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Hospital, Paris, France 
j Institut National de la Santé et de la Recherche Médicale, INSERM U 1299 “Trajectoires développementales & psychiatrie”, University Paris-Saclay, CNRS; Ecole 
Normale Supérieure Paris-Saclay, Centre Borelli; Gif-sur-Yvette; and Psychiatry Department, EPS Barthélémy Durand, Etampes, France 
k Institute of Cognitive and Clinical Neuroscience, Central Institute of Mental Health, Medical Faculty Mannheim, Heidelberg University, Square J5, Mannheim, Germany 
l Institute of Medical Psychology and Medical Sociology, University Medical Center Schleswig Holstein, Kiel University, Kiel, Germany 
m NeuroSpin, CEA, Université Paris-Saclay, F-91191 Gif-sur-Yvette, France 
n Institut des Maladies Neurodégénératives, UMR 5293, CNRS, CEA, Université de Bordeaux, 33076 Bordeaux, France 
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A B S T R A C T   

Binge drinking behavior in early adulthood can be predicted from brain structure during early adolescence with 
an accuracy of above 70%. We investigated whether this accurate prospective prediction of alcohol misuse 
behavior can be explained by psychometric variables such as personality traits or mental health comorbidities in 
a data-driven approach. 

We analyzed a subset of adolescents who did not have any prior binge drinking experience at age 14 (IMAGEN 
dataset, n = 555, 52.61% female). Participants underwent structural magnetic resonance imaging at age 14, 
binge drinking assessments at ages 14 and 22, and psychometric questionnaire assessments at ages 14 and 22. We 
derived structural brain features from T1-weighted magnetic resonance and diffusion tensor imaging. Using 
Machine Learning (ML), we predicted binge drinking (age 22) from brain structure (age 14) and used coun
terbalancing with oversampling to systematically control for 110 + variables from a wide range of social, 
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personality, and other psychometric characteristics potentially associated with binge drinking. We evaluated if 
controlling for any variable resulted in a significant reduction in ML prediction accuracy. 

Sensation-seeking (-13.98 ± 1.68%), assessed via the Substance Use Risk Profile Scale at age 14, and un
controlled eating (-13.98 ± 3.28%), assessed via the Three-Factor-Eating-Questionnaire at age 22, led to sig
nificant reductions in mean balanced prediction accuracy upon controlling for them. Thus, sensation-seeking and 
binge eating could partially explain the prediction of future binge drinking from adolescent brain structure. 

Our findings suggest that binge drinking and binge eating at age 22 share common neurobiological precursors 
discovered by the ML model. These neurobiological precursors seem to be associated with sensation-seeking at 
age 14. Our results facilitate early detection of increased risk for binge drinking and inform future clinical 
research in trans-diagnostic prevention approaches for adolescent alcohol misuse.   

1. Introduction 

Binge drinking is an alcohol misuse behavior which is defined as 
recurring alcohol consumption that leads to a blood alcohol concen
tration of 0.08% (NIAAA, 2023). This is typically achieved by 
consuming at least 4 or 5 drinks within two hours for women and men, 
respectively (NIAAA, 2023). Binge drinking is highly prevalent among 
adolescents and young adults (Crews et al., 2007). This consumption 
pattern during adolescence can increase the risk of developing alcohol 
use disorder and other substance use disorders later in life and has long- 
term detrimental effects across physical health, mental well-being, and 
social domains (Chung et al., 2018). 

During adolescence, the human brain undergoes structural (Giedd, 
2004; Lebel and Beaulieu, 2011) and functional (Gu et al., 2015) 
maturation. While maturation typically starts in sensory cortical areas, 
the prefrontal cortex and associated executive functions continue to 
develop until early adulthood (Constantinidis and Luna, 2019; Spear, 
2013). It has been suggested that this mismatch, in combination with 
other neurodevelopmental patterns, renders adolescents especially 
prone to participate in risk-taking behaviors such as binge drinking 
(Crone et al., 2016; Crone and Richard Ridderinkhof, 2011; Geier, 
2013). 

