. The analysis also revealed significant effects of gender
during Wins vs. No Wins responses at follow-up, showing lower brain
response in males than females in the left cerebellum. Furthermore, in
BDs, No Wins vs. baseline BOLD response in the left cerebellum was
negatively correlated with average drinks consumed in the past 90 days.
The observed findings highlight the deleterious effects of BD on brain
activity during reward reception in a sample of adolescent drinkers.

The objective of the 3-year longitudinal study conducted by Jones
et al. (2016) was to compare the differences in neural activation be-
tween young BDs and non-BDs in the decision-making process during a
reward-based decision-making task similar to that used by Cservenka
et al. (2015). The sample was evaluated at two different times; at
baseline, the participants had not started on alcohol consumption, while
at the follow-up assessment, the participants were classified as BDs
(n = 13) and non-BDs (n = 13) according to their consumption pattern.
No behavioural differences between groups were observed, in either the
number of risky choice selections in the baseline or at follow-up. On the
other hand, the ROI analysis revealed reduced activation during risky vs.
safe selections in the left dorsal caudate in BDs relative to non-BDs
during follow-up. In addition, whole-brain data analysis revealed
pre-existing differences at the baseline between future BDs and non-BDs,
showing a reduced risky vs. safe selection brain response in the left IPL,
left IFG, MTG and STG, which persisted over time. These findings sug-
gest two different types of anomalies associated with BD, represented by
reduced BOLD activity in fronto-parietal regions in future BDs, as well as
decreased brain activation in the dorsal caudate revealed once the BD
pattern has been established.

More recently, two studies using the same sample data set (191
healthy 18-year-old males) (Chen et al., 2020; Garbusow et al., 2019)
explored the potential influence of contextual task-irrelevant cues
(Pavlovian stimuli) ongoing reward-oriented behaviour. More precisely,
the studies examined whether the susceptibility to interference between
conditioned stimuli (CS) and instrumental control (Pavlovian-to-In-
strumental Transfer [PIT]) was enhanced in 94 high-risk drinkers rela-
tive to 97 low-risk drinkers. The experimental procedure was similar in
both studies, with participants having to complete four tasks including a
monetary-rewarded instrumental approach-avoidance learning task in
which they had to learn to collect (approach to) “good shells” and leave
“bad shells”. The second task was a Pavlovian conditioning programme
associating five fractal images to different monetary outcomes (—2€,
—1€, 0€, +1€, +2€). Once the instrumental and Pavlovian conditioning
programmes were completed, participants performed the PIT task inside
an MRI scanner. In the task they had to decide whether or not to collect
the shells presented to try to earn the maximum amount of money while
ignoring background images (CS). Finally, once outside the scanner
volunteers also completed a forced choice task where they had to decide
which of two CS presented was better.

In the investigation published by Garbusow et al. (2019), behav-
ioural results indicated a higher response rate in the PIT task associated
with the valence of the contextual CS presented in the whole sample,
with CS associated with the receipt of a positive monetary outcome
during the Pavlovian conditioning eliciting higher response rates in the
decision to collect shells. Moreover, high-risk drinkers showed a higher
PIT effect than low-risk drinkers. However, no differences between
groups were observed in the fMRI analysis. In addition, higher alcohol
consumption was associated with higher behavioural PIT effect and
alcohol-related polygenic risk. The authors conclude that behavioural
PIT can be considered a potential marker for a subclinical phenotype of
risky alcohol consumption.
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On the other hand, the paper published by Chen et al. (2020) focused
on the PIT effect for congruent and incongruent conditions (e.g. positive
CS + collect shell and negative CS + collect shell). Similarly to the re-
sults of the previous study, volunteers showed a significant PIT effect,
measured in this case as an increased error rate when Pavlovian
contextual cues (CS) conflicted with the instrumental behaviour (collect
or leave). Moreover, participants in the high-risk group again showed a
higher PIT effect than the participants in the low-risk drinking group. In
addition, between-group differences in neural activity were observed.
More specifically, high-risk drinkers showed a decreased lateral PFC
response as well as a weaker connectivity between the VS and lateral
PFC during incongruent trials. These results were interpreted as a po-
tential alteration in high-risk drinkers between their bottom-up and
top-down resources, which may explain the greater impact that CS have
on the ability to choose the appropriate response in the presence of
motivational stimuli.

3.4.3.1. Summary of decision-making and reward-related decision-making
processing studies. Reward-related decision-making is the category with
the greatest number of selected studies in this review, with 5 cross-
sectional and 2 longitudinal studies. When the studies are considered
together, some patterns emerge. First of all, behavioural differences
arose in some of the experimental paradigms examined (Chen et al.,
2020; Garbusow et al., 2019; Worbe et al., 2014; Xiao et al., 2013),
showing that some aspects of decision-making, especially in high-risk
and reward-associated contexts, may be compromised. Furthermore,
in gambling paradigms (i.e. IGT and anticipatory risk-taking task) BDs
showed a greater neural response than controls in the amygdala, the
insula, the OFC and other fronto-parietal regions (Worbe et al., 2014;
Xiao et al., 2013), as well as more risky choices. However, presentation
of feedback about the consequences of risk taking enhanced the
behavioural performance (Worbe et al., 2014), suggesting a potential
target for prevention programmes. On the other hand, four different
studies focusing on the anticipation and reception of a reward have
observed a reduced neural response in BDs in subcortical regions such as
the putamen, dorsal caudate, hippocampus and cerebellum, as well as
cortical regions related to executive control (e.g. IFG, lateral PFC),
among others (Chen et al., 2020; Cservenka et al., 2015; Jones et al.,
2016; Whelan et al., 2014).

