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ABSTRACT
Aims. The study aimed to examine the association between adolescent alcohol use and working memory (WM) using a large population sample. 
Methods. Data from the Avon Longitudinal Study of Parents and Children was used to investigate the association between alcohol use at age 15 years and WM three years later, assessed using the N-back task (N~3,300). A three-category ordinal variable captured mutually exclusive alcohol groupings ranging in order of severity (i.e., low alcohol users, frequent drinkers, and frequent/binge drinkers). Differential dropout was accounted for using multiple imputation and inverse probability weighting. Adjustment was made for potential confounders. 
Results. There was evidence of an association between frequent/binge drinking (compared to the low alcohol group) and poorer performance on the 3-back task after adjusting for sociodemographic confounding variables, WM at age 11 years, and experience of a head injury/unconsciousness before age 11 years (β=-.23, 95% CI=-.37 to -.09, p=.001). However, this association was attenuated (β=-.12, 95% CI=-.27 to .03, p=.11) when further adjusted for baseline measures of weekly cigarette tobacco and cannabis use. Weaker associations were found for the less demanding 2-back task. We found no evidence to suggest frequent drinking was associated with performance on either task.
Conclusions. We found weak evidence of an association between sustained heavy alcohol use in mid-adolescence and impaired WM three years later. Although we cannot fully rule out the possibility of reverse causation, several potential confounding variables were included to address the directionality of the relationship between WM and alcohol use problems. 



INTRODUCTION
Alcohol consumption during adolescence is a major public health concern, in particular because the brain is still developing and undergoing considerable structural and functional changes (De Bellis et al. 2000). One area of research that has received considerable attention is the association between alcohol use and working memory (WM) performance. WM is critical to higher-order cognitive functioning, such as decision making and planning (Miller & Cohen 2001) and deficits in WM make it more difficult to respond  in a controlled and planned manner to alcohol stimuli (Grenard et al. 2008; Peeters et al. 2012). Furthermore, WM may be more susceptible to damage from heavy alcohol use during adolescence than in adulthood (De Bellis et al. 2000) as it is not fully developed until young adulthood (Boelema et al. 2014; De Luca et al. 2003). 
Research using both animal models and human data has provided evidence to suggest a negative association between alcohol use and WM during adolescence. For example, research in animal models has demonstrated lasting consequences of adolescent exposure to alcohol, including alterations in later WM performance (Risher et al. 2013; White et al. 2000). Human brain imaging studies have identified neural functioning correlates of adolescent heavy drinking. Studies using co-twin designs have found that amygdala deficits (Wilson et al. 2015), smaller orbitofrontal cortex volumes, and diminished quality of decision making (Malone et al. 2014) are associated with adolescent alcohol use. Brain imaging studies examining singletons have found that young people with alcohol use disorders have smaller hippocampal volumes (De Bellis et al. 2000; Nagel et al. 2005), prefrontal abnormalities at both the structural (De Bellis et al. 2005) and functional levels (Tapert et al. 2004), and damage to the frontal lobe (Crews et al. 2007). Taken together, these findings suggest that alcohol use during adolescence may be associated with risks for neurocognitive deficits, however the direction of the association is not clear.
Studies that have examined the prospective association between alcohol use and WM functioning using both brain imaging and neuropsychological study designs have largely revealed mixed findings. Some studies found that alcohol use preceded WM functioning (e.g., Peeters et al. 2014; Squeglia et al. 2009; Squeglia et al. 2012); while others found evidence for the opposite direction (e.g., Peeters et al. 2014; Peeters et al. 2015), in that, adolescents with poor WM may be at increased risk of developing alcohol problems.  
Evidence from the limited number of prospective community samples that have examined this relationship have shown an equally conflicting pattern of results. For example, (Boelema et al. 2015) found no evidence of an association between heavy drinking in adolescence and maturation of executive functioning. The discrepancies in the literature could be due to a number of factors, including: 1) sample size, 2) study design (high-risk vs community-based samples), 3) the alcohol use phenotype (i.e., binging vs frequency), 4) lack of control for potentially relevant confounding factors, and 5) different follow-up periods. 
While acknowledging that it is possible that deficits in cognitive functioning could precede and influence alcohol use, this study sought to expand on previous research by using a large UK birth cohort to examine the possibility that the neurotoxic effects of alcohol during this sensitive developmental period may impact on later cognitive functioning. Focusing on this one potential pathway, we hypothesized that sustained heavy drinking, defined as frequent and binge drinking at age 15 years (peak incidence for alcohol use Melotti et al. 2013), would be adversely associated with WM at age 18 years (as WM matures in late adolescence (Boelema et al. 2014; De Luca et al. 2003) while controlling for potentially relevant confounding factors, including a measure of WM assessed prior to the onset of alcohol use. 
METHOD
Participants and Procedure 
We used data from the Avon Longitudinal Study of Parents and Children (ALSPAC), an ongoing population-based study that contains a wide range of phenotypic and environmental measures, genetic information and linkage to health and administrative records. A fully searchable data dictionary is available on the study’s website (www.bris.ac.uk/alspac/researchers/data-access/data-dictionary/). Approval for the study was obtained from the ALSPAC Ethics and Law Committee and the Local Research Ethics Committees. All pregnant women residing in the former Avon Health Authority in the south-west of England between 1 April 1991 and December 1992 were eligible for the study (Phase I consisted of n=14,541). Of the 13,978 offspring alive at one year, a small number of participants withdrew from the study (n=24), leaving a starting sample of 13,954. Detailed information about ALSPAC is available online www.bris.ac.uk/alspac and in the cohort profiles (Boyd et al. 2013; Fraser et al. 2013). A detailed overview of our study population, including attrition at the different measurement occasions, is shown in the Supplementary Material (Figure S1).
 MEASURES
A timeline for data collection is shown in Supplementary Material (Figure S2).
Exposures: Adolescent alcohol use. At approximately 15 years of age (M=15.5; SD=0.35), participants completed a computer-based session at a research clinic, which included questions regarding drinking frequency and binge drinking. The following two binary variables (present vs. absent), as previously defined (Melotti et al. 2013), captured alcohol involvement: 1) frequent drinking (≥20 times in the previous 6 months); and 2) regular binge drinking (consuming more than five drinks in any 24-hour period on ≥20 occasions in the previous 2 years), which adapts a common definition of binge drinking (Masten et al. 2008). An ordinal variable capturing three mutually exclusive groups was created by combining these two measures. Groups consisted of participants who did not meet either criterion, n=3,525 (78.9%), from here on referred to as the ‘low’ alcohol group, participants who were frequent drinkers only, n=480 (10.8%), and participants who were binge and frequent drinkers n=461 (10.3%). High thresholds for alcohol use were used to capture the extreme end of consumption as it has been suggested that the amount of alcohol consumed in community samples might be too low to negatively influence the development of WM (Khurana et al. 2013). For all analyses, the low alcohol group was taken as the reference group. 
