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Abstract

This review provides the first systematic and quantitative synthesis of the literature examining the 

relationship between binge drinking, cognition, brain structure and function in youth aged 10 to 24 

years. PubMed, EMBASE, Medline, PsychINFO and ProQuest were searched for neuroimaging, 

neurophysiological, and neuropsychological studies. A total of 58 studies (21 neuroimaging, 16 

neurophysiological, 21 neuropsychological) met the eligibility criteria and were included in the 

review. Overall, abnormal or delayed development of key frontal executive-control regions may 

predispose youth to binge drink. These abnormalities appear to be further exacerbated by the 

uptake of binge drinking, in addition to alcohol-related neural aberrations in reward-seeking and 

incentive salience regions, indexed by cognitive deficits and maladaptive alcohol associations. A 

meta-analysis of neuropsychological correlates identified that binge drinking in youth was 

associated with a small overall neurocognitive deficit (g = −0.26) and specific deficits in decision-

making (g = −1.70), and inhibition (g = −0.39). Using the Grades of Recommendation, 

Assessment, Development, and Evaluation (GRADE) Evidence Profile, the certainty in outcomes 

ranged from very low to low. Future prospective longitudinal studies should address concomitant 

factors, exposure thresholds, and age-related vulnerabilities of binge drinking, as well as the 

degree of recovery following discontinuation of use.
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Introduction

Adolescence (10 to 19 years) and young adulthood (20 to 24 years) are unique transitional 

periods associated with age-related neural and cognitive changes (Crews, He, & Hodge, 

2007; Spear, 2013). Behaviourally, this period is characterised by heightened exploration, 

risk-taking, sensation-seeking, and socialisation (Steinberg, 2010). Together, these factors 

contribute to a young person’s increased propensity to experiment and engage in risk-taking 

behaviours, including alcohol and other drug use, and consume elevated levels of alcohol 

relative to that of adults (Macpherson, Magidson Jessica, Reynolds Elizabeth, Kahler 

Christopher, & Lejuez, 2010).

Adolescent drinking frequently consists of heavy binges separated by periods of abstinence, 

often clustering around social events (Bräker, Göbel, Scheithauer, & Soellner, 2015). Binge 

drinking is defined as a pattern of alcohol use that brings blood alcohol concentration (BAC) 

levels to 0.08 g/dL, which typically occurs after the consumption of four or more standard 

alcoholic drinks for females and five or more drinks for males, over a 2 h period (Substance 

Abuse and Mental Health Services Administration, 2016; National Institute on Alcohol 

Abuse and Alcoholism, 2018). This episodic pattern of drinking is most common among 

adolescents in Western countries. For instance, in the United States (US), 4%, 9% and 14% 

of 14, 16 and 18 year olds, respectively, reported binge drinking in the previous 2 weeks 

(Johnston et al., 2019). Similarly in Australia, 2%, 9% and 17% of 14, 16 and 17 year olds 

reported binge drinking in the previous week (White & Williams, 2016). Across 35 

European countries, an average of 35% of secondary school students, aged 16 years, 

reported binge drinking in the previous month, with the highest prevalence in Austria, 

Cyprus, and Denmark, where more than 50% of students reported this drinking pattern 

(Kraus et al., 2016). The prevalence of binge drinking sharply increases from adolescence to 

young adulthood, with 38% of 18 to 25 year olds in the US (Substance Abuse and Mental 

Health Services Administration, 2017), 42% of 18 to 24 year olds in Australia (Australian 

Institute of Health and Welfare, 2017) and 42% of 16 to 24 year olds in the United Kingdom 

(UK; Office for National Statistics, 2018) reporting binge drinking at least monthly. These 

statistics are concerning because early alcohol use and binge drinking are associated with a 

myriad of short- and long-term negative consequences including blackouts, hangovers, and 

alcohol poisoning (Hermens & Lagopoulos, 2018; Labhart, Livingston, Engels, & Kuntsche, 

2018), alcohol and drug use disorders (Dwyer-Lindgren & Bertozzi-Villa, 2018), other 

mental health problems (Teesson et al., 2010; Welsh et al., 2017), risky sexual behaviours 

(Townshend, Kambouropoulos, Griffin, Hunt, & Milani, 2014), injuries (Rehm & Shield, 

2014), increased risk of violence exposure (Oosterhoff, Kaplow, & Layne, 2016), and 

suicide (Pompili et al., 2010).

A variety of factors undoubtedly contribute to the elevated levels of alcohol consumption in 

adolescence and young adulthood, and maturational changes in the brain are likely to play a 
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central role. Subcortical limbic regions that modulate reward, emotion, and impulsive 

motivations mature during mid-adolescence (14 to 17 years), prior to the development of 

prefrontal top-down executive control circuits in early adulthood (21 to 24 years; Shulman et 

al., 2016). This imbalance in brain region development is thought to create a reward bias 

which enhances a young person’s affinity towards novel and risky activities, including 

alcohol use (Casey, Jones, & Hare, 2008; Steinberg, 2010). There is growing evidence that 

aberrant neural and cognitive developmental trajectories may cause some adolescents to be 

at an even greater risk of alcohol initiation (Squeglia et al., 2017). Furthermore, alcohol use 

during adolescence and young adulthood also appears to cause gradual attrition of cognitive 

functions and aberrant neural development trajectories (Spear, 2018). Since binge drinking is 

the dominant pattern of use among young people, it is critical that we investigate how this 

pattern of drinking is related to abnormalities in the developing brain and explore the 

associated negative consequences of binge drinking during a vulnerable developmental 

period.

The current evidence on the association between binge drinking and neurodevelopment 

during adolescence and young adulthood has been previously summarised in several 

narrative reviews (e.g., Petit, Maurage, Kornreich, Verbanck, & Campanella, 2014, 

Cservenka & Brumback, 2017, Spear, 2018, Hermens & Lagopoulos, 2018) and two 

systematic reviews (see Ewing, Sakhardande, & Blakemore, 2014 for a review of 

neuroimaging studies and Carbia, López-Caneda, Corral, & Cadaveira, 2018 for 

neuropsychological studies). Overall, these reviews have concluded that there were a number 

of structural (smaller grey and white matter volume, and lower white matter integrity), 

functional (abnormal activation during executive functioning and verbal encoding tasks, and 

latency differences during cognitive tasks in P1, N1, P3, P3b and P450) and cognitive 

(impairments in attention, executive functions, and verbal, non-verbal and spatial working 

memory) differences associated with binge drinking in youth. However, previous systematic 

reviews are limited by 1) the inclusion of concurrent substance use which may confound the 

specific effects of binge drinking, 2) providing no quantitative synthesis of the literature, 3) 

not disentangling the antecedents and consequences of binge drinking by synthesising 

prospective longitudinal studies, and 4) only including adolescents aged 10 to 19 years 

despite continued brain development until the mid-20s (i.e., Ewing et al., 2014). To date, 

there has also been limited systematic and quantitative synthesis of results across the 

cognitive and neuroscience fields. We are not aware of any systematic review which has 

integrated neuroimaging, neurophysiological, and neuropsychological data. Integrating this 

data is crucial because the refinement of cognitive processes is interleaved with the 

maturation of neural structure and function, and together these processes make an important 

contribution to excessive alcohol consumption (Spear, 2018).

The aim of this systematic review is to provide an update on the rapidly expanding 

neuroimaging, neurophysiological, and neuropsychological literature on binge drinking and 

neurodevelopment, understand the causal relationship between neural structure and function, 

cognition, and binge drinking, address limitations of previous systematic reviews, and 

conduct the first meta-analysis of these studies. By assessing this literature collectively, we 

will be able to provide a broader understanding of the impact binge drinking has on brain 

development and behaviour. Identifying antecedents of drinking will inform early detection 
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and the development of prevention and early intervention initiatives. While understanding 

the consequences of binge drinking is crucial for targeted cognitive and physiological 

treatment efforts.

Methods

Search Strategy and Study Eligibility

This systematic review and meta-analysis followed the Preferred Reporting Items for 

Systematic Reviews and Meta-Analysis Protocols (PRISMA-P) and Meta-Analysis of 

Observational Studies in Epidemiology (MOOSE) guidelines. The protocol was registered 

with the PROSPERO International Prospective Register of Systematic Reviews of the 

University of York (registration number: CRD42018086856) and has been previously 

published (Lees et al., 2018). Search terms were combinations of medical subject headings 

(MeSH) describing the participants (adolescent, teenager, youth, emerging adult, young 

adult), the exposure variable (alcohol, binge drinking, ethanol), and the assessment methods 

measuring the outcomes of interest [neuroimaging, brain imaging, magnetic resonance 

imaging (MRI), functional MRI (fMRI), diffusion tensor imaging (DTI), magnetic 

resonance spectroscopy (MRS), neurophysiological, electroencephalography (EEG), event-

related potentials (ERP), neuropsychological, cognitive, verbal working memory tests, 

episodic memory tests, visuospatial working memory tests, verbal fluency tests, executive 

function tests, digit symbol substitution tests, reaction time, attention]. See the 

Supplementary Online Appendix File for the search strategy in Table 6.