3.4.4. Alcohol cue reactivity

Neuroscientific models of addictive behaviours have proposed that
the transition from recreational to pathological consumption patterns is
partly characterized by increased salience attribution towards drug-
related stimuli (Goldstein and Volkow, 2011, 2002; Koob and Volkow,
2016). Moreover, as shown by a previous meta-analysis, alcohol cue
reactivity tasks elicited greater neural activity in brain regions impli-
cated in incentive salience, reward processing and habit circuitry (e.g.
dorsal striatum, prefrontal areas, ACC and insula) in alcohol-dependent
patients (Schacht et al., 2013). However, the effects of BD on alcohol cue
reactivity tasks seem to have been less well explored, with only two
selected studies in this review.

Ames et al. (2014a). This study assessed neural correlates of
alcohol-related associative processes during compatible and incompat-
ible Implicit Association Test (IAT) focused on positive outcomes of
alcohol use. This task, defined as a concept categorization task, provides
a measure of automatic associations used to assess unconscious bias
(Greenwald et al., 1998). Participants had to categorize randomly pre-
sented words into four possible categories (Alcohol positive, Mammal
neutral, Alcohol neutral, Mammal positive). The set of words used
comprised target words (e.g. whisky, rabbit) and attribute words (e.g.
happy, stationary), which could be presented as compatible (Alcohol +
Positive vs. Mammal + Neutral word combinations) or incompatible
trials (Mammal + Positive vs. Alcohol 4+ Neutral). Behavioural findings
showed stronger positive implicit associations towards alcohol use,
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reflected as shorter response latencies in BDs than in non-BDs. fMRI
analysis revealed that BDs showed lower activation in the left OFC
during both compatible and incompatible association trials than
non-BDs. In addition, a significant group by condition interaction was
observed. Thus, BDs showed greater activation in the left putamen and
the right insula during the compatible trials (relative to incompatible
trials), while non-BDs did not show differences in the neural response as
a function of trial type. Finally, t-test comparisons between groups
revealed that for compatible trials BDs (vs. non-BDs) showed higher
activity in bilateral insula and ACC. These results indicated that BD is
associated with differences in the neural response of different brain re-
gions related to habit formation as well as with higher level of implicit
associations towards alcohol cues.

Brumback et al. (2015) identified the neural substrates associated
with alcohol cue reactivity and examined the potential effects of
monitored abstinence from alcohol by using fMRI. The study partici-
pants (22 BDs compared to 16 non-BDs) had to complete an
alcohol-specific cue reactivity task, in which images of alcoholic and
non-alcoholic beverages presented had to be classified according to
three possible categories: appetizing (like), unappetizing (dislike) or
neutral. The behavioural results at baseline indicated that young BDs
liked a significantly higher proportion of alcohol-content images than
non-BDs (55% vs. 24%). ROI analysis revealed that BDs showed greater
BOLD response to alcohol vs. non-alcohol cues in dorsal striatum and
globus pallidus (DSGP) and left ACC at baseline than non-BDs. In
addition, exploratory whole-brain analysis also revealed higher cere-
bellum and left parahippocampal gyrus activity in BDs than in non-BDs.
However, these differences decreased to non-significant levels after one
month of abstinence from alcohol. In BDs, greater activation in left ACC
was positively correlated with: (i) higher positive alcohol expectancies
at baseline (disappearing after one month); and (ii) higher alcohol
craving at follow-up. Moreover, two different correlations emerged
across groups: the percentage of alcohol pictures rated as “like” was
positively correlated with left ACC BOLD response, and the percentage
of alcohol pictures rated as “dislike” was negatively correlated with left
ACC and left DSGP BOLD response at baseline (without any significant
correlation in the follow-up).

3.4.4.1. Summary of alcohol cue reactivity studies. Both of the studies
included in this category show differences in behavioural and neural
responses in young BDs relative to non-BDs. More specifically, these
studies showed higher neural activity in BDs in several incentive
salience- and reward-related areas including, but not limited to, the
ACC, insula and dorsal striatum, suggesting an enhanced salience
attribution towards alcohol-related stimuli. These results may represent
a form of habit (associative) learning that can lead to a transition in
which implicit associative processes override control processes perpet-
uating hazardous behaviour (Ames et al., 2014a). However, unlike ob-
servations in studies with AUD patients, the greater salience of
alcohol-related stimuli seems to be associated with the maintenance of
the consumption pattern, as indicated by the fact that the differences
observed disappeared after a period of abstinence (Brumback et al.,
2015), which, without a doubt, should be considered in future preven-
tion policies.

3.4.5. Socio-emotional processing

Despite the importance of social interaction and emotional process-
ing in everyday life, studies focused on these dimensions in young BDs
remain scarce; we found only three such studies.