Outcome: Working memory. A computerised version of the N-back task, including both 2- and 3-back conditions (N=4,827), was used to assess WM at the age 18 years research clinic (M=17 years 10 months; SD=5 months). The N-back task, originally introduced by Kirchner (Kirchner 1958) is widely used to measure WM (Wardle et al. 2013; Rossi et al. 2016), and has been shown to activate prefrontal cortex areas (Cohen et al. 1997). Despite being frequently used in brain imaging studies, there have been few psychometric studies of the N-back task. In general, the studies that have examined its psychometric properties have reported reliability coefficients greater than 0.70 (Jaeggi et al. 2010; Schmiedek et al. 2009; Unsworth 2010).
Four metrics were examined for both the 2- and 3-back conditions: 1) hits, or the percentage of matching numbers correctly identified as matches, 2) false alarms, or the percentage of non-matching numbers incorrectly identified as matches, 3) discriminability index (d') which is a signal-detection metric that takes into account both hits and false alarms to derive an overall estimate of signal detection ability, see (McNicol 1972), and 4) median reaction times for hits and false alarms, as an indicator of processing efficiency. A measure of d´ was chosen as the primary outcome measure given it is an overall estimate. The remaining indices were examined for descriptive purposes. High scores on number of hits indicated more accurate identification, while high scores on false alarms indicated less accurate identification. High scores on d´ therefore indicated a greater ability to distinguish signals from noise. 
As we were interested in examining possible enduring effects of alcohol use on WM performance, WM was assessed at age 18 years as it generally shown that WM matures in late adolescence (Boelema et al. 2014; De Luca et al. 2003). Participants were excluded if they did not provide any responses (n=373 for the 2-back task; n=320 for the 3-back task). In total, n=3,141 participants completed both versions of the task, while n=3,351 participants had available data for the 2-back task and n=3,319 had available data for the 3-back version. 
Potential confounders 
Given the complicated confounding structure, potential confounding variables were included in three steps. First, we examined an unadjusted model (Model 1). Second, a number of sociodemographic measures were considered to be potential confounders of the relationship between alcohol and WM in adolescence (Model 2). These comprised of established risk factors for WM performance for which we felt the assumption of a causal predictive relationship with earlier alcohol use could be justified. Adjustment was made for a number of potential time-invariant confounding variables during pregnancy. These included: income (quintiles), maternal education (<O level: indicating no qualification; O level: indicating completion of school examinations at age 16; and >O level: indicating completion of college or university education at or after age 18), socioeconomic position (SEP, grouped into four categories: 1) unskilled or semiskilled manual; 2) skilled manual or non-manual; 3) managerial and technical; and 4) professional), parity (1st, 2nd, ≥3rd children), housing tenure (mortgaged, subsidised renting, and private renting), sex, and maternal smoking during first trimester in pregnancy (yes/no). 
[bookmark: _Hlk494967611]Third, WM at approximately age 11 years and experience of a head injury/ unconsciousness up to age 11 years were included (Model 3). A computerised version of the Counting Span task (Case et al. 1982) was included at approximately age 11 years (M=10 years, 8 months, SD=3 months) to assess WM performance during a focus clinic. A span score was based on the number of correctly recalled sets (maximum score of 5 in increments of 0.5). Further detail is provided in the Supplementary Material. A measure of head injury/ unconsciousness was also included. Since adolescents who have experienced head injury perform poorly compared with age-matched peers (Newsome et al. 2007), we included participants who experienced head injury/ unconsciousness before the age of 11 years n=113 (3.4%). The inclusion of both measures, prior to the onset of alcohol initiation, helps to remove the possibility that deficits in WM performance precedes alcohol use, thereby allowing for the temporal order between alcohol use and later WM to be established.
Finally, weekly cigarette smoking and cannabis use at age 15 years (assessed during the same clinic assessment as the alcohol measures) were included (Model 4). Weekly cigarette smoking, assessed using the question ‘do you smoke every week’ (n=181/2,659), was included because of evidence suggesting that smoking is associated with cognitive function (Loughead et al. 2009). Cannabis use in the past 12 months, assessed using the question ‘has used or taken cannabis in the past 12 months’ (n=442/2,649), was included as evidence suggests that engagement in cannabis use often display deficits in neurocognitive function (Henderson et al. 1999). 
Statistical methods 
A series of univariable and multivariable linear regression models were conducted to examine the association between each of the alcohol exposures and the 2- and 3-back outcome measures. Models unadjusted and adjusted for potential confounding variables were examined. d´ was chosen a priori as the primary outcome as it captures overall signal detection. Number of hits, false alarms, and reaction time for hits and false alarms were used as secondary outcomes allowing for specific effects to be examined. Standardised regression coefficients with 95% confidence intervals were used and can be interpreted as a change in the exposure associated with a one standard deviation change in WM performance assessed using the d´ measure (i.e., our primary outcome). All standardized scores are normalized to have a mean of 0 and a standard deviation of 1, and thus regression coefficients can be interpreted as effect sizes.
Attrition
Since using complete case analysis can result in biased estimates (Sterne et al. 2009), we examined possible effects of missing data using a combination of multiple imputation and inverse probability weighting (MI/IPW) (Seaman et al. 2012). In the first step, multiple imputation was based on the 3,351 participants who had information on the 2-back task, and 3,319 participants who had information on the 3-back task. The imputation model contained performance on both versions of the WM task, alcohol exposure variables, and potential confounding variables, as well as a number of additional auxiliary variables known to be related to missingness. Fifty datasets by 10 cycles of regression were generated. 
In the second step, inverse probability weighting (IPW) was performed. Estimates of prevalence and associations were weighted to account for probabilities of non-response to attending the clinic. Further information is provided in the Supplementary Material. All analyses were conducted using Stata version 14. Results using weighted estimates are reported as the main results. Table S1 shows strong evidence of a relationship between sociodemographic variables, a measure of WM at age 11 years, cigarette smoking, cannabis use, and alcohol use at age 15 years, and missing data on both conditions of the WM task. Furthermore, individuals who attended the clinic at age 18 years but who did not complete either of the N-back tasks were more likely to be involved in frequent and binge drinking at the earlier age of 15 years (Table S2).
Sensitivity analyses
As WM is developing across childhood and adolescence, a measure of WM performance, assessed at age 8 years, was included to provide consistency across the findings. The backward digit span task was assessed as part of an in-person standardized assessment of cognitive ability at age 8 years. The backward measure, which requires storage and manipulation of the information prior to recall, is thought to tap into WM capacity see (Alloway et al. 2006). Further information on the measure is provided in Supplementary material. Models using complete cases were included to assess the impact of missing data. 