Relevant literature from PubMed, EMBASE, Medline, PsychINFO and ProQuest was 

systematically searched to identify neuroimaging, neurophysiological, and 

neuropsychological studies that assessed the impact of binge drinking on neurodevelopment 

and neuropsychological task performance in adolescents and young adults, where the 

majority of participants were aged 10 to 24 years at first assessment. Studies were excluded 

if the majority of participants were significantly involved in substances other than alcohol 

(i.e., >5 cannabis use per month, >25 lifetime other drug use occasions), or if any 

participants had been clinically diagnosed with an alcohol use disorder, or any psychiatric, 

neurological, or pharmacological condition to ensure that outcomes were specific to binge 

drinking. Studies were included if participants also met criteria for moderate (for females: 

1–3 drinks on any single day and ≤ 7 drinks per week; for males: 1–4 drinks on any single 

day and ≤ 14 drinks per week) or heavy drinking (for females: >3 drinks on any single day 

and/or > 7 drinks per week; for males: >4 drinks on any single day and/or > 14 drinks per 

week) with binges (National Institute on Alcohol Abuse and Alcoholism, 2018). Peer-

reviewed cross-sectional and longitudinal neuroimaging, neurophysiological, and 

neuropsychological studies that provided original data were included. Reviews, reports and 

information in books or letters were not included. Further details of the search strategy and 

selection criteria are available in the Appendix File (Table 5) and the published protocol 

(Lees et al., 2018).

Systematic literature searches were conducted by reviewer one (BL) in April 2018 to assess 

publications from database inception to April 1, 2018. A snowballing technique was applied 

where the reference list of identified articles was screened for suitable studies. Reviewer one 
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screened all titles and abstracts from the peer-reviewed databases to determine eligibility for 

inclusion in the review. Reviewer two (LM) independently screened a random selection of 

25% of abstracts to ensure accuracy in the study selection. Inter-rater reliability for abstracts 

of potentially eligible studies was high (96% agreement), Cohen’s kappa (k = 0.803). Full-

text versions of the potentially eligible studies were independently assessed by both 

reviewers to further determine eligibility for inclusion. Again, there was high inter-rater 

reliability of studies to be included in the review (87% agreement), k = 0.743. Consultation 

was held between the reviewers at the time of abstract screening and full-text assessment to 

reconcile the differences of opinion, and consensus in study selection was reached.

Meta-analyses were only conducted if the available data met established criteria (Muller et 

al., 2018) that requires all included experiments use the same search coverage (i.e., the same 

brain coverage, EEG and ERP components, neurocognitive domains) and that there were a 

sufficient number of studies included in the analysis (i.e., >17–20 experiments; Eickhoff et 

al., 2016). There was large heterogeneity in the EEG and ERP components measured for 

varying neurocognitive domains in neurophysiological studies, and there was insufficient 

data in neuroimaging structural (9 MRI, 1 DTI, 1 MRS studies) and functional experiments 

(10 fMRI studies). Therefore, a narrative synthesis was conducted. There was sufficient 

homogenous data to conduct a meta-analysis for neuropsychological studies (n = 42). Only 

observational, cross-sectional studies were included in the meta-analysis. Longitudinal 

studies were not included in the meta-analysis because reliable estimates were 

indeterminate. There were only six longitudinal studies reporting neuropsychological data, 

and there was large heterogeneity in length of follow-up (i.e., 1–60 months) and methods of 

reporting data, that is, baseline drinking criteria differed, where some studies reported no 

alcohol use at baseline and binge at follow-up, while others reported on continued binge 

behaviours. However, cross-sectional data (binge drinking vs. non-binge drinking 

participants) from longitudinal studies formed part of the meta-analysis of 

neuropsychological studies where available. Further details of the meta-analysis methods are 

provided in the Appendix File.

Data Extraction

Following the PRISMA guidelines, data on study information, participant characteristics, 

alcohol characteristics, and study characteristics were extracted into a table (see Table 1). 

The amount of alcohol in standard drinks differed across regions (i.e., US vs Europe) and 

this was noted during extraction. Standard drinks were converted to US criteria (14 g of pure 

alcohol per standard drink) to ensure consistency in reported results. The significant results 

for all neuroimaging, neurophysiological, and longitudinal neuropsychological studies were 

extracted into tables and classified according to the study type (see Tables 8, 9 and 10 in the 

Appendix File). All data was presented in terms of differences identified in the binge 

drinking sample compared to the non-binge drinking sample. Meta-analysis data presented 

in this review and a corresponding data dictionary is available on the Open Science 

Foundation website (https://osf.io/nx9cv/). To examine the effect of binge drinking on 

cognitive domains, reviewer one (BL) classified neuropsychological tasks into domains 

based on established theoretical principles of cognitive function (American Psychiatric 

Association, 2013; Schneider & McGrew, 2018), following widely known sources (see 
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Strauss, Sherman, & Spreen, 2006; Lezak, Howieson, Bigler, & Tranel, 2012) and previous 

reviews (Scott et al., 2018; Carbia et al., 2018). These domains were behavioural inhibition 

in impulsivity tasks, decision-making, delay discounting, expressive language, immediate 

memory, inhibition, long term memory, mental flexibility, planning, processing speed, recent 

memory, receptive language, recognition of emotions, sustained attention, visual perceptual, 

visuoconstructional, and working memory. Various frame-works exist that categorise these 

domains into overarching cognitive constructs, such as executive functions or fluid reasoning 

[e.g., the Diagnostic and Statistical Manual of Mental Disorders cognitive domains 

(American Psychiatric Association, 2013), the Cattell-Horn-Carroll taxonomy (Schneider & 

McGrew, 2018), and the Research Domain Criteria constructs (Cuthbert & Kozak, 2013)]. 

Due to inconsistencies across these frameworks, analyses were only conducted at the 

domain level. See Table 7 in the Appendix File for tests in each cognitive domain.

Statistical Analyses

Comprehensive Meta-Analysis Version 3.0 (Borenstein, Hedges, Higgins, & Rothstein, 

2014) was used to compute effect sizes for individual studies, domains, and an overall effect 

for neurocognition, as well as determine the sampling variance of each effect size and the 

risk of bias. Random-effects models were adopted to account for wide variations in 

participant characteristics and methodological factors. The standardised mean difference was 

used as the measure of effect size and the Hedges correction for small sample bias (Hedges’ 

g; 0.2 = small, 0.5 = medium, 0.8 = large) was applied (Hedges, 1985). Measures where low 

scores indicated better performance were adjusted so that a negative g statistic indicated 

worse performance in the binge drinking group. Most studies with neurocognitive 

behavioural measures reported on multiple cognitive tasks with multiple outcomes, indexing 

multiple cognitive domains. In cases where a study reported on more than one outcome for a 

single task indexing a single domain, the summary score was used (e.g. the Iowa Gambling 

Task net score) or a composite score was calculated (e.g. the 2-dot and 6-dot accuracy scores 

for the Visual Working Memory Task were averaged to calculate a composite score). In 

cases where a study used two cognitive tasks for one domain (e.g. the Digit Span Backward 

and N-Back Tasks, indexing working memory), the tasks were grouped together, and the 

average effect size was calculated. Finally, for the overall analysis of neurocognition, which 

included all domains, studies that reported on multiple domains were grouped together, and 

the average effect size was calculated.