Maurage et al. (2013) explored the effects of BD on the neural sub-
strates of emotional processing. The sample comprised 24 adolescents
(12 BD and 12 non-BDs). Participants had to complete an adapted task
from the Montreal Affective Voices Battery during the fMRI scan, in
which they had to classify different vocal stimuli as angry or fearful. The
behavioural results showed lower correct response rates in BDs than in
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non-BDs. Regarding the neural response during the voice recognition,
BDs showed lower activity in the STG, as well as a greater activity in the
right MFG, than in non-BDs. Additional correlation analysis across
groups showed a positive association between activation in STG and
behavioural accuracy. The authors suggested that the greater activation
of the MFG may reflect the involvement of alternative areas to
compensate for the reduced temporal activity during emotional
categorization.

Whelan et al. (2014). In this study, participants completed an
emotional reactivity task (Faces task) during an fMRI session. In the task,
volunteers had to pay attention to short videoclips displaying ambig-
uous expressions (emotionally “neutral”), angry face expressions or
control stimuli (non-biological motion). The fMRI analysis showed
higher activation in vmPFC in current BDs, relative to non-BDs, but
reduced activation in the left IFG, right temporal pole and right cuneus
during processing of angry faces.

Rae et al. (2020) examined the neural responses associated with
empathic processing of pain-related pictures on young adult social
drinkers with (n = 36) and without (n = 35) a BD consumption pattern.
Participants were required to complete an empathy task (adapted from
Jackson et al., 2005) in which they viewed images of bodily pain (vs.
no-pain), while adopting the perspective of self (pain recipient) or other
(observer of someone else experiencing pain) to categorize the image as
painful or non-painful scene. At a behavioural level, BDs showed longer
RTs, especially when categorizing pain-related images adopting the
perspective of self. On the other hand, fMRI analysis revealed differences
in the neural activity of the fusiform gyrus and inferior temporal gyrus.
In particular, BDs showed stronger activation of the fusiform body area
(FBA) than non-BDs while viewing pain-related images from the
perspective of another person. These results have been interpreted as a
potentially increased demand in BDs associated with the processing of
pain perceived in others. The authors suggest that this hyperactivity of
the FBA represents a compensatory mechanism to overcome potential
deficits in the processing of emotional stimuli.

3.4.5.1. Summary of socio-emotional processing studies. Two of the three
studies included in this category (Maurage et al., 2013; Whelan et al.,
2014) highlighted the presence of lower neural activity in BDs in some
task-relevant areas (i.e. STG, IFG or cuneus) than in non-BDs, as well as
the recruitment of additional brain structures such as the MFG or the
FBA (Maurage et al., 2013; Rae et al., 2020). In addition, Whelan et al.
(2014) reported greater activation of the vmPFC, a region that has been
linked to emotion and negative affect regulation (Diekhof et al., 2011;
Morawetz et al., 2016), suggesting that young BDs may need additional
resources to deal with negative-related stimuli. This hypothesis is
consistent with the interpretation of the results by Rae and colleagues
(2020), who proposed that the higher neural activity observed corre-
sponds to a compensatory mechanism dealing with the increased de-
mands of processing pain-related stimuli. Moreover, the behavioural
results seem to suggest the existence of impairments in the perception of
emotional stimuli as indicated by lower correct response rates (Maurage
etal., 2013) and longer RTs (Rae et al., 2020). These results indicate the
need to obtain further information about the relationship between BD
and socio-emotional processing difficulties.

3.4.5.2. Overview of fMRI task studies. In summary, the main findings
derived from studies based on fMRI during the execution of different
cognitive tasks indicate that BD is linked to anomalies in the neuronal
response associated with all the evaluated processes, with most of the
studies reporting abnormalities in frontal regions, as well as in specific
subcortical regions, especially in studies focused on motivational pro-
cesses (e.g. VS, dorsal caudate, putamen or amygdala; see Fig. 2).
However, the direction of the observed anomalies is not clear. Although
the most common pattern has been the hyperactivation of brain areas
such as the insula, DLPFC and the ACC (see Fig. 3), or the recruitment of
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a greater number of brain areas during task performance, in BDs relative
to non-BDs (Ames et al., 2014a, 2014b; Brumback et al., 2015; Cam-
panella et al., 2013; Maurage et al.,, 2013; Molnar et al., 2018;
Suarez-Suarez et al., 2020; Whelan et al., 2014; Worbe et al., 2014; Xiao
et al., 2013; 10/16 studies), some articles have reported a decrease in
neuronal response associated with the alcohol consumption pattern
(Cservenka et al., 2015; Jones et al., 2016; Maurage et al., 2013; Sque-
glia et al., 2011; Whelan et al., 2014). It is also possible that instead of a
general relationship between BD and brain activation (hyper or hypo),
the direction of the anomalies may vary specifically according to the
regions and tasks evaluated. In some studies, greater and lower BOLD
activity have been observed simultaneously in BDs, relative to the
control group, in different brain structures (Ames et al., 2014a; Maurage
et al., 2013; Whelan et al., 2014).

Regarding behavioural results, most studies have reported the
absence of significant differences in task performance. However, some
studies observed performance deficits in BDs relative to the respective
controls, especially in gambling (Worbe et al., 2014; Xiao et al., 2013),
alcohol cue reactivity (Ames et al., 2014a; Brumback et al., 2015) and
socio-emotional paradigms (Maurage et al., 2013; Rae et al., 2020). This
absence of behavioural differences, together with the aforementioned
neural anomalies, has been interpreted in some studies as a compensa-
tory mechanism in which the greater BOLD activity reflects the greater
cognitive demands of the task faced by BDs.