Conversely, during the particularly vulnerable period of adolescence 
(Crews et al., 2007), binge drinking has been linked with deficits in 
executive functioning, specifically in inhibitory control (Carbia et al., 
2018). This aligns with findings of structural and functional alterations 
in prefrontal brain regions observed in studies such as (Pérez-García 
et al., 2022) along with documented enhancements in electroencepha
lographic activity related to inhibitory control processes among 
adolescent binge drinkers, as reported by (Almeida-Antunes et al., 
2021). Collectively, these studies suggest that neural factors may un
derpin binge drinking behavior in adolescents. However, they do not 
definitively answer whether these neural alterations cause or result from 
binge drinking, leaving the temporal dynamics unresolved (O’Halloran 
et al., 2017; Robert et al., 2020). To close this gap, we analyzed struc
tural magnetic resonance imaging (sMRI) brain data of adolescents who 
have had no prior binge drinking experiences. 

We can identify neural predictors of binge drinking using Machine 
Learning (ML) on longitudinal neuroimaging datasets which contain 
information about adolescent alcohol misuse. One such dataset is pro
vided by the IMAGEN project (Mascarell Maričić et al., 2020). Three ML 
studies on the IMAGEN cohort found that differences in adolescent 
brains can predict binge drinking in the future (Rane et al., 2022; Seo 
et al., 2019; Whelan et al., 2014). Particularly, (Rane et al., 2022) 
demonstrated on a large sample (n = 1182) that binge drinking at age 22 
can be predicted from sMRI features at age 14 with an accuracy of more 
than 70%. 

Complex alcohol misuse behaviors such as binge drinking co-occur 
with other binge- and addiction-related behaviors (Castro-Calvo et al., 
2021; Escrivá-Martínez et al., 2020; Ferriter and Ray, 2011; Prunell- 
Castañé et al., 2021; Werle et al., 2021), personality traits (Adan et al., 
2017; Whelan et al., 2014), and other psychometric characteristics 
(Williams et al., 2020). The aforementioned ML studies (Rane et al., 
2022; Seo et al., 2019; Whelan et al., 2014) controlled for the 

participant’s sex and the site of data acquisition. However, they did not 
consider the effects of a wide range of psychometric characteristics on 
their model prediction. Psycho-social factors such as personality traits or 
mental health comorbidities might mediate the relationship between 
neurobiological predictors and binge drinking behavior. Investigating 
whether psychometric characteristics affect the model prediction accu
racy may help us to understand binge drinking from a trans-diagnostic 
perspective (Morris et al., 2022). 

Therefore, in the present study, we systematically assessed whether a 
wide range of psychometric characteristics influence the accuracy of an 
ML model which can prospectively predict binge drinking from brain 
structure in initially binge-drinking-naïve adolescents. Specifically, 
from the IMAGEN dataset, we extracted 131 variables belonging to six 
categories: alcohol-related, binge- and addiction-related, mental health 
comorbidity, general health, personality, social, biographic, and familial 
risk. Using a confound control method in a data-driven approach, we 
controlled for each of these psychometric variables in an ML model and 
assessed how the prediction accuracy changed (Rane et al., 2022). If a 
psychometric variable led to a significant reduction in accuracy upon 
controlling for it, this implied that the variable could partially explain 
the ML model prediction. The ML model we used is the support vector 
machine (SVM-rbf) model from (Rane et al., 2022) which predicts total 
lifetime binge drinking episodes (BDEs) by age 22 from sMRI features at 
age 14. We trained the model on a subsample of the IMAGEN cohort 
with no prior binge drinking experiences at age 14 (n = 477) as this 
allowed us to investigate the neurobiological predictors of binge 
drinking that precede effects from prior binge drinking experiences 
(O’Halloran et al., 2017; Robert et al., 2020). The psychometric vari
ables which reduced prediction accuracy when controlled for provide us 
with trans-diagnostic insights into the relationship between the brain 
structural alterations preceding an adolescent’s first binge drinking 
experience and their future binge drinking behavior. 

2. Methods 

The search for explanatory variables was formulated as a series of 
confound control experiments. Formally, the predictive ML model is 
represented as fmodel: X  → y, where X denotes structural brain features of 
adolescents at age 14, and y denotes the number of lifetime BDEs 
measured at age 22. If the ML model’s accuracy reduced significantly 
after controlling for a psychometric variable c, this implies c was driving 
the association fmodel: X  → y via a confounding pathway X  ← c → y. To 
control for c, we used counterbalancing with oversampling, where 
subjects are randomly sampled with replacement until values of c are 
equally distributed across all categories of y (Rao et al., 2017). This 
resampling precedure removes the relation between c → y, consequently 
removing the confounding pathway X  ← c → y. This confound control 
technique has been established as a superior method to other confound 
control methods, such as counterbalancing with undersampling and 
confound regression, in the prediction of binge drinking from sMRI 
features (Rane et al., 2022). 