To test for small study effects and the potential for publication bias, a funnel plot and trim 

and fill analysis were conducted. The funnel plot provided a visual sense of the relationship 

between effect size and precision (see Fig. 2 in the Appendix File). To quantify the amount 

of bias captured by the funnel plot, Egger’s linear regression method was used for each 

domain (Egger, Smith, Schneider, & Minder, 1997, Sterne, Egger, & Smith, 2001). The 

Duval and Tweedie trim and fill method (Duval & Tweedie, 2000) for random-effects 

analyses provided an estimate of potential missing effects and yielded an effect size estimate 

after the bias had been taken into account.
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Methodological Quality

The methodological quality of the studies was assessed using the Grades of 

Recommendation, Assessment, Development, and Evaluation (GRADE) approach (Brozek 

et al., 2009). In this rating system, observational studies receive a very low quality score and 

are upgraded only when there are no important threats to validity, there are large magnitude 

effects, a dose response is present, or when all plausible confounding factors are working 

against the direction of the observed effect (Ryan & Hill, 2016). Factors that reduce the 

quality of evidence include study limitations (risk of bias), inconsistency of results, 

indirectness of evidence, and imprecision. Risk of bias for neuroimaging and 

neurophysiological studies was considered against critical study limitations, including i) 

failure to apply appropriate eligibility criteria, ii) utilisation of flawed measurement of 

outcomes, iii) failure to adequately control for confounding variables, and iv) for 

longitudinal studies, inadequate procedures to follow-up participants (Schünemann, Brożek, 

Guyatt, & Oxman, 2013). Risk of bias for neuropsychological studies was measured in the 

meta-analysis through Egger’s linear regression method (Egger et al., 1997, Sterne et al., 

2001). Unexplained heterogeneity of results was assessed through examination of variance 

in point estimates across studies, and the Q, I2, tau and tau2 statistics in the meta-analysis 

(Schünemann et al., 2013). Directness of evidence is a measure ensuring research directly 

compares the study populations of interest (i.e., participants aged 10 to 24 years) with the 

correct dose (i.e., binge drinking) and outcomes of interest (i.e., cognitive, functional or 

structural measures), and compares these findings to a suitable control (i.e. non-binge 

drinking participants). Imprecision of results occurs when studies have included relatively 

few participants, and this leads to wide confidence intervals. Imprecision was assessed using 

the Optimal Information Size approach, where the total number of participants included in 

each outcome measure must be larger than the number of participants generated by a 

conventional sample size calculation for a single adequately powered trial, using G*Power 

(Faul, Erdfelder, Lang, & Buchner, 2007).

Results

Characteristics of Studies

There were 58 eligible studies (Fig. 1, Table 1), including 21 neuroimaging studies (12 of 

which reported neuropsychological data), 16 neurophysiological studies (10 of which 

reported neuropsychological data), and 21 neuropsychological-only studies. There were 

seven neuroimaging, six neurophysiological, and six neuropsychological-only longitudinal 

studies. Of these longitudinal studies, six neuroimaging, one neurophysiological, and three 

neuropsychological-only studies conducted baseline assessments prior to the onset of regular 

alcohol use or binge drinking.

Studies were published between 2004 and 2018. There was considerable growth in the 

number of published studies, particularly for neuroimaging and neuropsychological-only 

studies. For neuroimaging studies, 81% were published after 2012, and 57% have been 

published since the last systematic review (between 2014 and 2018). Seventy-six per cent of 

neuroimaging studies were conducted in the US, 14% were conducted in the UK, 5% were 

conducted in Belgium, and 5% were conducted in China. For neurophysiological studies, 

Lees et al. Page 7

Neuropsychol Rev. Author manuscript; available in PMC 2020 May 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



there has been a steady number of published papers with 50% published between 2009 and 

2012, and 50% published between 2013 and 2017. Sixty-three per cent were conducted in 

Spain, 31% were conducted in Belgium, and 6% were conducted in the US. For 

neuropsychological-only studies, there was a recent spike in publications with 35% of 

studies being published in 2016 and 2017. Forty-three per cent were conducted in Spain, 

24% were conducted in the UK, 14% were conducted in the US, 5% were conducted in 

Canada, and 5% were conducted in Korea.

Methodological Considerations

Using the GRADE Evidence Profile, the certainty in outcomes ranged from very low to low 

(Table 2). The majority of studies were observational (98%; 39 cross-sectional studies, 19 

prospective cohort longitudinal studies) and one fMRI study was an interventional pre-post 

design (2%). Twelve outcomes (60%), including behavioural inhibition only, decision-

making, delay discounting, expressive language, inhibition, planning, processing speed, 

recent memory, receptive language, visual perceptual, visuoconstructional, and recognition 

of emotions received a very low certainty score. There was serious concern of risk of bias 

for decision-making (t = 2.57, p < 0.05), inhibition (t = 2.50, p < 0.05), and processing speed 

(t = 2.27, p < 0.05), as measured by Egger’s test. There was serious concern regarding 

inconsistency of results for decision-making, inhibition, processing speed, and recent 

memory, where I2 was between 75 and 100%. Finally, there was serious concern of 

imprecision in results for behavioural inhibition only, delay discounting, expressive 

language, planning, receptive language, visual perceptual, visuoconstructional, and 

recognition of emotions, where the number of participants included in the review was 

smaller than the required number of participants generated from a sample size calculator for 

a single adequately powered trial. Eight outcomes (40%), including brain electrical activity, 

functional neural activity, immediate memory, long term memory, mental flexibility, neural 

structure and connectivity, sustained attention, and working memory were upgraded from 

very low to low because there were either no important threats to validity (i.e., risk of bias, 

inconsistency in results, indirectness of evidence, imprecision of results, publication bias). 

The indirectness of evidence was not serious for any outcome.

Longitudinal Studies

Longitudinal studies provided insight into the cause-effect relationship between structural 

and functional brain differences, neurocognitive deficits, and binge drinking in adolescents 

and young adults. The following section reports on observed group differences between 

future binge drinking and non-binge drinking participants that predated heavy episodic use 

and perhaps represent vulnerability factors that promote greater consumption of alcohol 

following initiation of use. This is followed by a synthesis of studies that reported neural and 

cognitive consequences of binge drinking, and the results following abstinence from binge 

patterns of drinking.

Pre-Existing Aberrations

Six of ten longitudinal neuroimaging, neurophysiological, and neuropsychological studies 

that examined youth prior to binge drinking have provided evidence of neural and cognitive 

differences in adolescents and young adults that later predict the uptake of binge drinking 
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over a 9-month to 13-year period. A structural neuroimaging study, which captures static 

images of the brain in an MRI scanner, observed 40 adolescents for three years, where the 

mean age was 15 years at baseline and 17.6 years at follow up (Squeglia et al., 2014). The 

researchers found that individuals who later transitioned to heavy drinking with regular 

binges (n = 20) recorded smaller baseline brain volume in regions important for executive 

functions and reward processing [anterior cingulate cortex (ACC), inferior frontal gyrus, 

cingulate gyrus], and less right cerebellar white matter at baseline, when compared to 

participants who did not engage in binge drinking. A second structural imaging study 

examined 265 substance-naïve adolescents aged 12 to 14 at baseline and followed them 

annually for up to 13 years (maximum age 27; Brumback et al., 2016). They found that the 

surface area of the right dorsolateral prefrontal cortex (PFC) at baseline predicted the 

number of subsequent binge drinking occasions, with smaller surface area indicating more 

binges.

Functional neuroimaging studies, which measure neural activity in response to a task, have 

also provided insight into the vulnerability markers of youth at heighted risk of binge 

drinking. The standard variable of interest used in fMRI studies is blood-oxygen-level 

dependent (BOLD) signal which measures the regional differences in cerebral blood flow 

and volume to delineate regional neural activity. A three-year functional neuroimaging study 

of 40 participants aged 15 years at baseline measured changes in BOLD signal response to a 

visual working memory task (Squeglia, Pulido, et al., 2012). During the three-year follow-up 

period (mean age at follow-up = 18.1 years), 20 participants initiated regular heavy alcohol 

use and met criteria for binge drinking. At baseline, these participants exhibited less BOLD 

signal to cognitive challenges than continuous non-drinkers in regions associated with 

working memory and other executive functions, including the right inferior parietal lobule 

and the left medial frontal gyrus. In this study, lower baseline BOLD signal in these regions 

predicted a higher number of subsequent peak drinks during binge sessions and a higher 

number of drinking days. A second functional neuroimaging study assessed response 

inhibition, using an event-related Go/No-Go task, in 28 participants who were aged 11.7 to 

16.7 years at baseline (Wetherill et al., 2013). At the three-year follow-up, 14 participants 

had initiated heavy drinking with binges (m = 18.5 years) and these participants exhibited 

less BOLD response at baseline during the Go/No-Go task in cortical (frontal, parietal) and 

subcortical regions (putamen, cerebellum) implicated in processes of working memory and 

response inhibition, when compared to individuals who did not initiate binge drinking.