Finally, many of the cognitive domains explored by fMRI in-
vestigations were addressed only by a few studies. In addition to the
reduced number of works included in some of these cognitive domains,
we identified considerable heterogeneity in the design of experimental
tasks. For instance, among the categories reviewed, only in the decision-
making/reward processing category, more than one study (n = 2) used
the same task. This fact makes it challenging to find consistent results
between independent studies, which is, without a doubt, another
drawback to the possibility of replicating findings. Thus, we believe that
carrying out new studies using well-established experimental paradigms
is essential to confirm the findings observed to date.

3.4.6. Resting state

Examination of resting-state functional connectivity (RS-FC) by fMRI
involves analysis of spontaneous BOLD signal fluctuations in order to
identify correlations between brain regions. This methodological
approach has revealed that these apparent spontaneous fluctuations are
highly organized and tend to resemble the patterns of activity observed
in participants while performing different behavioural tasks (Biswal
et al., 1995; Fox and Raichle, 2007). In recent years, study of the RS-FC
has undergone a great advance both in healthy and in clinical pop-
ulations. Nevertheless, the potential anomalies in the RS-FC associated
with a BD pattern of consumption remain relatively unexplored, and we
identified only three studies that used this methodological approach and
that matched our inclusion criteria.

The first study that assessed the potential differences in RS-FC be-
tween young adults with and without a BD pattern was that conducted
by Morris et al. (2016). The main objective of this study was to explore
the neural correlates of waiting impulsivity through RS-FC measures in
different experimental groups (healthy volunteers, AUD patients and
young BDs). Of the three experiments carried out in this study, only one
explored the association between BD and the RS-FC of the subthalamic
nucleus (STN), an important region of a frontostriatal network involved
in inhibitory control. The comparison revealed that relative to non-BDs
(n = 32), BDs (n = 32) had reduced STN connectivity with subgenual
cingulate cortex (SGC) and VS. In addition, correlation analysis across
the sample revealed that the functional connectivity between the STN
and the SGC was negatively associated with AUDIT scores.

Arienzo et al. (2020) examined RS-FC in a group of young people,
classified as BDs (n = 18) or LDs (n = 17), in a number of ROIs defined
from research on AUD patients. Comparisons revealed that BDs had
greater connectivity between regions involved in reward processing
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(NAcc and caudate) and ACC and OFC, as well as lower connectivity of
the IFC, a key region in cognitive control processes, with the left hip-
pocampus. In addition, correlation analysis showed that the connectiv-
ity of NAcc and caudate with the ACC and OFC was positively related to
drinking variables (e.g. number of BD episodes in the last 6 months and
AUDIT scores), while the IFC connectivity to the hippocampus was
negatively associated with these consumption variables. These results
were interpreted as potential dysregulation of the reward circuit that
would place young BDs in a vulnerable position regarding transition
from recreational to pathological consumption. The reduced connec-
tivity between the IFC and the hippocampus was interpreted as greater
difficulty in inhibiting unwanted or alcohol-associated thoughts and
memories.

Finally, based on the frontal anomalies found in previous studies,
Sousa et al. (2019) explored the functional connectivity of frontoparietal
regions associated with executive control processes (executive control
network) in a group of 34 college students (20 BDs and 14 AACs). The
authors reported increased RS-FC of the left MFG in BDs (vs. non-BDs),
as well as a positive correlation between the functional connectivity of
this region and the frequency of BD episodes in the previous month.
These findings reinforce previous evidence about the presence of alter-
ations in the MFG in young BDs, both at a structural level (Doallo et al.,
2014; Sousa et al., 2017) and during the performance of inhibitory
control tasks (e.g. Ames et al., 2014b); the results thus highlight the
possible vulnerability of prefrontal regions, still under development, to
the effects of an intensive consumption pattern.

3.4.6.1. Overview of resting-state studies. The RS-FC studies selected for
this review used different analytical methods to explore the relationship
between BD and the functional connectivity of different brain regions
and networks. It is difficult to draw firm conclusions, owing to relatively
small number of studies in this field, together with the heterogeneity of
the regions explored. Although it seems clear that young BDs present
anomalies in RS-FC compared to non-BDs, as observed in studies focused
on evaluating task-evoked activity, the direction of these anomalies is
not yet clear, with findings indicating both greater and lower connec-
tivity, depending on the region explored. Thus, greater connectivity has
been observed in regions associated with reward processing (Arienzo
et al., 2020), and greater (Sousa et al., 2019) and lower (Arienzo et al.,
2020; Morris et al., 2016) connectivity have been observed in regions
associated with inhibitory control processes. In this regard, further fMRI
studies are needed to continue to elucidate the anomalies present in the
RS-FC of young BDs in other relevant networks such as the default mode
network (for MEG results in this topic, see Correas et al., 2016).

4. Discussion
4.1. Integration of observed evidence

Among the studies included in the present review, some patterns
seem to emerge that relate binge drinking to brain anomalies (see
Fig. 3). Next, we will present the most notable and common findings
across studies.