The analysis pipeline consisted of three stages (Fig. 1). In a first stage, 
we compiled a comprehensive list of 131 psychometric variables c 
potentially explaining the prediction of binge drinking y from MRI 
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features X. The subsequent exploration stage served to identify the 
psychometric variables leading to the largest reductions in accuracy, 
while the generalization stage allowed us to test the significance of the 
effect of controlling for individual variables identified during the 
exploration stage in an independent sample. 

2.1. Data 

2.1.1. Sample 
All analyses are based on the IMAGEN dataset (Mascarell Maričić 

et al., 2020; Schumann et al., 2010). The IMAGEN project is a longitu
dinal population-based study which followed-up more than 2000 ado
lescents and their parents across 4 time points over a period of up to 10 

years. Participants were initially recruited in schools at 8 study sites 
across Europe and completed a variety of neuropsychological and neu
roimaging measures, amongst others. More information about the 
IMAGEN sample, such as inclusion and exclusion criteria and neuro
imaging protocols, are documented at https://imagen-project.org/. Out 
of the full dataset, 1182 adolescents were followed-up from age 14 to 
age 22. Since we were interested in brain features preceding binge 
drinking onset, we focused on subjects who had no prior BDEs at age 14. 
This sample was then divided into an exploratory dataset (n = 477) and 
a holdout dataset (n = 78). For sample characteristics and selection 
procedures, see Table 1 and Fig. 1. To explore generalizability, we 
repeated the analysis pipeline on a larger sample with maximum one 
BDE at age 14 (Supplementary Methods and Results). 

Fig. 1. (a) Sample selection procedure. We included participants who had structural magnetic resonance imaging (sMRI) data at age 14, binge drinking episode 
(BDE) data at age 22, and a BDE score of < 4 (safe users) or of > 5 (heavy binge drinkers). From this, only the subset of participants with no prior BDEs at age 14 was 
selected. (b) The three stages of our analysis pipeline. ML, machine learning. 
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2.1.2. MRI features 
Six hundred and fifty-six T1-weighted MRI features and 63 diffusion 

tensor imaging features were extracted per subject at age 14 and used as 
input for the ML algorithm. For details regarding sMRI data collection, 
preprocessing, and feature extraction, see Supplementary Methods. 

2.1.3. Binge drinking 
The total lifetime number of BDEs by ages 14 and 22 was assessed via 

the European School Survey Project on Alcohol and other Drugs 
(ESPAD) questionnaire, wherein a BDE was defined as an occasion of 
being drunk from drinking alcoholic beverages. The number of BDEs 
was coded categorically on a scale from 0 to 6 (0 = no, 1 = one to two, 2 
= three to five, 3 = six to nine, 4 = 10 to 19, 5 = 20 to 39, 6 = 40 or more 
BDEs). As described in Fig. 1a, subjects with information on binge 
drinking at age 22 were categorized into two groups of interest: safe 
users (ESPAD BDE score < 4, n = 353) and heavy binge-drinkers (ESPAD 
BDE score > 5, n = 437). Subjects with a score of 4 to 5 were dropped 
from all analyses. 

2.1.4. Psychometric variables 
We extracted 131 psychometric variables from all questionnaires 

assessed via Psytools (Delosis Limited, Twickenham, UK) in adolescents 
at ages 14 and 22 as well as from family-history-relevant questionnaires 
answered by parents when adolescents were age 14 (Table S1, Supple
mentary Methods). Extracted variables were grouped into eight cate
gories: alcohol-related, binge- and addiction-related, mental health 
comorbidity, general health, personality, social, biographic, and familial 
risk variables. Alcohol-related variables were included as a sanity check: 
If the confound detection method was effective, we would expect those 
variables to reduce the ML model’s accuracy upon controlling for them. 