Neurophysiological measures have also been used to investigate the relationship between 

neural activity and binge drinking. An EEG measures the electrical brain wave patterns by 

using electrodes attached to the scalp, and an ERP is the measured electrical response to a 

specific task or event. One nine-month longitudinal study measured the ERP components of 

36 first-year university students aged 18 years in an auditory task based on emotional 

valence detection (Maurage et al., 2009). This study found that individuals who initiated 

binge drinking by age 19 exhibited delayed P1, N2 and P3b latencies indexing deficits in 

perceptive and decisional processes at baseline, when compared to those who did not initiate 

binge drinking. Importantly, the extent of these latency delays were proportional to the 

severity of binge drinking behaviour. Finally, one neuropsychological study observed 181 

adolescents over a one-year period and participants who transitioned to binge drinking by 
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age 17 exhibited poorer performance on the Iowa Gambling Task at baseline compared to 

non-bingeing participants (Xiao et al., 2009). Poorer task performance, reflecting poorer 

decision-making ability, predicted consumption of a greater number of drinks over the 

following year.

In summary, longitudinal studies have provided evidence that smaller brain volume in frontal 

regions, less cerebellar white matter, smaller prefrontal surface area, less brain activation in 

frontoparietal regions during inhibition and working memory tasks, slowed cerebral activity, 

and poorer decision-making ability were associated with a greater likelihood of initiating 

binge drinking during adolescence or young adulthood.

Consequences of Binge Drinking

Twelve neuroimaging, neurophysiological, and neuropsychological studies provide evidence 

that binge drinking during adolescence and young adulthood has structural and functional 

neural consequences. A structural neuroimaging study observed 135 adolescents aged 15 

years at baseline over a 3.5-year period (Squeglia et al., 2015). Over the follow-up period, 75 

participants (mean age at follow-up = 19.6 years) initiated heavy drinking and met binge 

drinking criteria. Disrupted brain volume maturation was observed for these participants 

with greater neocortical, frontal and temporal grey matter volume reductions, and attenuated 

white matter growth of the pons and corpus callosum at follow-up, when compared to low 

drinkers who had consumed a maximum of 4 drinks in the previous year. In this study, male 

and female drinkers exhibited similar deviations in neural developmental trajectories. As 

part of the National Consortium on Alcohol and Neurodevelopment in Adolescence 

(NCANDA) study, Pfefferbaum et al. (2018) examined 483 participants aged 12 to 21 years 

over a two-year period. Of the adolescents and young adults who initiated alcohol use, 65 

met criteria for moderate drinking with a mean age of 16.7 years and an average of 3.7 

lifetime binges, and 62 met criteria for heavy drinking with a mean age of 17.1 years and an 

average of 15.8 lifetime binges. Following relatively low levels of binge drinking, the 

participants exhibited accelerated reductions in grey matter volume in frontal regions 

important for executive control, including the causal middle and superior frontal gyrus, and 

the posterior cingulate cortex. Furthermore, the neuroimaging study by Squeglia et al. 

(2014), which followed 40 adolescents aged 15 for three years, reported accelerated grey 

matter volume reductions in cortical (left inferior and middle temporal gyrus; important in 

visual object recognition and language comprehension) and subcortical (left ventral 

diencephalon, left caudate, brainstem; important for sensory integration, motor control, 

feedback processing, reward and habit learning) regions in adolescents who initiated heavy 

drinking with binges (m = 18 years), compared to adolescents who remained non- or low-

drinkers over the follow-up period (m = 17.2 years).

The functional neuroimaging study by Wetherill et al. (2013) also identified neural 

consequences of binge drinking. From baseline to follow-up, participants aged 18.5 years 

who initiated heavy drinking exhibited increases in response inhibition BOLD contrast, 

while non- or low-drinkers aged 17.6 years showed attenuated responses. At follow-up, 

heavy drinkers reported greater response inhibition activity than non-or low-drinkers in 

cortical (middle frontal, right inferior parietal) and subcortical (left cerebellar tonsil) 
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structures in order to successfully inhibit prepotent responses. As previously noted, the 

functional neuroimaging study by Squeglia, Pulido, et al. (2012) reported less brain 

activation during a working memory task among binge drinkers prior to the onset of alcohol 

use. Following alcohol uptake, binge drinking adolescents aged 18.5 years showed increased 

BOLD response, whereas non-drinkers aged 17.7 years exhibited attenuated activation when 

compared to baseline in frontoparietal executive control regions. Therefore, the group 

differences in BOLD response identified at baseline were no longer present at follow-up.

Five neurophysiological longitudinal studies have followed continuous binge drinking 

participants over a period of one to six years. These studies did not assess participants prior 

to binge drinking uptake, and therefore, conclusions can only be drawn about the 

consequences of chronic binge drinking patterns rather than the effect of the uptake of binge 

drinking. Lopez-Caneda and colleagues conducted multiple two-year studies and assessed 

the transitional period from adolescence (18 to 19 years) to young adulthood (20 to 21 years) 

in three separate neurophysiological publications (Lopez-Caneda et al., 2012; Lopez-Caneda 

et al., 2013; Lopez-Caneda et al., 2014). The 2012 and 2014 studies utilised the Go/No-Go 

Task to measure response inhibition and the 2013 study utilised a Visual Oddball Task to 

measure complex attention. Lopez-Caneda et al. (2012) followed 48 participants while 

Lopez-Caneda et al. (2014) followed 57 participants. Both studies reported increased P3 

amplitude, related to working memory and inhibitory control, in the central, parietal and 

frontal regions, as well as increased activation in the PFC and insula during inhibiting 

responses at follow-up in continuous binge drinkers, compared to non- or low-drinkers. 

Lopez-Caneda et al. (2013) followed 57 continuous binge drinkers and reported increased 

P3b amplitude in the central and parietal regions during attentional control at both evaluation 

times, with a more pronounced difference after two years of consistent binge drinking. A 

larger P3b amplitude was associated with an earlier onset of regular drinking, and greater 

frequency and quantity of binge drinking. These findings from Lopez-Caneda and 

colleagues suggest that continuous binge drinking may have a cumulative effect on brain 

activity and the anomalous activity may reflect degradation of underlying attentional and 

executive functioning mechanisms. A one-year study by Petit, Kornreich, et al. (2014) 

observed 30 young adults, aged 22 at baseline, during a Visual Oddball Task with alcohol-

related cues. Continuous binge drinking over the follow-up period was associated with the 

emergence of electrophysiological abnormalities affecting visual (decreased P1 amplitude) 

and decision making processing (decreased P3 amplitude) for non-alcohol related stimuli, 

compared to non-binge drinkers. At follow-up, binge drinkers showed enhanced P3 

amplitude to alcohol-related stimuli, suggesting the emergence of a bias towards alcohol 

with continuous binge drinking behaviour. Finally, Folgueira-Ares et al. (2017) assessed 50 

young adults (m = 20.6 years) during an associative memory task, measuring recent 

memory, and reported that consistent binge drinking over a two-year period was associated 

with increased vertex positive potential (VPP) amplitude in the central region and increased 

difference due to memory effect (DM) amplitude in the centro-parietal and parieto-occipital 

regions for incorrect delayed memories, when compared with controls. Despite the absence 

of behavioural differences, these results indicate that consistent binge drinking is associated 

with anomalous processing during the encoding memory phase.
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In terms of neurocognitive functioning, two longitudinal studies assessed youth before and 

after binge drinking initiation, and three longitudinal studies followed continuous binge 

drinking participants. A one-year study observed 116 young adolescents with a mean age of 

14.5 years at baseline (Jones et al., 2017). A subsample began binge drinking during the 

follow-up period and the authors observed that higher total life-time drinks predicted 

escalated impulsive choice in a delay discounting task, when compared with adolescents 

who did not initiate binge drinking during the same period. A second neuropsychological 

study followed 89 young adolescents, with a mean age of 13.7 years at baseline, for one to 

five years (Squeglia et al., 2009). For females who transitioned into moderate to heavy 

drinking with binges, more past year drinking days predicted a greater reduction in 

visuoconstructional functioning as measured by the Complex Figure Task, and for males 

who transitioned into binge drinking, more past year hangover symptoms predicted 

worsened sustained attention as measured by the Digit Vigilance Test, when compared to 

females and males who remained non- or low-drinkers. A study by Mota et al. (2013) 

observed 89 young people with a mean age of 18.7 years at baseline over a two-year period 

and found consistent binge drinking was associated with poorer immediate and delayed 

recall, retention and working memory at age 20.5 years. Finally, two papers reported on a 

sample of participants who were followed-up for a six-year period during the ages of 18 to 

23 years (Carbia, Cadaveira, Caamano-Isorna, et al., 2017, Carbia, Cadaveira, Lopez-

Caneda, et al., 2017). Consistent binge drinking over the six-year period was associated with 

poorer immediate and delayed recall compared to stable non-binge drinkers, and this deficit 

remained stable over the follow-up period (Carbia, Cadaveira, Caamano-Isorna, et al., 2017). 