RESULTS
Descriptive results 
Working memory performance at age 18: Overall, participants performed better on the 2-back task compared to the 3-back task using all four metrics (Supplementary Material). In terms of WM performance for the specific alcohol groups, frequent and binge drinkers performed worse on the 2-back task, assessed using the d´, (M=1.70, SD=1.36) compared to the low alcohol group (M=1.84, SD=1.24) and the frequent drinking only group (M=1.92, SD=1.19). A similar pattern was observed for performance on the 3-back task with frequent and binge drinkers performing worse (M=1.02, SD=1.04) compared to the low alcohol (M=1.19, SD=1.03) and frequent drinking groups (M=1.28, SD=1.04).
Associations between alcohol use at age 15 years and potential confounding variables are presented in Table S3. 
Univariable and multivariable linear regression
Table 1 presents associations between alcohol use at age 15 years and 2-back task performance (assessed using d´) at age 18 years. There was insufficient evidence to suggest an association between frequent drinkers compared to the low alcohol group and WM performance. There was evidence in the unadjusted models that frequent and binge drinking (β=-.17, 95% CI=-.32 to -.03, p=.02) was associated with WM performance compared to the low alcohol group. However, this association was attenuated when adjusting for sociodemographic variables, WM at age 11 years and participants who had a head injury/unconsciousness before age 11 years, weekly cigarette smoking, and cannabis use assessed at age 15 years (β=-.05, 95% CI=-.21 to .10, p=.50). 
[Insert Table 1 here]
Table 2 presents associations between alcohol use at age 15 years and 3-back task performance at age 18 years. In a similar finding to the 2-back task, there was insufficient evidence to suggest an association between frequent drinking compared to the low alcohol group and WM performance assessed using d´. There was however strong evidence that frequent and binge drinking compared to the low alcohol group was associated with WM performance: unadjusted model (β=-.25, 95% CI=-.39 to -.11, p<.001), model adjusted for sociodemographic confounders (β=-.22, 95% CI=-.36 to .08, p=.001), model further adjusted for WM at age 11 years and participants who had a head injury/ unconsciousness before age 11 years (β=-.23, 95% CI=-.37 to -.09, p=.001). However, this association was attenuated when further adjusted for weekly cigarette smoking and cannabis use at age 15 years (β=-.12, 95% CI=-.27 to .03, p=.11). All coefficients highlighting the impact of the individual confounding variables are presented in Table S4. For both versions of the N-back task, larger effect estimates for the frequent and binge drinking group (compared to the low alcohol group) indicates stronger evidence of an association with deficits in WM performance, in comparison to effect sizes for the frequent drinking only group.
[Insert Table 2 here]
	Given the strength of the association between frequent and binge drinking and performance on the 3-back task, we examined whether frequent and binge drinking compared to consuming low amounts of alcohol was associated with the specific indices of WM functioning (Table 3). There was evidence to suggest that frequent and binge drinking was associated with the number of false alarms: unadjusted model (β=-.26, 95% CI=-.44 to -.07, p=.01), 2), model adjusted for sociodemographic confounders (β=-.42, 95% CI=-.42 to -.05, p=.01), 3), model further adjusted for WM at age 11 years and participants who had experienced a head injury/ unconsciousness before age 11 years (β=-.22, 95% CI=-.41 to -.22, p=.02). However, this association was attenuated when further adjusted for weekly cigarette smoking and cannabis use at age 15 years (β=-.08, 95% CI=-.26 to .11, p=.39). Models examining these associations for the 2-back are presented in Table S5.
[Insert Table 3 here]