As counterbalancing with oversampling requires categorical vari
ables c as input, all psychometric characteristics were binarized at their 
mean. If binarization resulted in any group containing less than 15% of 
cases, we excluded the respective variable from further analyses. Using 
this rule, in the exploration stage, counterbalancing was performed on 
113 psychometric variables. 

2.2. Analyses 

We trained a non-linear SVM-rbf model to classify safe users from 
heavy binge-drinkers while controlling for sex and site (for details, see 
Rane et al., 2022). The mean balanced accuracy before (MBApre) and 
after (MBApost) sequentially controlling for each psychometric variable 
were then compared to derive a measure of accuracy reduction (MBA
post-pre; Supplementary Methods). 

As shown in Fig. 1b, the confound detection analysis was performed 
in two stages: an exploration stage and a generalization stage. In the 
exploration stage, based on the distribution of MBApost-pre in the 
exploratory dataset, we identified psychometric variables leading to the 
lowest ~10% of MBApost-pre values. In the generalization stage, we re- 
evaluated the variables identified during the exploration stage on an 
independent holdout dataset. The significance of MBApost-pre per psy
chometric variable was determined using permutation tests (Ojala and 
Garriga, 2010; Rane et al., 2022) (Supplementary Methods). To correct 
for multiple comparisons between empirical and permuted MBApost-pre 
scores, Benjamini/Hochberg (non-negative) correction was applied. 

3. Results 

When not controlling for any psychometric variable, the ML model 
controlling for sex and site achieved MBApre = 67.35% (SD = 3.42%) on 
the exploratory dataset. On the holdout dataset, the model prospectively 
predicted binge drinking at age 22 from MRI features at age 14 with 
MBApre = 73.68% (SD = 1.14%; p =.001). 

3.1. Exploration stage 

The reductions in accuracy obtained from additionally controlling 
for different psychometric variables are shown in Fig. 2 and Table S3. 
Alcohol-related variables descriptively led to the largest reductions in 
MBApost compared to MBApre. These variables served as a sanity check 
which confirmed that our method worked as expected. Besides alcohol- 
related variables, the variables leading to the lowest MBApost-pre values 
belonged to the binge- and addiction-related, personality, biographic 
and familial risk categories. Thirteen variables from these categories 
crossed the ~10% threshold and were taken to the generalization stage 
(for inter-correlations, see Table S4). 

3.2. Generalization stage 

Out of the 13 psychometric variables selected from the exploration 
stage, only the reductions in accuracy caused by performing counter
balancing with oversampling on three variables reached significance 
(Fig. 3, Table S5). The first variable was alcohol consumption in the past 
month at age 22 according to the ESPAD questionnaire (MBApost-pre =

-14.34 ± 4.96%). Again, as alcohol-related variables were included as a 
sanity check, the significant reduction in accuracy upon controlling for 
this variable confirmed our method’s validity. The remaining variables 
leading to significant reductions in accuracy upon controlling for were 
uncontrolled eating at age 22 (MBApost-pre = -13.98 ± 3.28%) assessed 
via the Three Factor Eating Questionnaire – Revised 18 (TFEQ-R18) 
(Karlsson et al., 2000) and sensation-seeking at age 14 (MBApost-pre =

-13.98 ± 1.68%) assessed via the Substance Use Risk Profile Scale 
(SURPS) (Woicik et al., 2009). 

Table 1 
Sample characteristics.   

Exploratory dataset 
(n = 477) 

Holdout 
dataset 
(n = 78)  

Baseline characteristic Safe 
users 
(n =
254) 

Heavy 
binge 
drinkers 
(n = 223) 

Safe users 
(n = 39) 

Heavy 
binge 
drinkers 
(n = 39) 

Recruitment site     
Berlin, n 27 19 3 3 
Nottingham, n 12 43 1 8 
London, n 15 43 3 4 
Paris, n 78 9 14 0 
Dublin, n 7 33 1 9 
Dresden, n 54 22 4 5 
Hamburg, n 32 34 3 3 
Mannheim, n 29 20 10 7 