Collectively, the results collected using this systematic review
approach reported structural and functional brain abnormalities in ad-
olescents who engaged BD pattern. By integrating the anomalies in
common regions observed by different techniques, some structures have
been highlighted as being a target of the observed differences between
groups, including MFG/DLPFC (Ames et al., 2014b; Doallo et al., 2014;
Maurage et al., 2013; Morris et al., 2018; Sousa et al., 2019, 2017;
Whelan et al., 2014; Worbe et al., 2014), ACC (Ames et al., 2014a,
2014b; Arienzo et al., 2020; Brumback et al., 2015; Doallo et al., 2014;
Mashhoon et al., 2014), VS/NAcc (Arienzo et al., 2020; Chen et al.,
2020; Howell et al., 2013; Morris et al., 2018, 2016; Sousa et al., 2020)
and cerebellum (Brumback et al., 2015; Cservenka et al., 2015; Jacobus
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et al., 2009; McQueeny et al., 2009).

Notably, the recurrent abnormalities observed across multimodal
imaging coincide in indicating prefrontal areas that are strongly
involved in executive control processes (i.e. MFG/DLPFC and ACC) as
being especially sensitive to the impact of the BD pattern. Specifically, in
accordance with the direction of MRI and dMRI (NODDI) findings
(Doallo et al., 2014; Morris et al., 2018; Sousa et al., 2017; however see
Whelan et al., 2014), functional studies have also reported neural
anomalies in MFG/DLPFC (Ames et al., 2014b; Maurage et al., 2013;
Sousa et al., 2019; Worbe et al., 2014). Three of these fMRI studies
revealed greater BOLD activity during performing of tasks which eval-
uated processes, such as inhibition (Ames et al, 2014b),
decision-making (Worbe et al., 2014) and socio-emotional processing
(Maurage et al., 2013), while the remainder showed greater RS-FC
(Sousa et al.,, 2019). Regarding the ACC findings, two structural
studies revealed grey matter anomalies that were not consistent with
each other (Doallo et al., 2014; Mashhoon et al., 2014). Likewise, both
task-related (i.e. inhibition and alcohol cue reactivity) and resting-state
studies have revealed greater BOLD response (Ames et al., 2014a,
2014b; Brumback et al., 2015) and higher RS-FC (Arienzo et al., 2020) in
BDs than in non-BDs.

Another region that we consider important to highlight is the VS/
NAcc, in which replicated anomalies have been detected in MRI studies
(Howell et al., 2013; Sousa et al., 2020), fMRI studies (Arienzo et al.,
2020; Chen et al., 2020; Morris et al., 2016) and in one NODDI study
(Morris et al., 2018). In this regard, structural studies have reported an
increased volume (Howell et al., 2013; Sousa et al., 2020) and greater
ODI (Morris et al., 2018) in BDs (vs. non-BDs), while fMRI research has
detected anomalies in the functional connectivity of this region with
frontal structures involved in executive and attentional processes (e.g.
PFC, STN, ACC) both at resting-state (Arienzo et al., 2020; Morris et al.,
2016) and during the performance of an experimental task (Chen et al.,
2020).

The last region identified in which converge structural and func-
tional alterations is the cerebellum. The findings regarding this structure
revealed differences between groups in brain activity (Brumback et al.,
2015; Cservenka et al., 2015) and white matter microstructure (Jacobus
et al., 2009; McQueeny et al., 2009). These aforementioned abnormal-
ities in white matter studies (i.e. decreased FA values) were also
consistent in other association and projection fibres (e.g. CR, ILF, SLF)
(see Fig. 3).

Beyond the regions where differences between groups were observed
through various neuroimaging techniques, it is also important to note
two additional structures that we think deserve special mention because
of both the large number of studies reporting alterations (i.e. IFG; n = 6)
and the degree of consistency of the observed findings (i.e. insula).
Importantly, these two regions are strongly associated with cognitive
control, interoceptive and socio-emotional processes (Cai et al., 2014;
Chung and Clark, 2014; Uddin et al., 2017; Zhang et al., 2017).

Finally, significant functional differences in three motivation-related
regions (i.e. vimnPFC, OFC and putamen) have been reported in at least
two independent studies. Although the findings have been less consis-
tent, young BDs showed differences in task-related BOLD response in
vmPFC, putamen and OFC (Ames et al., 2014a; Whelan et al., 2014;
Worbe et al., 2014) and greater RS-FC connectivity in OFC (Arienzo
et al., 2020) relative to non-BDs.

4.2. Differences and similarities between BD and other consumption
patterns

One of the great efforts in elaborating this systematic review was to
use a strict inclusion criterion (see Table 1), which enabled us to
distinguish the specific impact of a BD pattern on a developing brain
from other types of drinking behaviour (i.e. heavy alcohol use and AUD).
This approach contrasts with that used in previous reviews (Ewing et al.,
2014; Jones et al., 2018; Lees et al., 2020; Silveri et al., 2016; Spear,
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2018), which have compared and integrated results of studies that
included samples ranging across youth BDs and participants with
different severities of consumption.

In this respect, the BD studies examined here and those reported in
above-mentioned alcohol use literature agree in pointing out that
alcohol consumption during adolescence and early adulthood is asso-
ciated with structural and functional anomalies. These neurocognitive
changes have been observed in several cortical (especially in the pre-
frontal cortex) and subcortical brain regions intimately involved in the
control and regulation of impulsive or risky behaviours, as well as in the
processing of reinforcing stimuli.

However, relative to our main consistent results (shown in bold,
Fig. 3), these studies appear to differ, at least partially, suggesting that
the BD pattern could lead to distinctive neurocognitive abnormalities
compared to both heavy alcohol use and AUD.