Sensitivity analyses 
Including the backward digit span at age 8 years (Tables S6a and S6b) produced almost identical results demonstrating evidence of an association for frequent and binge drinking and both the 2-and 3-back tasks (stronger associations for the 3-back task) compared to low alcohol users. Repeating the analyses using participants who had complete data on alcohol use, WM measures and all confounding variables produced weaker associations compared to the analyses using the fully imputed data (Tables S7a and S7b). Notably, the estimates for the fully adjusted models (Model 4) were similar. 
DISCUSSION	
In this study, we found weak evidence of a prospective association between alcohol use at age 15 years and impaired WM performance three years later in a general population birth cohort. This association was evident in adolescents who were frequent and binge drinkers for the more demanding 3-back version of the task (assessed using the d´) after adjusting for a number of sociodemographic confounding variables, measure of WM at age 11 years and participants who had a head injury/ unconsciousness before age 11 years. However, this association was attenuated when controlling for measures of cigarette smoking and cannabis use. When examining specific indices of WM, false alarms showed the strongest association, suggesting that performance on the task was affected by poor accuracy in rejecting non-targets rather than poor accuracy in detecting targets. There was insufficient evidence for an association between moderate drinking practices (i.e., frequent drinking only) and WM performance three years later for either the 2-back or 3-back versions. 
Limitations 
The present study should be considered in light of a number of limitations. First, the ALSPAC cohort suffers from attrition, which is higher among the socially disadvantaged (Wolke et al. 2009). We attempted to minimise the impact of attrition using sensitivity analyses. Missingness was related to WM at age 11 years, alcohol use at age 15 years and sociodemographic variables. However, the results from the sensitivity analysis suggest that the pattern of missing data did not lead to biased effect estimates. Although we did observe differences in auxiliary measures depending on data availability, the direction and magnitude of the associations were consistent with the weighted models. Second, although alcohol use was self-reported, there is evidence to suggest that self-reported alcohol use is a reliable and valid method (Del Boca & Darkes 2003). Third, as it cannot be ruled out that our findings could be over- or underestimating alcohol use, the inclusion of mutually exclusive alcohol measures ranging in order of severity helped to provide a more accurate account of adolescent drinking practices. Further, focusing on heavy drinking practices among adolescents, rather than more normative aspects of drinking such as frequency of drinking episodes, enables us to examine the hypothesised association in a more robust manner, as it has been suggested that focusing on frequency of drinking episodes may not be extreme enough to adversely impact WM (Khurana et al. 2013). Fourth, an N-back measure assessed prior to alcohol initiation would have been optimal, however, the inclusion of the Counting Span task assessed at age 11 years demonstrate a robust pattern of results. 
Fifth, although there is some debate in the literature surrounding the construct validity of performance on the N-back task as an indicator of WM ability, it has been argued that by using N-back performance indices from a signal detection framework (i.e., d’) may reveal clearer insights about its validity as a measure of WM performance (Meule 2017; Kane et al. 2007; Haatveit et al. 2010). Sixth, it is also possible that a number of higher-order functions could influence this relationship since important maturational changes in brain organization and function continue well into late adolescence. For example, alcohol induced damage to the prefrontal cortex (PFC) and hippocampus could increase impulsive behaviour (Finn 2002), lead to poor decision making (Crews & Boettiger 2009) and motivation (Chambers et al. 2003).
Finally, as we examined one potential causal pathway, it is possible that the direction of the association could work in both ways, that is, impairments in WM may precede (and increase the risk of developing) alcohol problems (see Peeters et al., 2014). We were however able to include a number of measures to maximise the robustness of our findings: i) ascertain the time order of exposure and outcome in our study, enabling the potential temporal associations between alcohol use and WM to be examined, ii) controlling for a measure of WM prior to the onset of alcohol use and participants who had a head injury helped to remove the possibility of deficits in WM influencing alcohol use, and iii) although we cannot exclude the possibility of residual confounding, we have made adjustment for a number of confounding variables, including weekly smoking status, which was shown to have the strongest asscoiation with WM perfromance. Future work aims to follow up large prospective cohorts should take the possibly of reverse causality into account by including measures of alcohol use and WM at every assessment wave. 
Comparison with previous studies
To the best of our knowledge, this is the largest study to date to assess the prospective relationship between alcohol use and WM in adolescents. Our findings are consistent with the majority of research from neuropsychological and brain imaging that have demonstrated deficits in WM functioning in adolescents exhibiting problematic patterns of alcohol use (Peeters et al. 2014; Squeglia et al. 2009; Squeglia et al. 2012). In terms of findings from community samples, a longitudinal cohort study of Dutch adolescents (aged 11-19 years) found no evidence of an association between heavy drinking in adolescence and maturation of executive functioning (Boelema et al. 2015). The contrast in findings could be due to a number of possibilities. First, our study used the N-back task as opposed to the use of WM measured with the Amsterdam Neuropsychological Task (de Sonneville 1999). Second, Boelema and colleagues examined change in WM performance across adolescence (examining maturation), while in our study WM performance was assessed at age 18 years (which is generally regarded as when WM matures). Finally, WM performance was measured in reaction times only, as opposed to the more comprehensive approach used in our study (e.g., identifying the correct number of hits, number of false alarms, discriminability index, and mean reaction times for hits and false alarms). 
The inclusion of tobacco and cannabis use had a sizeable impact on associations between alcohol use and WM. This is perhaps unsurprising as there is substantial evidence from animal studies linking cannabis use in adolescent with deficits in WM performance (Renard et al. 2014; Rubino et al. 2009; Verrico et al. 2014). The association is further complicated as nicotine withdrawal has been shown to be associated with reductions in WM efficiency in animal studies (Levin et al. 2006; Levin et al. 1990). Evidence from human studies reveal a similar pattern of findings for adolescent tobacco and cannabis use on WM performance (Hanson et al. 2010; Harvey et al. 2007; Jacobsen et al. 2005; Jacobsen et al. 2007; Musso et al. 2007; Ilan et al. 2004). 
Given that cannabis and tobacco use at the same time is popular among adolescents (Amos et al. 2004), it is of interest to try to disentangle the independent and combined effects. A recent study examining the independent and combined impact of cannabis and nicotine on WM performance suggested that WM performance decreased with acute cannabis use and increased with tobacco use, while cannabis use was not associated with diminished WM when used with tobacco, suggesting that tobacco use may compensate for deficits in WM from cannabis (Schuster et al. 2016). 
Implications and Conclusions
Our findings contribute to the understanding of the relationship between alcohol use and WM in adolescents, and provide evidence that regular binge drinking in mid-adolescence is associated with impaired WM three years later, after adjusting for confounding variables. These findings have clinical and public health implications. For example, interventions aimed at preventing alcohol use in adolescents (e.g., Koning et al., 2009) might be effective in reducing impairments in WM. In particular, a combined parent and student intervention was the most effective in reducing the onset of weekly alcohol use and frequency of drinking. One advantage is that interventions can yield beneficial effects on alcohol related outcomes for adolescents even when delivered at young ages (Tanner-Smith & Lipsey 2015). Although it is difficult to quantify the meaning of the deficit in WM in practical terms, deficits in WM have been shown to be related to academic achievement (Gathercole et al. 2004), and impulsivity and risk-taking behaviours (Khurana et al. 2013; Khurana et al. 2015) in adolescents. Given the impact that cigarette and cannabis use had on the association between alcohol use and WM, it may be important to include these in future studies. Future research should explore possible mechanisms underlying this association and examine whether these associations persist into adulthood. 