In this study, male and female drinkers exhibited similar deficits in episodic memory. 

Meanwhile, the second publication by Carbia, Cadaveira, Lopez-Caneda, et al. (2017) 

investigating working memory reported deficits in working memory span among binge 

drinkers compared to non-binge drinkers at baseline, however these participants (n = 76) 

showed some improvement over the following four years.

Together, these findings indicate that following the uptake of binge drinking, adolescents 

and young adults report accelerated grey matter volume reductions in cortical (neocortical, 

frontal, temporal, cingulate) and subcortical regions (ventral diencephalon, caudate, 

brainstem), attenuated growth in white matter structures, aberrations in frontoparietal brain 

activity during executive functioning tasks, and deficits in delay discounting, 

visuoconstructional functioning, and sustained attention. Consistent binge drinking over a 

period of one to two years had a cumulative impact on brain wave activity during tasks of 

inhibition, complex attention and recent associative memory, as well as when exposed to 

alcohol-related cues. Consistent binge drinking over a period of two to six years was 

associated with poorer learning, and long-term, episodic and working memory.

Discontinuation of Binge Drinking

Five studies reported on young people who discontinued binge drinking over a follow-up 

period of one month to six years. A functional neuroimaging study observed 38 adolescents, 

aged 16 to 19 years (Brumback et al., 2015). At baseline, binge drinkers exhibited greater 

BOLD response than controls when observing alcohol versus non-alcoholic beverage 

images, and following one-month of monitored alcohol abstinence, BOLD response was 
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similar between bingers and controls. A neurophysiological study evaluated ERP 

components in 57 university students at ages 18 to 19 and 20 to 21 during an inhibition task 

(Lopez-Caneda et al., 2014). Participants who had stopped binge drinking during the follow-

up period displayed an intermediate position where their P3 amplitude, reflecting cognitive 

processing demand, was larger than control but smaller than continuous binge drinkers. 

Three neuropsychological studies have reported on the discontinuation of binge drinking. 

The first study followed youth, with a mean age of 18.8 years at baseline, over a two-year 

period and found that youth who stopped binge drinking by approximately age 21 improved 

their long-term memory performance. While the same participants’ performance was 

superior to youth who continued to binge drink over the follow-up, these participants 

continued to perform worse than the non-drinkers (Mota et al., 2013). On the other hand, a 

second sample reported in two papers (Carbia, Cadaveira, Caamano-Isorna, et al., 2017; 

Carbia, Cadaveira, Lopez-Caneda, et al., 2017), found no improvement in immediate recall 

or long-term memory performance in the short-term (approximately two years). However, 

long-term abandonment of binge drinking (two to four years) led to improvements in 

immediate recall which matched performance in continuous non-binge drinking youth, and 

improvements in long-term memory which reflected an intermediate position between binge 

and non-drinkers (Carbia, Cadaveira, Caamano-Isorna, et al., 2017). Furthermore, the 

participants who discontinued binge drinking behaviour reported an intermediate position 

between binge drinking and non-binge drinking participants in working memory 

performance (Carbia, Cadaveira, Lopez-Caneda, et al., 2017). Overall, this suggests that 

some neural and cognitive effects of binge drinking appear to reduce after discontinuation. 

However, performance of discontinuers does not match those who have never engaged in 

binge drinking. Further details of all prospective longitudinal studies are provided in the 

Appendix File.

Cross-Sectional Studies

The following section reports on neural and cognitive group differences observed between 

binge drinkers and non- or low-drinkers in cross-sectional studies, where causality cannot be 

determined. The neuroimaging and neurophysiological evidence is presented first in a 

narrative synthesis, followed by a meta-analysis of neuropsychological findings.

Structural Differences

A total of eight structural neuroimaging studies reported on aberrations associated with 

binge drinking in adolescence or young adulthood. Lisdahl et al. (2013) examined 106 

adolescents aged 16 to 19 years, of which 46 had engaged in binge drinking in the month 

prior to testing. They found that higher peak drinks (i.e., where participants met binge 

drinking criteria) predicted lower global white matter volume in the left hemisphere, and 

lower grey and white matter volume in the right hemisphere. Another study examined 76 

young adults (m = 21.3 years) and identified sex differences (Kvamme et al., 2016). 

Compared to non- or low-drinkers, male bingers reported lower cortical volume and female 

bingers showed higher volume in cortical (prefrontal, inferior- and mid-temporal, motor, 

somatosensory) and subcortical (striatal) regions, which are important for executive 

functions, reinforcement of behaviour and reward, and movement. In terms of cortical 

thickness, a study by Squeglia, Sorg, et al. (2012) examined 59 adolescents aged 16 to 19 
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years and reported sex differences where male binge drinkers exhibited decreased cortical 

thickness while female binge drinkers exhibited increased cortical thickness in regions of the 

cognitive control frontal cortex, when compared to non-binge drinking participants. 

Furthermore, a study of 54 young people aged 18 to 24 reported decreased cortical thickness 

in the mid-ACC and posterior cingulate cortex among binge drinkers (Mashhoon et al., 

2014). Cross-sectional baseline data from the NCANDA consortium showed that the number 

of binges in the previous year predicted decreased frontal and parietal cortical thickness 

(regions implicated in executive functions) in binge drinking youth with an average age of 

18.6 years (Pfefferbaum et al., 2016). One cross-sectional MRS study, examining 

neurochemical changes, examined 54 young adults with a mean age of 21.7 years, and found 

greater binge drinking was associated with decreased grey matter voxel content, decreased 

Gamma-Aminobutyric Acid (GABA; an inhibitory neurotransmitter) and N-acetyl aspartate/

creatine (NAA/Cr; a marker of neuronal integrity) in the ACC which is relevant to executive 

functioning, and increased white matter voxel content in the ACC (Silveri et al., 2014). This 

study further stratified the 23 binge drinkers into subgroups based on whether they had 

experienced alcohol induced black-outs (n = 14) or no black-outs (n = 9), and concluded that 

the observed group differences were driven by binge drinking individuals who had 

experienced black-outs. Finally, one cross-sectional DTI study of 28 adolescents was 

included in this review (McQueeny et al., 2009). DTI is an MRI technique sensitive to the 

movement of water, and a common outcome variable of this technique is fractional 

anisotropy which is sometimes reported as a measure of white matter integrity. This study 

reported lower fractional anisotropy in binge drinkers aged 18 years, reflecting poorer 

integrity in major white matter pathways throughout widespread regions of the brain, 

including the corpus callosum, internal and external capsules, coronal radiata, longitudinal 

fasciculus, and the cerebellar white matter tracts.

Overall, structural neuroimaging studies have found that binge drinking is associated with 

lower global grey and white matter volume, lower grey matter voxel content, decreased 

cortical thickness in frontal regions, decreased GABA and NAA/cr in the ACC, and poorer 

white matter integrity throughout the brain. Sex differences have been identified, where male 

binge drinkers have shown decreased volume and cortical thickness, while female binge 

drinkers have displayed the inverse.

Functional Differences

Five fMRI studies measured brain activity during executive functioning tasks, including 

working memory, inhibition, and decision-making. One study examined 32 young adults (m 

= 21.3 years), and measured working memory with a Two-Back Task in binge and non-binge 

drinkers (Campanella et al., 2013). Analyses revealed higher bilateral activity in the pre-

supplementary motor area in binge drinkers than matched controls. In this study, the number 

of drinks per occasion was positively correlated with higher BOLD response in the 

dorsomedial PFC, which is important for stimulus perception and incentive salience, and the 

number of drinking occasions per week was predictive of higher BOLD activity in 

subcortical regions important for mental flexibility, including the cerebellum, thalamus, and 

insula. A second fMRI study also reported greater BOLD activity in the supplementary 

motor area, as well as regions of the frontal gyrus and inferior parietal gyrus in heavy and 
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binge drinkers aged 15 to 19 years (n = 20) compared to non-drinkers (n = 20) during a 

visual working memory task (Squeglia, Pulido, et al., 2012). A third fMRI study measured 

brain functioning during a spatial working memory task in 95 adolescents aged 16 to 19 

years and those who met criteria for binge drinking reported decreased BOLD response in 

frontal regions important for working memory, compared to non-binge drinking participants 

(Squeglia et al., 2011). Sex differences were reported, where female binge drinkers exhibited 

lower BOLD responses and male binge drinkers exhibited greater BOLD responses to the 

spatial working memory tasks in the frontal, ACC, temporal and cerebellar cortices, when 

compared with non-drinking controls. A fourth study measured inhibition in 41 participants 

aged 18 to 22 years and found that heavy and binge drinking participants exhibited greater 

BOLD activation in the frontal cortex and ACC (implicated in inhibitory control and 

decision-making), and insula (implicated in incentive salience, reward and habit circuitry) 

during the no-go responses in the alcohol-related Go/No-Go task, when compared to non-

binge drinking participants (Ames et al., 2014). Finally, Xiao et al. (2013) assessed 28 

adolescents (m = 17.1 years) using the Iowa Gambling Task. Binge drinking was associated 

with abnormal decision-making, reflected by greater BOLD activity in subcortical regions 

underpinning emotion and reward processing, including the left amygdala and bilaterally in 

the insula.