For instance, most of the studies included in the current review that
examined structural features across prefrontal regions revealed
increased grey matter in the MFG/DLPFC in youth BDs relative to non-
BDs (Doallo et al., 2014; Sousa et al., 2017), in contrast with prefrontal
morphological reductions reported in both heavy drinkers (Heikkinen
et al., 2017; Luciana et al., 2013; Meda et al., 2017; Pfefferbaum et al.,
2017; Squeglia et al., 2015) and young people with AUD (De Bellis et al.,
2005) relative to controls.

Another particularly noteworthy finding was observed in VS/NAcc
(Howell et al., 2013; Sousa et al., 2020), showing larger grey matter
volumes in youth BDs compared to non-BDs. Curiously, although this
region has been associated with the rewarding effect of alcohol con-
sumption (Mitchell et al., 2012), structural changes in the VS/NAcc have
not been reported in adolescents with heavy alcohol use or AUD diag-
nosis (for review see Silveri et al., 2016).

Moreover, none of the studies considered in the current review, even
those including ROI analysis (Howell et al., 2013), found significant
differences between BDs and non-BDs in the hippocampus. This may
indicate that, despite the vulnerability of the hippocampus to the
neurotoxic effects of alcohol reported in several studies with both heavy
drinking (Meda et al., 2018) and AUD samples (De Bellis, 2000; Medina
et al., 2007; Nagel et al., 2005), there might be no differences in the
early stages of alcohol consumption associated with a BD pattern.

Taken together, these differences in grey matter characteristics
would indicate that the BD pattern is associated with morphological
changes that differ to those observed in other types of alcohol con-
sumption. Nevertheless, this proposition requires further research, spe-
cifically with structural studies comparing BDs, heavy drinkers and AUD
population.

Among the dMRI studies that found anomalies in the white matter
integrity of the main brain tracts in BDs, the most replicated findings
were reduced FA in the CR, ILF, SLF and cerebellum relative to controls
(Jacobus et al., 2009; McQueeny et al., 2009). Also, significant differ-
ences in FA were observed in different segments of the CC (McQueeny
et al., 2009; Smith et al., 2017). Although one of these studies only re-
ported a significant gender by group interaction (Smith et al., 2017; see
Section 4.4 Gender effects related to BD pattern). Remarkably, other
studies that explored white matter microstructure in adolescent heavy
drinkers (Thayer et al., 2013; Shen et al., 2019) and young adults with
AUD (De Bellis et al., 2008; Chumin et al., 2019) have found abnor-
malities in the same brain tracts (among others) as targets for alcohol
effects, despite some differences in the direction of the FA effects. Spe-
cifically, these studies revealed both decreased FA in the anterior CR of
male heavy drinkers (Shen et al., 2019), in the SLF, posterior CR (Thayer
et al., 2013) and cerebellum (Chumin et al., 2019) as well as increased
FA in ILF, SLF (Chumin et al., 2019), eight regions of the CC (De Bellis
et al., 2008) and anterior portion of CR (Thayer et al., 2013). The in-
consistencies observed regarding the FA of the anterior CR (Thayer
et al., 2013 vs. Jacobus et al., 2009; McQueeny et al., 2009; and Shen
et al., 2019) may be explained by the concomitant use of marijuana and
the shorter lifetime use of alcohol in the paper by Thayer and colleagues
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(2013). Regarding studies with AUD (Chumin et al., 2019; De Bellis
et al., 2008), the increased FA observed may suggest a distinct effect (at
least within the discussed regions) to what has been observed with
young BDs.

Regarding fMRI findings in the highlighted regions (i.e. the ACC,
MFG/DLPFC, insula, IFG), there are both differences and similarities
between specific findings on BD and those provided in heavy drinking
and AUD research with young adults. For example, in terms of response
inhibition, although hyperactivity was observed in key regions of
inhibitory control (e.g. ACC, MFG/DLPFC, IFG, insula) in BDs (Ames
et al., 2014b; Suarez-Sudrez et al., 2020) and adolescent heavy drinkers
(Wetherill et al., 2013), less activity was observed in similar regions in a
study involving college students with AUD (Ahmadi et al., 2013).
Similarly, the anomalies observed in the RS-FC of the MFG as part of the
executive control network seem to differ according to the alcohol con-
sumption pattern. Thus, while young BDs showed greater RS-FC in the
MFG (Sousa et al., 2019), a study combining individuals with different
severities of consumption showed lower connectivity strength than in
controls in this same network (Weiland et al., 2014).

On the other hand, both young BDs (Ames et al., 2014a; Brumback
et al.,, 2015) and emerging adults with heavy drinking (Dager et al.,
2014) and AUD (Tapert et al., 2003) showed a high activation pattern in
ACC and insula during the performance of tasks exploring alcohol cue
reactivity. A similar pattern of results was found in decision-making
tasks where significant hyperactivity in the MFG/DLPFC and insula
was observed in young BDs (Worbe et al., 2014; Xiao et al., 2013) and in
clinical samples (Amlung et al., 2014). Finally, alcohol consumption
seems to be related to higher RS-FC within regions of the salience and
reward networks (i.e. ACC, OFC) as observed in young BDs (Arienzo
et al., 2020) and young adults with AUD (Zhu et al., 2017).