REFERENCES 
Alloway, T.P., Gathercole, S.E. & Pickering, S.J., 2006. Verbal and visuospatial short-term and working memory in children: Are they separable? Child Development, 77(6), pp.1698–1716.
Amos, A. et al., 2004. “You can”t go without a fag...you need it for your hash’--a qualitative exploration of smoking, cannabis and young people. Addiction, 99(1), pp.77–81.
De Bellis, M.D. et al., 2000. Hippocampal volume in adolescent-onset alcohol use disorders. The American Journal of Psychiatry, 157(5), pp.737–744.
De Bellis, M.D. et al., 2005. Prefrontal cortex, thalamus, and cerebellar volumes in adolescents and young adults with adolescent-onset alcohol use disorders and comorbid mental disorders. Alcoholism, Clinical and Experimental Research, 29(9), pp.1590–1600.
Del Boca, F.K. & Darkes, J., 2003. The validity of self-reports of alcohol consumption: state of the science and challenges for research. Addiction, 98, pp.1–12. 
Boelema, S.R. et al., 2015. Adolescent heavy drinking does not affect maturation of basic executive functioning: Longitudinal findings from the TRAILS study. PLoS ONE, 10(10), pp.1–15.
Boelema, S.R. et al., 2014. Executive functioning shows differential maturation from early to late adolescence: Longitudinal findings from a TRAILS study. Neuropsychology, 28(2), pp.177–187.
Boyd, A. et al., 2013. Cohort profile: The “Children of the 90s”-The index offspring of the avon longitudinal study of parents and children. International Journal of Epidemiology, 42(1), pp.111–127.
Case, R., Kurland, D.M. & Goldberg, J., 1982. Operational efficiency and the growth of short-term memory span. Journal of Experimental Child Psychology, 33, pp.386–404.
Chambers, R.A., Taylor, J.R. & Potenza, M.N., 2003. Developmental neurocircuitry of motivation in adolescence: a critical period of addiction vulnerability. The American Journal of Psychiatry, 160(6), pp.1041–1052.
Cohen, J.D. et al., 1997. Temporal dynamics of brain activation during a working memory task. Nature, 386(6625), pp.604–608.
Crews, F., He, J. & Hodge, C., 2007. Adolescent cortical development: a critical period of vulnerability for addiction. Pharmacology, Biochemistry, and Behavior, 86(2), pp.189–199.
Crews, F.T. & Boettiger, C.A., 2009. Impulsivity, frontal lobes and risk for addiction. Pharmacology, Biochemistry, and Behavior, 93(3), pp.237–247.
Finn, P.R., 2002. Motivation, working memory, and decision making: A cognitive-motivational theory of personality vulnerability to alcoholism. Behavioral and Cognitive Neuroscience Reviews, 1(3), pp.183–205. 
Fraser, A. et al., 2013. Cohort Profile: The Avon Longitudinal Study of Parents and Children: ALSPAC mothers cohort. International Journal of Epidemiology, 42(1), pp.97–110. 
Gathercole, S.E. et al., 2004. Working memory skills and educational attainment: Evidence from national curriculum assessments at 7 and 14 years of age. Applied Cognitive Psychology, 18(1), pp.1–16.
Giedd, J.N. et al., 1996. Quantitative magnetic resonance imaging of human brain development: ages 4-18. Cerebral Cortex, 6(4), pp.551–560.
Grenard, J.L. et al., 2008. Working memory capacity moderates the predictive effects of drug-related associations on substance use. Psychology of Addictive Behaviors, 22(3), pp.426–432.
Haatveit, B.C. et al., 2010. The validity of d prime as a working memory index: results from the “Bergen n-back task”. Journal of Clinical and Experimental Neuropsychology, 32(8), pp.871–880.
Hanson, K.L. et al., 2010. Longitudinal study of cognition among adolescent marijuana users over three weeks of abstinence. Addictive Behaviors, 35(11), pp.970–976.
Harvey, M.A. et al., 2007. The relationship between non-acute adolescent cannabis use and cognition. Drug and Alcohol Review, 26(3), pp.309–319.
Henderson, J. et al., 1999. Pertussis vaccination and wheezing illnesses in young children: prospective cohort study. The Longitudinal Study of Pregnancy and Childhood Team. British Medical Journal, 318(7192), pp.1173–1176.
Ilan, A.B., Smith, M.E. & Gevins, A., 2004. Effects of marijuana on neurophysiological signals of working and episodic memory. Psychopharmacology, 176(2), pp.214–222.
Jacobsen, L.K. et al., 2005. Effects of smoking and smoking abstinence on cognition in adolescent tobacco smokers. Biological Psychiatry, 57(1), pp.56–66.
Jacobsen, L.K. et al., 2007. Prenatal and adolescent exposure to tobacco smoke modulates the development of white matter microstructure. The Journal of Neuroscience, 27(49), pp.13491–13498.
Jaeggi, S.M. et al., 2010. The relationship between n-back performance and matrix reasoning — implications for training and transfer. Intelligence, 38(6), pp.625–635. 
Kane, M.J. et al., 2007. Working memory, attention control, and the N-back task: a question of construct validity. Journal of Experimental Psychology. Learning, Memory, and Cognition, 33(3), pp.615–622.
Khurana, A. et al., 2015. Experimentation versus progression in adolescent drug use: A test of an emerging neurobehavioral imbalance model. Development and Psychopathology, 27(3), pp.901–913.
Khurana, A. et al., 2013. Working memory ability predicts trajectories of early alcohol use in adolescents: the mediational role of impulsivity. Addiction, 108(3), pp.506–515.
Kirchner, W.K., 1958. Age differences in short-term retention of rapidly changing information. Journal of Experimental Psychology, 55(4), pp.352–358.
Koning, I.M. et al., 2009. Preventing heavy alcohol use in adolescents (PAS): cluster randomized trial of a parent and student intervention offered separately and simultaneously. Addiction, 104(10), pp.1669–1678.
Levin, E.D. et al., 1990. Chronic nicotine and withdrawal effects on radial-arm maze performance in rats. Behavioral and Neural Biology, 53(2), pp.269–276.
Levin, E.D., McClernon, F.J. & Rezvani, A.H., 2006. Nicotinic effects on cognitive function: behavioral characterization, pharmacological specification, and anatomic localization. Psychopharmacology, 184(3–4), pp.523–539.
Loughead, J. et al., 2009. Effect of abstinence challenge on brain function and cognition in smokers differs by COMT genotype. Molecular Psychiatry, 14(8), pp.820–826.
De Luca, C.R. et al., 2003. Normative data from the Cantab. I: development of executive function over the lifespan. Journal of Clinical and Experimental Neuropsychology, 25(2), pp.242–254. 
Luna, B. et al., 2004. Maturation of cognitive processes from late childhood to adulthood. Child Development, 75(5), pp.1357–1372.
Malone, S.M. et al., 2014. Adolescent drinking and motivated decision-making: a cotwin-control investigation with monozygotic twins. Behavior Genetics, 44(4), pp.407–418.
Masten, A.S. et al., 2008. Underage drinking: a developmental framework. Pediatrics, 121(4), p.S235 LP-S251. 
McNicol, D., 1972. A Primer of Signal Detection Theory, Norwich: George Allen & Unwin Ltd.
Melotti, R. et al., 2013. Early life socio-economic position and later alcohol use: birth cohort study. Addiction, 108(3), pp.516–525. 
Meule, A., 2017. Reporting and interpreting working memory performance in n-back tasks. Frontiers in Psychology, 8, p.352.
Miller, E.K. & Cohen, J.D., 2001. An integrative theory of prefrontal cortex function. Annual Review of Neuroscience, 24, pp.167–202.
Moran, C. & Gillon, G., 2004. Language and memory profiles of adolescents with traumatic brain injury. Brain Injury, 18(3), pp.273–288.
Musso, F. et al., 2007. Smoking impacts on prefrontal attentional network function in young adult brains. Psychopharmacology, 191(1), pp.159–169.
Nagel, B.J. et al., 2005. Reduced hippocampal volume among adolescents with alcohol use disorders without psychiatric comorbidity. Psychiatry Research, 139(3), pp.181–190.
Newsome, M.R. et al., 2007. Working memory brain activation following severe traumatic brain injury. Cortex, 43(1), pp.95–111.
Peeters, M. et al., 2012. Automatic processes in at-risk adolescents: the role of alcohol-approach tendencies and response inhibition in drinking behavior. Addiction, 107(11), pp.1939–1946.
Peeters, M. et al., 2015. Weaknesses in executive functioning predict the initiating of adolescents’ alcohol use. Developmental Cognitive Neuroscience, 16, pp.139–146.
Peeters, M. et al., 2014. Working memory and alcohol use in at-risk adolescents: a 2-year follow-up. Alcoholism, Clinical and Experimental Research, 38(4), pp.1176–1183.
Renard, J. et al., 2014. Long-term consequences of adolescent cannabinoid exposure in adult psychopathology. Frontiers in Neuroscience, 8, p.361.
Risher, M.-L. et al., 2013. Long-term effects of chronic intermittent ethanol exposure in adolescent and adult rats: radial-arm maze performance and operant food reinforced responding. PloS ONE, 8(5), p.e62940.
Rossi, R. et al., 2016. Psychotic experiences and working memory: a population-based study using signal-detection analysis. PloS ONE, 11(4), p.e0153148. 
Rubino, T. et al., 2009. Changes in hippocampal morphology and neuroplasticity induced by adolescent THC treatment are associated with cognitive impairment in adulthood. Hippocampus, 19(8), pp.763–772. 
Schmiedek, F. et al., 2009. Complex span versus updating tasks of working memory: the gap is not that deep. Journal of Experimental Psychology. Learning, Memory, and Cognition, 35(4), pp.1089–1096.
Schuster, R.M., Mermelstein, R.J. & Hedeker, D., 2016. Ecological momentary assessment of working memory under conditions of simultaneous marijuana and tobacco use. Addiction, 111(8), pp.1466–1476.
Seaman, S. & White, I., 2014. Inverse probability weighting with missing predictors of treatment assignment or missingness. Communications in Statistics - Theory and Methods, 43(16), pp.3499–3515. 
Seaman, S.R. et al., 2012. Combining multiple imputation and inverse-probability weighting. Biometrics, 68(1), pp.129–137.
de Sonneville, L.M.J., 1999. Amsterdam Neuropsychological Tasks: A computer-aided assessment program. In B. P. L. M. Den Brinker et al., eds. Cognitive Ergonomics, Clinical Assessment and Computer-Assisted Learning. The Netherlands: Swets & Zeitlinger, pp. 187–203.
Squeglia, L.M. et al., 2012. Brain response to working memory over three years of adolescence: influence of initiating heavy drinking. Journal of Studies on Alcohol and Drugs, 73(5), pp.749–760.
Squeglia, L.M., Jacobus, J. & Tapert, S.F., 2009. The influence of substance use on adolescent brain development. Clinical EEG and Neuroscience, 40(1), pp.31–8. 
Sterne, J.A.C. et al., 2009. Multiple imputation for missing data in epidemiological and clinical research: potential and pitfalls. British Medical Journal, 338, p.b2393. 
Tanner-Smith, E.E. & Lipsey, M.W., 2015. Brief alcohol interventions for adolescents and young adults: A systematic review and meta-analysis. Journal of Substance Abuse Treatment, 51, pp.1–18. 
Tapert, S.F. et al., 2004. Blood oxygen level dependent response and spatial working memory in adolescents with alcohol use disorders. Alcoholism, Clinical and Experimental Research, 28(10), pp.1577–1586.
Unsworth, N., 2010. On the division of working memory and long-term memory and their relation to intelligence: A latent variable approach. Acta Psychologica, 134(1), pp.16–28.
Verrico, C.D. et al., 2014. Repeated Delta9-tetrahydrocannabinol exposure in adolescent monkeys: persistent effects selective for spatial working memory. The American Journal of Psychiatry, 171(4), pp.416–425.
Wardle, M.C. et al., 2013. Lack of association between COMT and working memory in a population-based cohort of healthy young adults. Neuropsychopharmacology, 38(7), pp.1253–1263.
White, A.M. et al., 2000. Binge pattern ethanol exposure in adolescent and adult rats: differential impact on subsequent responsiveness to ethanol. Alcoholism, Clinical and Experimental Research, 24(8), pp.1251–1256.
Wilson, S. et al., 2015. Adolescent drinking and brain morphometry: A co-twin control analysis. Developmental Cognitive Neuroscience, 16, pp.130–138. 
Wolke, D. et al., 2009. Selective drop-out in longitudinal studies and non-biased prediction of behaviour disorders. The British Journal of Psychiatry, 195(3), pp.249–56. 
Zhang, X., Stein, E.A. & Hong, L.E., 2010. Smoking and schizophrenia independently and additively reduce white matter integrity between striatum and frontal cortex. Biological Psychiatry, 68(7), pp.674–677.