One fMRI study measured brain activity during affective processing, and a second study 

measured activity during presentation of alcohol cues. Maurage et al. (2013) observed 24 

young adults (m = 23.8 years) during a Two-Alternative Choice Task that aimed to capture 

affective processing and recognition of emotions. They found that binge drinkers showed 

greater BOLD response in the right middle frontal gyrus and lower BOLD activity 

bilaterally in the superior temporal gyrus which is important for processing of affective 

changes, when compared to low-drinkers. Finally, Brumback et al. (2015) examined 38 

adolescents aged 16 to 18.9 years during an Alcohol Cue Reactivity Task and found greater 

BOLD activity in cortical (ACC) and subcortical regions implicated in reward, decision-

making and movement, including the dorsal striatum, globus pallidus, cerebellum and 

parahippocampal gyrus, in binge drinkers when compared to controls.

Two EEG and one magnetoencephalography (MEG) study have examined differences 

between binge and non-binge drinking young people. The MEG is a non-invasive technique 

which measures the magnetic fields of neural activity. A study of 96 participants with a 

mean age of 20.6 years reported an association between binge drinking and increased mean 

spectral power reflecting a hyperactive central nervous system when compared to non-binge 

drinkers (Courtney & Polich, 2010). Additionally, they observed an association between 

extreme binge drinking (i.e., 10+ drinks on a single occasion; Johnston et al., 2008) and 

greater delta power when compared to regular-binge drinking. López-Caneda et al. (2017) 

assessed 80 adolescents with a mean age of 18.1 years and reported greater beta density 

(parahippocampus, fusiform gyrus; eyes open) and theta density (cuneus, lingual gyrus; eyes 

closed) in binge drinking participants when compared to non-binge drinkers, reflecting 

neurofunctional deficits in inhibitory control processes. Finally, Correas et al. (2015) 

examined 73 adolescents aged 18 and reported higher theta power (occipital) and functional 

connectivity (frontal-parietal), beta connectivity (frontal-temporal), and delta connectivity 

(frontal-temporal) among binge drinkers. In this study, binge drinking compared to non-
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binge drinking participants also exhibited lower alpha power (temporal, occipital) and 

connectivity (frontal-temporal), which has an important functional role in the inhibitory 

process.

Four neurophysiological studies have measured ERP components during tasks of complex 

attention. One study, reported in two papers, assessed 95 young people aged 18 to 20 years 

and showed lower overall activation in the PFC (indicative of neurofunctional deficits in 

executive functions), a smaller late positive component in the frontal and central regions 

(Crego et al., 2010), and greater N2 amplitude (reflecting higher levels of attentional effort) 

in the central and parietal cortex in binge drinkers compared to controls (Crego et al., 2009). 

Lannoy et al. (2017) assessed 40 young adults (m = 20.7 years) and reported slower error 

processing (delayed error positivity component latency) in the central region among binge 

drinkers, when compared to control. Finally, Maurage et al. (2012) examined 60 young 

adults aged 19 to 24 years and reported ERP deficits affecting both basic and cognitive 

control processes, including delayed P100, N100, N2b, P3a and P3b latency, and decreased 

N100, N170, P100, P2 and N2b amplitude among binge drinkers, when compared with 

controls. This study also examined extreme-compared to regular-binge drinking participants 

and found delayed P100, N100, N2b and P3a latency, and decreased N170 and P2 amplitude 

among extreme binge drinkers.

Neurophysiological studies have also measured ERP amplitude in tasks of inhibition and 

alcohol cues. Lannoy et al. (2017) reported deficits in electrophysiological correlates of 

inhibitory control (greater ERN amplitude) in the frontal region during a speeded Go/No-Go 

Task. Lastly, Petit et al. (2012) reported evidence of early processing enhancement to 

alcohol cues in binge drinkers aged 19 to 26, indexed by higher P100 amplitudes in the 

central region and right hemisphere. In this study, longer duration of binge habits and 

increased number of alcohol doses per week were positively associated with higher P100 

amplitude.

Overall, findings from fMRI and neurophysiological studies have provided insight into the 

functional aberrations associated with binge drinking. In adolescents and young adults, 

binge drinking was correlated with greater brain activity during working memory, inhibition 

and attentional tasks, higher brain wave activity during resting state, and aberrations in 

sensory and cognitive ERP components during attentional control and inhibition.

Meta-Analysis of Neurocognitive Measures

The following section reports on the results of a meta-analysis of neurocognitive deficits 

associated with binge drinking, utilising cross-sectional data. Of the 58 studies included in 

this review, 43 reported on neuropsychological data. One study had overlapping samples and 

data was removed (Crego et al., 2010). Four studies which reported on different tasks using 

overlapping samples were classified as two studies (Parada et al., 2011; Parada et al., 2012; 

Carbia, Cadaveira, Caamano-Isorna, et al., 2017; Carbia, Cadaveira, Lopez-Caneda, et al., 

2017), and one study which reported on three separate samples, grouped by age, were 

classified as three studies (Gil-Hernandez et al., 2017). Therefore, 42 studies were found to 

be eligible for the meta-analysis, with 3,065 participants, including 1,313 binge drinkers and 

1,752 comparison participants who did not meet criteria for binge drinking. A total of 186 
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effect sizes from 42 studies were coded (mean = −0.21; standard error = 0.25; effect size 

range = −4.34 to 3.25). Binge drinkers in the studies had a mean age of 18.88 (SD = 1.30) 

years and were 53% male. Comparison participants had a mean age of 18.83 (SD = 1.43) 

and 48% were male. The studies in this analysis were sampled from schools, universities, 

and the general population. Figure 2 in the Appendix File displays a funnel plot of 

neuropsychological effect size estimates against their standard error. Visual inspection of 

this funnel plot revealed slight asymmetry, and the test of Egger et al. (Egger et al., 1997) for 

small study effects revealed significant bias (t = 3.04; p = 0.002; see Table 3 for Egger’s test 

of each domain). The Duval and Tweedie trim and fill method filled an additional five effect 

sizes and increased the effect size by approximately 23.1% in random-effects analyses (from 

g = −0.26; 95% CI −0.42, −0.10 to g = −0.32; 95% CI −0.47, −0.17).

Table 3 displays effect sizes by neurocognitive domain, which ranged from g = −1.70 to 

0.34. The overall mean neurocognitive effect size was g = −0.26, and on average the 

between-study variance estimate was 0.01 (p < 0.001), indicating that variance between 

studies was significantly more than that explained by sampling error alone. Binge drinking 

was associated with significant deficits in decision-making (g = −1.70) and inhibition (g = 

−0.39), and enhanced processing speed (g = 0.34). Deficits in social cognition were 

observed in one study of emotion recognition and this was significantly associated with 

binge drinking (g = −1.05). Effect sizes were nonsignificant in the domains of mental 

flexibility (g = −0.13), planning (g = −0.67), behavioural inhibition (g = −0.27), delay 

discounting (g = −0.12), expressive (g = −0.10) and receptive language (g = 0.17), 

immediate memory (g = 0.03), long-term memory (g = −0.04), recent memory (g = −0.53), 

sustained attention (g = −0.15), visual perceptual (g = 0.05), visuoconstructional (g = 0.05), 

and working memory (g = −0.15). Significant heterogeneity was observed for decision-

making, inhibition, recent memory, processing speed, and overall neurocognition, while no 

significant heterogeneity was reported for all other domains. Meta-analysis results based on 

a small number of studies (i.e., planning, delay discounting, behavioural inhibition, receptive 

language, recognition of emotions, visual perceptual) should be interpreted with caution due 

to the small sample size and lack of power. For a summary of the neural and cognitive 

aberrations that were pre-existing, consequential, and correlational with binge drinking, see 

Table 4.