Sex     
Female, n 172 81 23 16 
Male, n 82 142 16 23 

AUDIT score at age 14, 
Mean ± SD 

0.50 
± 0.87 

0.77 ± 2.82 0.79 ±
1.67 

0.41 ± 0.67 

AUDIT score at age 22, 
Mean ± SD 

2.98 
± 2.31 

8.86 ± 4.01 2.98 ±
2.31 

8.28 ± 4.62 

ESPAD Alc last 12 months 
at age 14, Mean ± SD 

1.35 
± 1.11 

1.44 ± 1.26 1.35 ±
1.30 

1.50 ± 1.21 

ESPAD Alc last 12 months 
at age 22, Mean ± SD 

2.98 
± 2.31 

8.86 ± 4.01 3.71 ±
2.64 

8.28 ± 4.62 

TFEQ-R18 Uncontrolled 
eating FU3; n above/ 
below 

90 / 
141 

104 / 94 9 / 18 16 / 10 

SURPS Sensation-seeking 
BL; n above/below 
mean 

123 / 
130 

142 / 81 18 / 21 24 / 15 

Notes. Alc, alcohol consumption occasions; AUDIT, Alcohol Use Disorder Iden
tification Test (Saunders et al., 1993); ESPAD, European School Survey Project 
on Alcohol and other Drugs; SURPS, Substance Use Risk Profile Scale (Woicik 
et al., 2009); TFEQ-R18, Three-Factor Eating Questionnaire – Revised 18 
(Karlsson et al., 2000). 

R.P. Rane et al.                                                                                                                                                                                                                                 



NeuroImage: Clinical 40 (2023) 103520

5

4. Discussion 

Our analysis revealed that two variables can partially explain the 
prospective prediction of binge drinking from brain structure: sensation- 
seeking (Woicik et al., 2009) at age 14 and uncontrolled eating (Karlsson 
et al., 2000) at age 22. This indicates that the neurobiological predictors 
of binge drinking are associated with sensation-seeking in early 
adolescence and with binge eating behavior in young adulthood. In 
sections 4.1 and 4.2, we discuss the implications of each of these findings 
separately and relate them to the preexisting literature. In section 4.3, 
we make suggestions for future clinical research, before discussing 
limitations and conclusions in sections 4.4 and 5. 

4.1. Sensation-seeking 

Sensation-seeking was measured using the ‘SURPS’ self-report 
questionnaire which assesses four personality characteristics poten
tially associated with substance abuse: impulsivity, anxiety sensitivity, 
hopelessness, and sensation-seeking (Woicik et al., 2009). Previous 
studies report that more pronounced sensation-seeking is associated 
with a higher likelihood of engaging in binge drinking (Adan et al., 
2017; Whelan et al., 2014). Interestingly, longitudinal studies found that 
sensation-seeking (McCabe et al., 2021) and within-person increases in 
sensation-seeking (Waddell and Chassin, 2023) during adolescence 
predict within-person increases in binge drinking during emerging 
adulthood. 

Our results suggest that the structural neural features which are 

associated with sensation-seeking at age 14 predict heavy binge drink
ing behavior at age 22. This is principally in line with a cross-sectional 
study by (Holmes et al., 2016), who report associations between 
sensation-seeking, alcohol use frequency, and cortical thickness in areas 
associated with cognitive control. The association between sensation- 
seeking and binge drinking is strongest during late adolescence and 
subsequently weakens until young adulthood (Evans-Polce et al., 2018), 
hinting towards a potential role of brain maturation. Specifically, one 
might hypothesize that individuals with particularly slow or late onset of 
cortical maturation exhibit high sensation-seeking at age 14 and have a 
higher risk to engage in heavy binge drinking later in life (Constantinidis 
and Luna, 2019; Spear, 2013). 

4.2. Uncontrolled eating 

Uncontrolled eating was measured using the self-report question
naire ‘TFEQ-R18′ which assesses three facets of eating behavior: 
emotional eating, cognitive restraint, and uncontrolled eating (Anglé 
et al., 2009; Karlsson et al., 2000). Uncontrolled eating is conceptually 
related to binge eating, as it includes items such as ‘Do you go on eating 
binges though you are not hungry?’ (Karlsson et al., 2000). Several 
previous studies suggest associations between binge eating and binge 
drinking (Castro-Calvo et al., 2021; Escrivá-Martínez et al., 2020; Fer
riter and Ray, 2011; Prunell-Castañé et al., 2021; Werle et al., 2021). 
Conceptually, both of these behaviors are characterized by repetitive 
over-consumption despite having conscious intentions to not engage in 
such behavior (Pompili and Laghi, 2019). Individuals engaging in both 