4

[bookmark: _Hlk494801182]Table 1. Associations between alcohol use at age 15 years and d' at age 18 years for the 2-back task (n=3,351) in 50 multiply imputed datasets (standardized coefficients)
	
	
	Model 1
	Model 2
	Model 3
	Model 4

	
	n (%)
	b (95% CI)
	p
	b (95% CI)            p
	b (95% CI)
	p
	b (95% CI)
	p

	Low alcohol use
	
	ref
	
	ref
	ref
	
	ref
	

	Frequent drinking only
	397 (11.7)
	 -.00 (-.15, .14)
	.96
	-.03 (-.16, .10)   .76
	-.02 (-.15, .11)
	.72
	 .03 (-.11, .17)
	.67

	Frequent and binge
	368 (10.8)
	 -.17 (.32, -.03)
	.02
	-.15 (-.30, .00)   .05
	-.16 (-.30, -.01)
	.03
	-.05 (-.21, .10)
	.50


Model 1: unadjusted; Model 2: adjusted for sex, income, social economic position, maternal education, housing tenure, parity, and maternal smoking in pregnancy; Model 3: further adjusted for working memory assessed at approximately age 11 years, and head injury/unconsciousness up to age 11 years; Model 4: further adjusted for young person cigarette and cannabis use assessed at age 15 years







Table 2. Associations between alcohol use at age 15 years and d' at age 18 years for the 3-back task (n=3,319) in 50 multiply imputed datasets (standardized coefficients)
	
	
	Model 1
	Model 2
	Model 3
	Model 4

	
	n (%)
	b (95% CI)
	P
	b (95% CI)          p
	b (95% CI)
	p
	b (95% CI)
	p

	Low alcohol use
	
	ref
	
	ref
	ref
	
	ref
	

	Frequent drinking only
	399 (11.8)
	-.02 (-.16, .11)
	   .74
	-.04 (-18, .08)     .50
	-.04 (-.17, .09)
	.57
	 .02 (-.11, .15)
	.75

	Frequent and binge
	354 (10.5)
	-.25 (-.39, -.11)
	<.001
	-.22 (-.36, -.08)  .001
	-.23 (-.37, -.09)
	.001
	-.12 (-.27, .03)
	.11


Model 1: unadjusted; Model 2: adjusted for sex, income, social economic position, maternal education, housing tenure, parity, and maternal smoking in pregnancy; Model 3: further adjusted for working memory assessed at approximately age 11 years, and head injury/unconsciousness up to age 11 years; Model 4: further adjusted for young person cigarette and cannabis use assessed at age 15 years







Table 3. Associations between frequent and binge drinking (compared to low alcohol users) at age 15 years and WM indices at age 18 years for the 3-back task (n=3,319) in 50 multiply imputed datasets
	
	Model 1
	Model 2
	
	Model 3
	Model 4

	
	b (95% CI)
	P
	b (95% CI) 
	p
	b (95% CI)
	p
	b (95% CI)
	p

	Number of hits
	-.15 (-.28, -.01)
	.05
	-.13 (-.27, .01)    
	.06
	-.13 (-.26, .00)
	.05
	-.10 (-.25, .06)
	.22

	Number of false alarms
	-.26 (-.45, -.05)
	.002
	-.23 (-.41, -.04)
	.005
	-.22 (-.40, -.04)
	.004
	-.09 (-.28, .11)
	.30

	Reaction time-hits
	-.03 (-.17, .12)
	.73
	 .00 (-.14, .14) 
	.99
	-.00 (-.14, .14)
	.98
	 .07 (-.10, .23)
	.42

	Reaction time-false alarms
	 .01 (-.14, .16)
	.91
	 .04 (-.11, .19)
	.64
	 .03 (-.12, .18)
	.68
	 .11 (-.06, .27)
	.23


Model 1: unadjusted; Model 2: adjusted for sex, income, social economic position, maternal education, housing tenure, parity, and maternal smoking in pregnancy; Model 3: further adjusted for working memory assessed at approximately age 11 years, and head injury/unconsciousness up to age 11 years; Model 4: further adjusted for young person cigarette and cannabis use assessed at age 15 years








13,954 live born offspring who survived to one year –        47.8% female



9,432 participants invited to clinic (mean age: 17y 10m) – 50.2% female




4,827 participants attended clinic – 56.1% female



3,721 participants had available data – 57.3% female



3,319 participants had available data for the 3-back task –    56.4% female                            (sample used in analyses)
3,351 participants had available data for the 2-back task –     56.9% female                                          (sample used in analyses)





2,632 participants had available data for the 3-back task and alcohol measures – 56.6% female
2,677 participants had available data for the 2-back task and alcohol measures – 56.5% female




1,919 participants had complete data on outcome, exposures and confounders – 56.3% female

1,896 participants had complete data on outcome, exposures and confounders – 56.3% female




Figure S1. Sample attrition in ALSPAC
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Working memory – N-back task
Participants continuously monitored a series of numbers presented on a computer screen, and pressed ‘1’ if the number was the same as the number presented N numbers ago, or ‘2’ if it was not. Stimuli were numbers 0–9, presented in black on white background with a random spatial jitter of 180 pixels in y-axis and 200 pixels in x-axis. Each target was presented for 500 ms, followed by a 3,000 ms response window. The practice block consisted of 12 trials containing two targets. Each experimental block was randomized and consisted of 48 trials, containing eight targets, with a single block for each of the 2- and 3-back conditions. In the 2-back condition, the target was the number that was identical to the one presented 2 trials back; while in the 3-back condition was identical to the one presented 3 trials back.  











Working memory – counting span task
Children were presented with a number of red and blue dots on a white screen and asked to count the red dots out loud. The child was asked to recall the number of red dots seen on each screen with that set in the order they were presented. There were two practice sets and three sets with displays ranging from 2 to 5 screens. A total of 12 blocks were completed with three per load level.















Inverse probability weighting
Weights were derived from logistic regression models using variables associated with nonresponse, including maternal age, grandmother having a history of severe depression, maternal alcohol use in pregnancy, financial problems, maternal cannabis use and affordability problems. There was evidence of an association between all of the early-life exposures to adversity and loss to follow-up comparing complete cases and WM outcome data for all participants (n=9,432) invited to the clinic. We weighted the included respondents by the inverse of the probability of attending and used the Hosmer-Lemeshow test to assess model fit. 
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Table S1. Selective attrition for working memory performance at age 18 years
	
	
	2-back
	
	
	3-back
	

	
	Available
	Not available
	
	Available
	Not available
	

	
	n (%)
	n (%)
	OR (95% CI)
	n (%)
	n (%)
	OR (95% CI)

	Gender:
	
	
	
	
	
	

	Males 
	1,408 (43.7)
	3,163 (54.4)
	0.65 (.60, .71)
	1,384 (43.7)
	3,187 (54.4)
	0.65 (.60, .71)

	Income:
	
	
	
	
	
	

	Low 20%
	   351 (12.3)
	   933 (21.8)
	ref
	   349 (12.4)
	   935 (21.6)
	ref

	40%
	   512 (17.9)
	   884 (20.6)
	0.65 (.55, .77)
	   506 (17.9)
	   890 (20.6)
	0.65 (.56, .77)

	60%
	   559 (19.5)
	   836 (19.5)
	0.56 (.48, .66)
	   553 (19.6)
	   842 (19.5)
	0.57 (.48, .67)