Discussion

The purpose of this systematic review was to provide a synthesis of the neuroimaging, 

neurophysiological and neuropsychological literature investigating binge drinking in young 

people aged 10 to 24 years. A total of 58 studies met the eligibility criteria for the systematic 

review (see Fig. 1), including 21 neuroimaging, 16 neurophysiological, and 21 

neuropsychological studies. Correlates of binge drinking were summarised from 39 cross-

sectional studies and eight longitudinal studies, while the antecedents and consequences of 

binge drinking were drawn from one interventional pre-post study and 18 prospective 

longitudinal studies. A meta-analysis was only appropriate for the neuropsychological 

correlates of binge drinking and 42 studies were included in the analysis. The certainty in 

outcomes ranged from very low to low (see Table 2), and while methodological issues merit 
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serious consideration, the following tentative conclusions have been drawn about the 

relationship between binge drinking, brain development and cognition.

Vulnerability Markers of Binge Drinking

Developmental deviations in the frontal region, which plays a critical role in executive 

functions, appeared to be a key risk factor for the onset of binge drinking in adolescents and 

young adults. Specifically, young people who displayed structural (i.e., reduced brain 

volume and surface area in key frontal regions), functional (i.e., reduced neural activity in 

the frontoparietal region during executive functioning tasks, delayed ERP latencies indexing 

decisional processes) and cognitive (i.e., poorer decision-making ability) deviations from the 

expected developmental trajectory were more likely to initiate binge drinking. These 

deviations may reflect underdeveloped or abnormal frontal regions where impulse control is 

still relatively immature, allowing for unmediated reward-seeking behaviours like binge 

drinking (Casey et al., 2008). These findings are consistent with the broader work in this 

field examining vulnerability markers of alcohol initiation in adolescence through to alcohol 

dependence in adulthood (Bernardin, Maheut-Bosser, & Paille, 2014; Silveri, Dager, Cohen-

Gilbert, & Sneider, 2016; Squeglia & Cservenka, 2017). This review therefore provides 

support for the continuum hypothesis of problematic drinking, where binge drinkers display 

analogous deficits that are quantitatively less marked than alcohol-dependent individuals 

(Enoch, 2006). This pattern of results may suggest that the deficits linked with binge 

drinking are likely to contribute to the maintenance of problematic patterns of alcohol use, 

including alcohol addiction through the inability to suppress maladaptive behaviour despite 

the adverse consequences (Volkow, Wang, Tomasi, & Baler, 2013).

Targeting these shared vulnerability mechanisms by strengthening executive functions in 

childhood and adolescence may be a promising prevention avenue to combat the shared risk, 

for some youth, of alcohol initiation and binge drinking in adolescence, and binge drinking 

and alcohol dependence in adulthood. Cognitive training treatment strategies have 

demonstrated success in reducing alcohol use (Bowley et al., 2013), in a range of clinical 

populations including substance use disorders (Keshavan, Vinogradov, Rumsey, Sherrill, & 

Wagner, 2014). However, the effectiveness of cognitive training as a prevention initiative has 

not been thoroughly investigated. There is evidence to suggest that greater inhibitory control 

skills, and greater integration of emotion regulation and impulse control in childhood are 

associated with reductions in alcohol use by early adolescence (Pentz, Riggs, & Warren, 

2016), providing possible targets for future prevention initiatives, with trials currently 

underway (Bourque et al., 2016; Mewton, Hodge, Gates, Visontay, & Teesson, 2017; 

O’leary-Barrett et al., 2017).

Consequences of Binge Drinking

Pre-existing deficits in key frontoparietal regions were further exacerbated as a consequence 

of binge drinking in adolescence and young adulthood. Young people exhibited accelerated 

grey matter volume reductions and recruited greater cerebral activity during executive 

functioning tasks following the uptake of binge drinking. These findings support a frontal 

dysfunction hypothesis in binge drinking youth, which is similar to conclusions drawn for 

individuals with alcohol use disorder (Moselhy, Georgiou, & Kahn, 2001; Zorko, Marusic, 
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Cebasek-Travnik, & Bucik, 2004). Youth also exhibited attenuated white matter 

development, and accelerated grey matter volume reductions in the neocortex, caudate and 

across the limbic reward system following binge drinking, which is also consistent with the 

broader research field on alcohol use and neurofunction (Bernardin et al., 2014; Silveri et al., 

2016; Squeglia & Gray, 2016; Zilverstand, Huang, Alia-Klein, & Goldstein, 2018). 

Accelerated grey matter reductions may reflect nonbeneficial pruning or premature cortical 

grey matter decline which is similar to patterns observed in adults with alcohol use disorder 

(Pfefferbaum et al., 1992) and ‘normal’ aging (Pfefferbaum et al., 2013). Furthermore, 

alterations in white matter development and cortical thinning disrupts efficient information 

processing required for cognitive and motor abilities (Squeglia, Jacobus, Sorg, Jernigan, & 

Tapert, 2013), and likely contributes to the alcohol-related cognitive dysfunctions identified 

in this review, including deficits in attention, learning, long-term and working memory, and 

visuoconstructional function.

Impairment to the caudate nucleus, limbic and frontal regions may be integral to the 

continuation of binge drinking, caused by a disruption in the mediation between reward 

hypersensitivity, goal selection and impulse control in the decision-making process around 

whether to drink, and to what extent (Grahn, Parkinson, & Owen, 2008; Spear, 2014). 

Cognitive substrates of these brain regions also appear to be impacted in binge drinking 

youth. Deficits in delay discounting were reported following the uptake of binge drinking 

and this relates to an increased motivation and impulsiveness towards reward and instant 

gratification in the decision-making process (Da Matta, Goncalves, & Bizarro, 2012). 

Additionally, cross-sectional neuropsychological evidence obtained from the meta-analysis 

reported an overall neurocognitive deficit in binge drinking youth, with specific deficits in 

decision-making and inhibition, and enhanced processing speed which may be indicative of 

increased impulsivity (Scaife & Duka, 2009). Overall, this review provides evidence of 

unbalanced interactions between reward-seeking, impulsive and higher order executive 

function brain regions, and the cognitive substrates, in binge drinking youth.

Components of the Positive Valence System which are related to the early stages of addictive 

disorders (Koob & Le Moal, 2005) – namely, approach motivations, reward learning and 

maladaptive habits (Morris & Cuthbert, 2012) – were implicated in binge drinking youth. 

Cognitive and neurobiological models of addiction propose that maladaptive reinforcement 

learning occurs following alcohol use, increasing the salience towards substances (Berridge, 

2007). This implicit motivation towards alcohol use is linked to poorer executive functioning 

processes, including decision-making (Day, Kahler, Ahern, & Clark, 2015). Increased 

approach motivations compounded with poorer executive functioning ability leads to 

maladaptive habit formation and impaired response inhibition (Hogarth, Balleine, Corbit, & 

Killcross, 2013; Everitt & Robbins, 2016; Wiers & Gladwin, 2017; Zilverstand et al., 2018). 

Support for this progression towards addiction was found in this review, where consistent 

binge drinking over one to two years was associated with aberrant brain wave activity when 

exposed to alcohol-related cues, and consistent binge drinking over two to six years was 

associated with maladaptive learning and memory, and poorer executive functioning ability. 

Furthermore, cross-sectional evidence reported higher neural activity in binge drinkers 

during decision-making and alcohol cue reactivity tasks in regions including, but not limited 

to, the amygdala, insula and hippocampus, which are implicated in incentive salience, habit 
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circuitry, emotion-regulation and reward valuation (Öner, 2018). Overall, these findings 

suggest that there is a bias in approach motivations and reward appraisal following 

consistent binge drinking in youth and this may be a gateway for the development of 

addiction in these youth.

Discontinuation of Binge Drinking

This review also found preliminary, yet promising, evidence that discontinuation of binge 

drinking may lead to partial neural and cognitive recovery. Alcohol abstinence resulted in 

normalised BOLD response to alcohol cues and improved some neural (P3 amplitude during 

inhibition) and cognitive (recent, long-term and working memory) deficits associated with 

binge drinking, however performance did not match those who had never engaged in binge 

drinking. The mechanisms by which recovery may occur are not well understood. One 

suggestion is the young brain is more plastic and may be better at recovering from alcohol-

related insults following abstinence (Berlucchi, 2011). On the other hand, improved 

cognitive performance following discontinuation of use may reflect enhanced 

neuroadaptation mechanisms (Bernardin et al., 2014). The duration of use may equally 

influence the rate of recovery, with young people experiencing a greater likelihood or 

recovery than individuals dependent on alcohol for a longer duration (Schottenbauer, 

Hommer, & Weingartner, 2007; Pitel et al., 2009). Critically, further evidence is required to 

determine whether recovery of other neural and cognitive domains – particularly substrates 

of executive functions – is possible, and whether habits and cognitive motivations can be 

updated to reorient the relationship between alcohol-related cues and incentives, executive 

control, and reward in binge drinking youth. There is growing evidence to suggest that 

retraining approach biases to alcohol cues is effective in both undergraduate and clinical 

samples (Wiers, Gladwin, Hofmann, Salemink, & Ridderinkhof, 2013; Kakoschke, Kemps, 

& Tiggemann, 2017). Interventions that target this relationship may be beneficial in 

improving decision-making processes and updating cognitive motivations in favour of 

reducing a young binge drinking person’s alcohol use which will hopefully serve to lessen 

the likelihood of progression from binge drinking in youth to dependence.