Fig. 2. Exploration stage results: MBApost-pre for psychometric variables in the exploratory dataset (n = 477). All values in percent. Vertical lines mark the threshold 
beyond which the lowest ~10% of the MBApost-pre values are located. For visualization purposes, dot size increases with increasing absolute MBApost-pre. For more 
information on psychometric variables, see Table S1. Alcohol Problem Index, Alcohol Problem Index (White and Labouvie, 1989); BL, assessed at adolescent’s age 14; 
ESPAD, European School Survey Project on Alcohol and other Drugs; FU3, assessed at adolescent’s age 22; LEQ, Stressful Life Event Questionnaire (Newcomb et al., 
1981); MBApre / MBApost, mean balanced accuracy before / after performing counterbalancing with oversampling for each psychometric variable; NEO-PI-R, Revised 
NEO Personality Inventory (Costa and McCrae, 1992); SURPS, Substance Use Risk Profile Scale (Woicik et al., 2009); TFEQ-R18, Three-Factor Eating Questionnaire – 
Revised 18 (Karlsson et al., 2000). 
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binge drinking and binge eating score high on impulsivity and sensation- 
seeking (Escrivá-Martínez et al., 2020; Oliva et al., 2019) and report 
higher levels of negative urgency, i.e. the tendency to act out of negative 
emotional states (Van Swearingen and Noel, 2022). 

Taken together with these previous studies, our results suggest that 
both binge drinking and binge eating share a common neuro
developmental precursor. Specifically, the stage of cortical maturation 
at age 14 might be predictive of higher-order cognitive processing and 
executive functioning at age 22, in turn affecting both binge drinking 
and uncontrolled eating. Concomitantly, we found that future heavy 
binge-drinkers showed lower-than-average measures of brain structure, 
e. g. surface area or volume, in cortical association areas and higher- 
than-average measures in limbic regions at age 14 (Supplementary 
Methods and Results, Table S6). One could speculate that both binge 
behaviors are different manifestations of a common impulsive behav
ioral trait. Although self-reported impulsivity did not reduce the pre
diction accuracy of our ML analysis, self-report and behavioral measures 
capture different facets of impulsivity and are known to be indepen
dently related to substance use (Sharma et al., 2014; Van Swearingen 
and Noel, 2022). 

4.3. Clinical implications and future directions 

Translated to clinical practice, our findings suggest that adolescents 
who are prone to heavy binge drinking might benefit from interventions 
affecting adolescent sensation-seeking. Approaches targeting sensation- 
seeking and other dimensions of the SURPS (Woicik et al., 2009) have 
indeed been successful in reducing binge drinking in adolescents, with 
effects lasting for up to three years (Edalati and Conrod, 2019). 

Importantly, such interventions might prevent not only binge drinking 
but also a wider range of impulsive binge behaviors such as binge eating 
(Flayelle and Lannoy, 2021). Trans-diagnostic approaches such as 
mindfulness-based interventions seem promising in reducing adolescent 
sensation-seeking as well as in preventing substance abuse (Najafi 
Chaleshtori et al., 2022; Narayanan and Naaz, 2018). However, the 
temporal and causal relations between brain structure, sensation- 
seeking, and binge behaviors remain to be investigated. Are in
dividuals with brain structural risk factors receptive towards sensation- 
seeking-focused prevention approaches? Do the brain regions which are 
predictive of different binge behaviors overlap? These and other ques
tions should be the focus of future longitudinal studies. 

Another aspect that deserves special attention is sex- and gender- 
specific relations between brain structure, binge behaviors, and per
sonality traits. In our sample, and according to previous research 
(Wilsnack et al., 2018), binge drinking was more common in male than 
in female adolescents. A similar pattern has been found for self-reported 
sensation-seeking (Cross et al., 2013). Binge eating is, however, more 
prevalent among women (Erskine and Whiteford, 2018) – a pattern we 
also descriptively observed in our dataset. This is in line with a higher 
prevalence of externalizing psychopathology, such as substance abuse, 
in male compared to female children and adolescents (Mayes et al., 
2020; Mitchell et al., 2014; Valente et al., 2023). One might thus spec
ulate that similar brain structural predispositions increase the proba
bility of different binge behaviors depending on sex or gender. The role 
of sensation-seeking in predicting binge drinking and binge eating might 
be stronger in men than in women (Adan et al., 2017; Laghi et al., 2015). 
Hence, we recommend future studies to also consider sex- and gender- 
specific aspects in their analyses. 