4.3. Longitudinal studies

Engaging in a BD pattern of consumption during adolescence appears
to affect brain maturation trajectory. Consequently, although longitu-
dinal studies remain scarce in BD research, they are of considerable
value, especially when they include pre-BD measures, as they help
elucidate the difference between the neurotoxic effects of the con-
sumption pattern from pre-existing brain differences that may make
some adolescents more vulnerable to alcohol use. In the current review,
we identified five longitudinal studies, including both diffusion (Correas
et al., 2016; Smith et al., 2017) and functional studies (Brumback et al.,
2015; Cservenka et al., 2015; Jones et al., 2016). In relation to the re-
view question of whether the maintenance of the BD pattern may
potentially increase the anomalies associated with alcohol consumption
(see Introduction), the included longitudinal studies do not seem to
provide a clear answer yet. First, Correas et al. (2016) did not find any
differences between groups in any of the assessments, while Smith et al.
(2017) informed about significant gender by group interactions in both
assessments but with no significant differences associated with the time
factor. On the other hand, the results by Jones et al. (2016) provide
valuable information more about the effects of short-term abstinence
than about the maintenance of the consumption pattern.

Importantly, the remaining two longitudinal studies (Cservenka
et al., 2015; Jones et al., 2016) explored differences in brain function
prior to the onset of the BD pattern. One of these studies indicated the
presence of abnormalities prior to alcohol consumption (Jones et al.,
2016), characterized by a lower neuronal response in fronto-parietal
regions during risky decision-making in those adolescents who went
on to develop a BD pattern of consumption, relative to adolescents who
maintained low levels of alcohol use. Similar to the findings of other
longitudinal studies including more severe alcohol consumption pat-
terns (e.g. Wetherill et al., 2013), these differences prior to the onset of
BD may act as a risk factor for some adolescents to engage in high-risk
consumption patterns and should be taken in consideration when
interpreting the results of cross-sectional studies. However, the parent
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study published by Cservenka et al. (2015) did not reveal any significant
differences prior to the start of BD, reporting reduced neural activation
in the cerebellum only after initiation of the BD pattern. These results
are particularly interesting because they highlight that although
prior-to-BD differences may exist, this pattern of alcohol consumption
may affect the structure and function of the adolescent brain.

4.4. Gender effects related to BD pattern

Previous studies have reported the presence of gender-related dif-
ferences in the effects of BD (for a review see Wilsnack et al., 2018).
However, possible differences at the neurostructural and/or functional
level are still far from being understood. For this reason, one of the
objectives of this review was to explore gender differences related to the
BD pattern in brain structure and function.

All of the studies reviewed were formed by samples of males and
females; however, only nine studies assessed the influence of gender in
the neuroimaging results (Arienzo et al., 2020; Cservenka et al., 2015;
Kvamme et al., 2016; Smith et al., 2017; Sousa et al., 2020, 2019, 2017;
Squeglia et al., 2012, 2011).

Five of these studies revealed gender differences in brain function
and morphometry related to BD in adolescence; three MRI studies
(Kvamme et al., 2016; Sousa et al., 2017; Squeglia et al., 2012), one
dMRI study (Smith et al., 2017) and one fMRI study (Squeglia et al.,
2011).

Two of the MRI studies reported both lower volume and less cortical
thickness in frontal, striatal, middle temporal, and parietal regions in
male BDs than their control peers, whereas the opposite pattern was
observed in females (Kvamme et al., 2016; Squeglia et al., 2012).
Regarding dMRI studies, similar to previously observed findings in grey
matter, Smith et al. (2017) reported that male BDs showed lower FA
index in various white matter fibre tracts (including various segments of
the CC) relative to male non-BDs, while females with a history of BD
demonstrated higher FA values relative to their non-BD peers. Inter-
estingly, these structural results suggest a pattern of gender-specific ef-
fects in young BDs. However, interpretation regarding the direction of
these differences between males and females remains unclear; they may
be related to the different rhythm in neuromaturation processes in males
and females (Gennatas et al., 2017; Giedd et al., 2012) which may
modulate the effects of BD in adolescence.

At the functional level, five studies explored the potential differences
between female and male drinkers. Among these studies, only Squeglia
etal. (2011) revealed significant gender by drinking status in all regions
examined (both ROI and whole-brain analysis). Thus, activation during
SWM vs. vigilance trials was lower in female BDs than in female
non-BDs, while the opposite pattern was observed in male BDs.

Overall, although gender differences have been observed in BD
research across multiple imaging modalities, future studies replicating
these results will be critical to the understanding of gender differences
related to BD.

5. Methodological considerations and future directions

This systematic review attempted to synthesize the research findings
and draw conclusions about the relationship between the BD pattern of
consumption and adolescent brain structure and function. Nevertheless,
some methodological points must be considered when interpreting the
previously discussed findings.

First of all, the weak control (or absence of control) over potential
confounders should be noted, such as use of illicit drugs and family
history of alcoholism (Quality assessment results) or even personal
psychiatric comorbidities in some of the studies reviewed. Second, the
relatively small sample size, together with the small number of studies
that aimed to explore gender-related differences, and also the scarcity of
longitudinal studies, prevent us from drawing strong conclusions con-
cerning some of the objectives of this review (i.e. whether the
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(potentially) observed anomalies are increased by the medium/long
term maintenance of the BD pattern and the possible gender differences
in BD-related effects on the brain). Furthermore, and similar to obser-
vations made in other analytical approaches (neuropsychological,
electroencephalography [EEG] and magnetoencephalography), there
remain a relatively small number of studies for each of the different
cognitive processes evaluated. This is not only reflected by the fact that
in most of the cognitive domains reviewed only two or three studies
have been conducted, but also by the fact that only two of the experi-
mental tasks used have been implemented in more than one study (from
the same research group), which may account for some of the observed
inconsistencies (see Overview of task-related fMRI studies).