Sex Differences

Consistent with existing reviews (Ewing et al., 2014; Silveri et al., 2016; Carbia et al., 2018), 

sex differences were imbedded within a small number of neuroimaging and 

neuropsychological studies. Binge drinking females exhibited increased cortical thickness in 

the frontal lobe, less brain activation during a spatial working memory task in frontal, 

temporal and cerebellar regions, and displayed poorer visuoconstructional function, when 

compared to non-binge drinking females. Alternatively, binge drinking males exhibited less 

intracranial volume in the striatum, more brain activation during a spatial working memory 

task and poorer sustained attention, when compared to non-binge drinking males. These 

results parallel findings among adolescents with alcohol use disorder (Caldwell et al., 2005; 

Medina et al., 2008). The different manifestations of cognitive and neural decrements could 

relate to divergent neurodevelopmental trajectories, physiological responses to alcohol, and 

social factors influencing drinking onset (Squeglia et al., 2011). Neural activation 

differences across frontocortical regions could have a greater influence on cognitive 

performance. In the study by Squeglia et al. (2011), hypoactivation in the frontal region of 
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female binge drinkers correlated with poorer attention and working memory performance, 

and in contrast, male binge drinkers exhibited equal or greater activation in frontal areas 

which was associated with better cognitive performance on spatial tasks. The reduced 

activation among young female binge drinkers during executive functioning processes could 

have important implications, as diminished working memory may contribute to further 

substance use involvement (Casey et al., 2008). Further research which is sufficiently 

powered to examine sex differences is required to provide insight into the nuanced effects on 

cognition, brain structure and function in males and females, however at this time, it appears 

that males may be less adversely influenced by binge drinking, a similar conclusion to that 

drawn by Ewing et al. (2014) and Silveri et al. (2016).

Methodological Considerations

Although there have been considerable advancements in this field of research, definitive 

conclusions about the relationship between binge drinking, cognition, brain structure and 

function cannot be drawn at this time. Clear comparisons of findings are a challenge as 

many studies in this field lack statistical power from limited sample sizes, with wide age 

ranges which reduces precision of results (Button et al., 2013). There was serious concern of 

imprecision for the cognitive domains of behavioural inhibition, delay discounting, 

expressive language, planning, receptive language, visual perceptual, visuoconstructional, 

and recognition of emotions due to the small number of studies(n = ≤4)with small sample 

sizes, where the number of participants included in the review was smaller than the required 

number generated from a sample size calculator for a single adequately powered trial. The 

preliminary DTI, MRS, resting-state EEG and MEG findings should also be interpreted with 

caution due to small sample sizes and lack of power.

Inconsistencies were observed in the measures used to assess neural and cognitive outcomes, 

and in the measures used to quantify alcohol use. These factors likely contributed to the 

considerable heterogeneity in results for the cognitive domains of decision-making, 

inhibition, processing speed, and recent memory. While we used standardised criteria to 

assess binge drinking status, there was large variation in the frequency and quantity of 

alcohol being consumed by the participants. In the majority of studies, binge drinking was at 

relatively modest levels (e.g., one to two binges in the past three months as part of inclusion 

criteria), while other studies captured young people drinking at levels largely above these 

lower-cut offs (i.e., extreme binge drinking). Importantly, the tentative findings identified in 

the review reflect patterns of drinking behaviour that are consonant with a large proportion 

of adolescents and young people (White & Williams, 2016; Kraus et al., 2016; Johnston et 

al., 2019; Substance Abuse and Mental Health Services Administration, 2017; Australian 

Institute of Health and Welfare, 2017; Office for National Statistics, 2018). However, caution 

should be taken when extrapolating results found in this review to youth with much heavier 

binge patterns, such as weekly binges, as there is not enough data available to delineate the 

effects of infrequent from frequent binges, and from extreme binges at this time. Further to 

this point, included studies mostly relied on self-reports of binge drinking. Incorporation of 

real time measures, such as smart phone technology, and biological markers of alcohol use 

(e.g., Phosphatidylethanol, Ethyl glucuronide, Carbohydrate-deficient transferrin) would 
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greatly improve the accuracy of reporting and would elucidate the more nuanced effects of 

drinking on neurofunction and cognition.

While it was beyond the scope of this review to examine comorbidities, we found 

throughout the study screening process that in the broader field, there was a lack of explicit 

consideration of psychiatric comorbidities and other substance use. Other mental health 

conditions are known to affect neurofunction, for example, depression has been shown to 

have a negative impact on neural (Bora, Fornito, Pantelis, & Yücel, 2012) and cognitive 

function (Lee, Hermens, Porter, & Redoblado-Hodge, 2012). Further, the exclusion of 

papers exploring co-occurring substance use may have minimised the effects observed in 

this review, as those engaging in extreme binge drinking are likely to be misusing other 

substances. Understanding the relationships between co-occurring psychological disorders 

and the differential effects of other substances on the developing brain is an important next 

step, however much larger samples are needed to parse these factors. Of note, studies in this 

review were not excluded if participants were tobacco users. A long history of smoking is 

associated with neural atrophy and accelerated cognitive decline in adults (Swan & Lessov-

Schlaggar, 2007). For the majority of cases, the number of participants using tobacco were 

low and the patterns of use were infrequent. Again, much larger studies are needed to 

determine the differential effects of tobacco from alcohol on neural and cognitive 

development in youth.

A limitation of the meta-analysis was overarching cognitive constructs, such as executive 

functions or fluid reasoning, were not calculated due to inconsistencies in categorisation of 

cognitive domains across theoretical frameworks. A further limitation was the exclusion of 

longitudinal studies from the meta-analysis because reliable estimates were indeterminate 

from the small number of published studies. More prospective longitudinal data that begins 

examining youth prior to alcohol uptake is critically needed to address concomitant factors 

of alcohol use and determine whether i) neural and cognitive vulnerabilities to alcohol vary 

at different points of neurodevelopment during adolescence and young adulthood (Sullivan 

et al., 2011), ii) what the exposure thresholds are for negative impacts on neural and 

cognitive development, iii) how alcohol-related harms such as alcohol-induced blackouts 

impact neurodevelopment, iv) whether extended alcohol use during youth differentially 

impacts neurodevelopment, and v) the degree to which neural and cognitive recovery can 

occur. Large multi-site studies such as the Adolescent Brain Cognitive Development Study 

(Volkow et al., 2018), NCANDA project (e.g. (Sullivan et al., 2016) and IMAGEN Study 

(Schumann et al., 2010) are underway and will help answer the existing gaps in the 

literature. Finally, the majority of published studies have originated from a small number of 

research teams and have included predominantly Caucasian youth from upper middle-class 

families. Thus, replication of design and findings across more diverse samples in research 

laboratories from other countries is encouraged in order to improve both the comparability 

and robustness of these findings (Open Science Collaboration, 2015; Munafò et al., 2017). 

Together, this will allow for future quantitative analyses of neuroimaging and 

neurophysiological studies to draw more conclusive evidence on the relationship between 

binge drinking and neurodevelopment.
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Conclusion

Overall, recent research has substantially advanced our understanding of the complicated 

relationship between adolescent brain development and binge drinking, with prospective, 

longitudinal designs parsing pre-existing vulnerabilities from alcohol-related consequences. 

Although studies in young binge drinkers have identified deficits, the existing research on 

the impact of binge drinking on brain and cognitive development has yet to yield consistent, 

replicated findings. Tentatively, abnormal or delayed development of key frontal executive-

control regions may predispose youth to binge drink. Following the uptake of binge 

drinking, there is some evidence that neurotoxic effects are apparent in the reward-seeking, 

incentive salience and executive control regions, indexed by cognitive deficits and 

maladaptive alcohol associations. These deficits may further increase the propensity for 

young people to engage in risky and sensation-seeking activities, including alcohol and drug 

use, abuse, and addiction. Further research in this area has the potential to significantly 

impact global health by informing the development of targeted prevention and intervention 

strategies to address the vulnerabilities and consequences of binge drinking in youth.
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Fig. 1. 
PRISMA diagram: flowchart of searches for studies included in systematic review
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