	80%
	   679 (23.7)
	   834 (19.5)
	0.46 (.39, .54)
	   665 (23.5)
	   848 (19.6)
	0.47 (.41, .56)

	Highest %
	   764 (26.7)
	   798 (18.6)
	0.39 (.34, .46)
	   752 (26.6)
	   810 (18.7)
	0.40 (.34, .47)

	Maternal education:
	
	
	
	
	
	

	<O level
	1,567 (50.1)
	1,726 (33.2)
	ref
	1,543 (50.1)
	1,750 (33.4)
	ref

	O level
	1,048 (33.5)
	1,826 (35.1)
	1.58 (1.42, 1.75)
	1,035 (33.6)
	1,839 (35.1)
	1.57 (1.41, 1.74)

	>O level
	   513 (16.4)
	1,646 (31.7)
	2.91 (2.58, 3.29)
	   505 (16.4)
	1,654 (31.6)
	2.89 (2.56, 3.25)

	Social:
	
	
	
	
	
	

	iv-v
	   102 (3.4)
	   301 (6.3)
	ref
	   102 (3.4)
	   301 (6.2)
	ref

	iii
	   890 (29.5)
	1,935 (40.4)
	0.74 (.58, .93)
	   871 (29.3) 
	1,954 (40.4)
	0.76 (.60, .97)

	ii
	1,420 (47.1)
	1,995 (41.6)
	0.48 (.38, .60)
	1,403 (47.2)
	2.012 (41.6)
	0.49 (.38, .61)

	Professional
	   601 (20.0)
	   564 (11.8)
	0.31 (.25, .41)
	   596 (20.1)
	   569 (11.8)
	0.32 (.25, .42)

	Parity: 
	
	
	
	
	
	

	First
	1,518 (48.5)
	2,339 (43.4)
	ref
	1,496 (48.5)
	2,361 (43.4)
	ref

	Second
	1,113 (35.6)
	1,910 (35.4)
	1.11 (1.01, 1.22)
	1,099 (35.7)
	1,924 (35.4)
	1.11 (1.01, 1.22)

	Third+
	   497 (15.9)
	1,147 (21.3)
	1.50 (1.32, 1.69)
	   488 (15.8)
	1,156 (21.3)
	1.50 (1.33, 1.70)

	Tenure:
	
	
	
	
	
	

	Mortgaged
	2,719 (86.7)
	3,903 (72.0)
	ref
	2,679 (86.8)
	3,943 (72.1)
	ref

	Private rent
	   215 (6.9)
	   589 (10.9)
	1.91 (1.62, 2.25)
	   212 (6.9)
	   592 (10.8)
	1.90 (1.61, 2.23)

	Sub rent
	   201 (6.4)
	   928 (17.1)
	3.21 (2.74, 3.78)
	   196 (6.4)
	   933 (17.1)
	3.23 (2.75, 3.80)

	Maternal smoking:
	
	
	
	
	
	

	Yes
	   341 (11.4)
	1,116 (22.0)
	2.19 (1.92, 2.49)
	336 (11.4)
	1,121 (21.9)
	2.17 (1.90, 2.48)

	WM at age 11:
	
	
	
	
	
	

	Linear term
	   3.51 (0.83)
	   3.36 (0.86)
	1.23 (1.16, 1.31)
	3.51 (0.84)
	3.35 (0.85)
	1.23 (1.17, 1.31)

	Head injury:
	
	
	
	
	
	

	Yes 
	   121 (3.4)
	   217 (3.3)
	1.01 (.80, 1.27)
	118 (3.3)
	220 (3.4)
	0.99 (.79, 1.24)

	Cigarette smoking:
	
	
	
	
	
	

	Yes 
	   187 (6.9)
	   277 (15.0)
	0.42 (.35, .51)
	181 (6.8)
	283 (14.9)
	0.42 (.34, .51)

	Cannabis use:
	
	
	
	
	
	

	Yes 
	     66 (2.5)
	     97 (5.4)
	0.44 (.32, .61)
	63 (2.4)
	100 (5.4)
	0.43 (.31, .59)

	Adolescent alcohol use:
	
	
	
	
	
	

	Low alcohol use
	2,191 (81.9)
	1,334 (74.6)
	ref
	2,160 (82.1)
	1,365 (74.4)
	ref

	Frequent drinking only
	   283 (10.6)
	   197 (11.0)
	0.88 (.72,1.06)
	   280 (10.6)
	   200 (10.9)
	0.88 (.73, 1.07)

	Frequent and binge
	   203 (7.6)
	   258 (14.4)
	0.48 (.39, .58)
	192 (7.3)
	   269 (14.7)
	0.45 (.37, .55)












Note: Maternal education: <O level indicating no qualification; O level: indicating completion of school examinations at age 16; and >O level: indicating completion of college or university education at or after age 18; SEP grouped into 4 categories: iv-v: unskilled or semiskilled manual; iii: skilled manual or nonmanual; ii: managerial and technical; and i: professional




















Table S2. Selective attrition for alcohol use at age 15 years and WM at age 18 years

	
	2-back task
	3-back task

	
	Available 
	Not available
	OR (95% CI)
	Available
	Not available 
	OR (95% CI)

	
	n (%)
	n (%)
	
	n (%)
	n (%)
	

	Low alcohol use
	2,191 (81.9)
	556 (76.3)
	ref
	2,160 (82.1)
	587 (75.6)
	ref

	Frequent drinking only
	   283 (10.6)
	76 (10.4)
	1.06 (.80, 1.39)
	   280 (10.6)
	79 (10.2)
	1.04 (.80, 1.35)

	Frequent and binge
	   203 (7.6)
	99 (13.4)
	1.92 (1.49, 2.49)
	   192 (7.3)
	110 (14.1)
	2.11 (1.64, 2.71)

















Working memory performance at age 18 years
Overall, participants performed better on the 2-back task compared to the 3-back task using all four metrics: indicated by higher d´ scores on the 2-back version (M=1.78, SD=1.25) compared to the 3-back version (M=1.16, SD=1.03); recording more correct hits: 2-back version (M=0.72, SD=0.21) compared to the 3-back version (M=0.27, SD=0.22); fewer false alarms: 2-back version (M=0.80, SD=0.22) compared to the 3-back version (M=0.79, SD=0.17), whilst also recording quicker reaction times for hits: 2-back version (M=706.2, SD=236.3) compared to the 3-back version (M=744.2, SD=303.2); and false alarms: 2-back version (M=677.1, SD=211.9) compared to the 3-back version (M=702.7, SD=264.3).

Cognitive measure: digit span task
To assess backwards digit span, the fieldworker gave a series of numbers out loud and asked the participant to recall them backwards with no time for pause. There were two practise items and seven test items (each item having two trials). Each item had one more number to recall than the preceding item (item 1 had two digits, item 7 had eight digits). The test was discontinued if a participant scored 0 on both trials of any item. For each item, the child gets 1 point for each number sequence correctly recalled resulting in a range from 0 to 7.