Fig. 3. Generalization stage results: MBApost for psychometric variables in the holdout dataset (n = 78). All values are in percent. Benjamini/Hochberg-corrected p- 
palues denote if the MBApost-pre per psychometric variable was significantly different from the mean permuted MBApost-pre (Table S1, Supplementary Methods). 
Alcohol Problem Index, Alcohol Problem Index (White and Labouvie, 1989); BL, assessed at adolescent’s age 14; ESPAD, European School Survey Project on Alcohol 
and other Drugs; FU3, assessed at adolescent’s age 22; LEQ, Stressful Life Event Questionnaire (Newcomb et al., 1981); MBApost, mean balanced accuracy after 
performing counterbalancing with oversampling for each psychometric variable; NEO-PI-R, Revised NEO Personality Inventory (Costa and McCrae, 1992); SURPS, 
Substance Use Risk Profile Scale (Woicik et al., 2009); TFEQ, Three-Factor Eating Questionnaire – Revised 18 (Karlsson et al., 2000). 
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From a more methodological perspective, our confound-control 
method allowed us to explore the effect of a wide range of personal 
characteristics in ML settings. This strategy, potentially augmented by 
causal analysis techniques as in (Robert et al., 2020), can be an effective 
technique for explaining ML models used in predictive psychiatric ap
plications. Identifying individual factors relevant to disease prediction 
can open up opportunities for patient subgroup identification and for 
individualized prevention recommendations in the sense of precision 
medicine (Quinlan et al., 2020). 

4.4. Limitations 

While our method helped us identify psychometric variables which 
explain the prediction of binge drinking from brain structure, it comes 
with several limitations. First, the counterbalancing with oversampling 
confound control method requires psychometric variables to be binar
ized. This can cause information loss. Nevertheless, (Rane et al., 2022) 
demonstrate that counterbalancing with oversampling is the most suit
able technique when using non-linear ML algorithms as it controls for 
non-linear confounding components and does not reduce sample size. 

Second, since we focus on binge-drinking-naïve adolescents, our 
sample size reduced to n = 555 from the original IMAGEN longitudinal 
cohort of n = 1182. This smaller sample size can affect the generaliz
ability of our results. When repeating our analysis on a sample of ado
lescents with maximum one BDE at age 14 (n = 655), we could indeed 
not replicate our findings. However, not being able to replicate our 
findings in this sample does not necessarily indicate a lack of general
izability. On the contrary, factors explaining the binge drinking pre
diction in a non-binge-drinking-naïve subsample might be 
fundamentally different from those relevant in a binge-drinking-naïve 
subsample. This remains to be further investigated. 

Lastly, while we considered an extensive set of psychometric vari
ables available in the IMAGEN dataset, we recommend future studies to 
also consider additional relevant psychometrics such as eating behavior 
during early adolescence and early developmental trauma (Heinz et al., 
2011; Schuckit et al., 2017). 

5. Conclusion 

In conclusion, our findings highlight that the accurate prediction of 
binge drinking in young adulthood from adolescent brain structure can 
partially be explained by two variables: uncontrolled eating (Karlsson 
et al., 2000) at age 22 and sensation-seeking (Woicik et al., 2009) at age 
14. This suggests that binge drinking shares common neural precursors 
with other binge behaviors exhibited in young adulthood and that these 
neural risk factors measured during adolescence coincide with sensation 
seeking. One possible explanation is that particularly slow or late onset 
of cortical maturation predisposes to impulsivity-related characteristics 
and behaviors, specifically to high sensation-seeking during adolescence 
(Wasserman et al., 2020) and to binge drinking and eating during young 
adulthood (Bø et al., 2016; Escrivá-Martínez et al., 2020). These re
lationships could inform clinical studies to test early interventions tar
geting sensation-seeking in adolescents with neural risk factors for 
future heavy binge drinking and binge eating. 
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