We selected only studies that follow the NIAAA definition of BD for
this review. However, during the screening and selection phases, we
observed an important lack of consistency in the conceptualization of
this alcohol consumption pattern, as recently pointed out by Maurage
and colleagues (2020). Moreover, although the selected works fulfilled
the NIAAA criteria, they differed significantly in some alcohol con-
sumption characteristics of the experimental groups: the intensity of the
BD sessions (e.g. absence of an upper-threshold for the number of drinks
per occasion); the frequency of consumption criterion for classifying BDs
(e.g. from at least once a week for the last six months to one lifetime BD
episode); and alcohol consumption in the control group (ranging from
alcohol abstinent controls to samples partaking two BDE in the last 6
months).

On the other hand, some aspects related to the techniques evaluated
(MRI, dMRI and fMRI) should be taken into account when interpreting
the results. Thus, as previously mentioned in methodological reviews in
the neuroimaging field (e.g. Poldrack et al., 2017), the data treatment
(quality checks, pre-processing steps and statistical analysis) varied
significantly across studies with different implementation of similar
steps. Such differences in approaches can undermine the consistency of
the results in neuroimaging experiments (Botvinik-Nezer et al., 2020).

In addition, it must be noted that there are more neuroimaging
studies focused on the BD pattern than those included in the present
review. However, in order to adhere to the proposed objectives (see
Introduction), we finally decided to exclude prospective, machine
learning and other methodological approaches that did not allow us to
clearly isolate the potential effects of BD on the adolescent brain (e.g.
Cohen-Gilbert et al., 2017; Kiihn et al., 2019; Morales et al., 2018; Ruan
et al., 2019; Squeglia et al., 2017; Stacey et al., 2016).

Lastly, although the aim of applying the strict selection criterion was
to overcome the inconsistencies observed (see Introduction) to extract a
number of common patterns in the articles reviewed, this proposal has
both strengths and important limitations. In this regard, the selection of
studies in the present review focusing on healthy young BDs has allowed
us to identify consistent results (Fig. 3, Section 4.1) and to draw con-
clusions about structural and functional anomalies based on the more
solid findings of BD studies conducted to date. However, some in-
consistencies remain that should be systematically addressed together
with heavy drinking and AUD studies to better characterize the common
and differential effects of these consumption patterns. Future works
exploring all these types of drinking behaviours, and taking into account
the potential effects of confounding variables, such as poly-consumption
or psychiatric comorbidity, would be of great interest in this regard.
Another worth-noting limitation derived from the strict selection
criteria was the small number of studies selected for each imaging mo-
dality, which prevented us from using a meta-analytic approach in this
review.

6. Conclusions

Overall, the findings of the literature examined in this systematic
review suggest that adolescents and young adults who report engaging
in a BD pattern show both structural and functional anomalies, relative
to the respective controls.
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This evidence, although still scarce, provides important information
about the relationship between the adolescent brain and the BD pattern.
In addition, it enables some conclusions to be reached that seem to
emerge more consistently when different neuroimaging techniques are
integrated (for a summary of most common abnormalities reported in
BDs, see Fig. 3).

Regarding grey matter features, changes in both volume and thick-
ness of cortical (especially in the prefrontal cortex) and subcortical
structures have been reported (see Fig. 2). With respect to white matter
studies, although observation of differences is usual, the results tend to
be variable (see Overview of dMRI studies for more details).

At the functional level, the results seem to indicate that the BD
pattern of consumption is related to abnormalities in the neuronal
response associated with all the processes evaluated across a variety of
tasks, with most anomalies observed in frontal regions (see Fig. 2).
Likewise, although the direction of the findings is not clear, the most
common patterns observed were the hyperactivation of brain areas such
as the insula, DLPFC and the ACC (see Fig. 3), as well as recruitment of
additional areas.

Regarding RS-FC studies, the findings seem to suggest that young
people who report engaging in BD during adolescence present anomalies
in the connectivity in regions associated with reward processing and
inhibitory control processes, although the direction of these anomalies is
not yet clear.

Notably, the results of this review seem to indicate that the BD
pattern is associated with a series of anomalies different from those
previously observed in samples with more severe patterns of consump-
tion (e.g. AUD, polydrug use), such as the increase in grey matter in the
MFG/DLPFC and VS/NAcc or the hyperactivity observed during the
performance of inhibitory control tasks. However, our findings also
highlight the existence of similarities with these more severe types of
consumption, such as the hyperactivity observed in alcohol cue para-
digms, both in young BDs and young people with a more problematic
alcohol consumption; a pattern of brain activity similar to that observed
by studies using EEG (Almeida-Antunes et al., 2021).

Finally, we believe it is necessary to emphasize the need to carry out
more longitudinal studies that allow to determine whether the observed
differences will change throughout the long-term maintenance (or
abandonment) of the BD pattern, as well as allow measurements to be
obtained prior to initiation of this pattern of consumption to further
understand the risk factors that may contribute to alcohol use.
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