Table S3. Associations between alcohol consumption at age 15 years and potential confounding variables 
(multivariable analysis)
	
	  Low alcohol use               Frequent drinking only                       Frequent and binge drinking

	
	Reference group
	OR
	95% CI
	Wald/ p
	OR
	95% CI
	Wald/ p

	Gender:
	
	
	
	
	
	
	
	

	Males
	-
-
-
-
-
	1.32
	0.99, 1.78
	.08
	0.96
	0.64, 1.42
	.70

	Income:
	
	
	
	
	
	
	

	Low 20%
	
	0.88
	0.47, 1.67
	
	0.89
	0.43, 1.84
	

	40%
	
	1.19
	0.65, 2.19
	
	0.82
	0.39, 1.72
	

	60%
	
	1.22
	0.67, 2.23
	
	0.94
	0.45, 1.96
	

	80%
	
	1.36
	0.73, 2.53
	.19
	1.37
	0.65, 2.90
	.31

	Highest %
	-
	ref
	
	ref
	
	

	Maternal education:
	
	
	
	
	
	
	
	

	<0 level
	-
-
	0.99
	0.68, 1.44
	
	1.10
	0.67, 1.78
	

	0 level
	
	0.88
	0.50, 1.55
	.57
	0.82
	0.42, 1.67
	.55

	>0 level
	-
	ref
	
	ref
	
	

	Social:
	
	
	
	
	
	
	
	

	iv-v
	-
-
-
	2.51
	0.58, 10.82
	
	0.58
	0.19, 1.74
	

	iii
	
	2.42
	0.55, 10.51
	
	0.74
	0.24, 2.25
	

	ii
	
	2.29
	0.51, 10.28
	.93
	0.46
	0.13, 1.56
	.51

	Professional
	-
	ref
	
	ref
	
	

	Parity: 
	
	
	
	
	
	
	
	

	First
	-
	ref
	
	ref
	
	

	Second
	-
-
	1.44
	1.04, 1.99
	
	1.62
	1.06, 2.47
	

	Third+
	
	1.17
	0.73, 1.85
	.31
	1.07
	0.59, 1.99
	.39

	Tenure:
	
	
	
	
	
	
	
	

	Mortgaged
	-
	ref
	
	ref
	
	

	Private rent
	-
-
	1.85
	1.03, 3.32
	
	1.44
	0.66, 3.13
	

	Sub rent
	
	0.67
	0.27, 1.71
	.94
	0.94
	0.38, 2.30
	.73

	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	

	Maternal smoking:
	
	
	
	
	
	
	
	

	Yes
	-
	0.74
	0.42, 1.32
	.26
	1.69
	0.96, 3.01
	.11

	WM at age 11:
	
	
	
	
	
	
	
	

	Linear term
	-
	1.09
	0.90, 1.33
	.32
	1.24
	0.97, 1.61
	.08

	Head injury:
	
	
	
	
	
	
	
	

	Yes 
	-
	1.15
	0.64, 2.07
	.68
	0.69
	0.25, 1.86
	.51

	Cigarette smoking:
	
	
	
	
	
	
	
	

	Yes 
	-
	2.33
	1.45, 3.74
	<.001
	3.54
	2.17, 5.79
	<.001

	Cannabis use:
	
	
	
	
	
	
	
	

	Yes 
	-
	3.06
	2.15, 4.36
	<.001
	7.09
	4.62, 10.86
	<.001


Note: Maternal education: <O level indicating no qualification; O level: indicating completion of school examinations at 
age 16; and >O level: indicating completion of college or university education at or after age 18; SEP grouped into 4 
categories: iv-v: unskilled or semiskilled manual; iii: skilled manual or nonmanual; ii: managerial and technical; and i: 
professional
















Table S4. Associations between alcohol use at age 15 years and d' at age 18 years for the 3-back task (n=3,319) in 50 multiply imputed datasets including covariates
	
	Low alcohol use 
	Frequent drinking only
	Frequent and binge drinking

	
	
	3-back d’
	3-back d’

	
	Reference
	β
	95% CI
	p
	β
	95% CI
	p

	Alcohol use:
	
	0.02
	-.11, .15
	.75
	-0.12
	-.27, .03
	.11

	Gender:
	
	
	
	
	
	
	

	Males
	-
	0.46
	-.02, .11
	.16
	.05
	-.02, .11
	.15

	Income:
	
	
	
	
	
	
	

	Low 20%
	-
	ref
	
	
	ref
	
	

	40%
	-
	0.07
	-.06, .19
	.27
	.07
	-.05, .19
	.26

	60%
	-
	0.11
	-.01, .23
	.07
	0.11
	-.01, .23
	.07

	80%
	-
	0.12
	.00, .25
	.05
	0.13
	.00, .25
	.05

	Highest %
	-
	0.14
	.01, .27
	.03
	0.14
	.02, .27
	.03

	Maternal education:
	
	
	
	
	
	
	

	<0 level
	-
	ref
	
	
	ref
	
	

	0 level
	-
	-0.18
	-.26, -.10
	<.001
	-0.18
	-.26, -.10
	<.001

	>0 level
	-
	-0.23
	-.34, -.13
	<.001
	-0.23
	-.34, -.14
	<.001

	Social:
	
	
	
	
	
	
	

	iv-v
	-
	ref
	
	
	ref
	
	

	iii
	-
	-0.03
	-.21, .16
	.77
	-.03
	-.21, .16
	.76

	ii
	-
	-0.00
	-.19, .18
	.97
	-.01
	-.19, .18
	.95

	Professional
	-
	0.11
	-.09, .31
	.30
	.10
	-.10, .31
	.31

	Parity: 
	
	
	
	
	
	
	

	First
	-
	ref
	
	
	ref
	
	

	Second
	-
	0.07
	-.00, .14
	.07
	.07
	.00, .14
	.05

	Third+
	-
	0.07
	-.02, .16
	.15
	.07
	-.02, .17
	.13

	Tenure:
	
	
	
	
	
	
	

	Mortgaged
	-
	ref
	
	
	ref
	
	

	Private rent
	-
	0.07
	-.06, .20
	.31
	.07
	-.06, .20
	.28

	Sub rent
	-
	-0.14
	-.29, .00
	.05
	-.15
	-.30, -.01
	.04

	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	

	Maternal smoking:
	
	
	
	
	
	
	

	Yes
	-
	-0.07 
	-.17, .04
	.21
	-.06
	-.17, .04
	.24

	WM at age 11:
	
	
	
	
	
	
	

	Linear term
	-
	0.13
	,10, .16
	<.001
	.13
	.10, .16
	<.001

	Head injury:
	
	
	
	
	
	
	

	Yes 
	-
	0.08
	-.07, .22
	.31
	0.07
	-.07, .22
	.32

	Cigarette smoking:
	
	
	
	
	
	
	

	Yes 
	-
	-0.37
	-.49, -.25
	<.001
	-0.34
	-.47, -.22
	<.001

	Cannabis use:
	
	
	
	
	
	
	

	Yes 
	-
	0.07
	-.02, .16
	.12
	.10
	.01, .19
	.03


Note: Maternal education: <O level indicating no qualification; O level: indicating completion of school examinations at age 16; and >O level: indicating completion of college or university education at or after age 18; SEP grouped into 4 categories: iv-v: unskilled or semiskilled manual; iii: skilled manual or nonmanual; ii: managerial and technical; and i: professional

















Table S5. Associations between frequent and binge drinking (compared to low alcohol users) at age 15 years and WM indices at age 18 years for the 2-back task (n=3,319) in 50 multiply imputed datasets
	
	Model 1
	Model 2
	
	Model 3
	Model 4

	
	b (95% CI)
	p
	b (95% CI) 
	p
	b (95% CI)
	p
	b (95% CI)
	p

	Number of hits
	-.15 (-.30, .01)
	.07
	-.13 (-.28, .03)    
	.12
	-.13 (-.28, .03)
	.10
	-.06 (-.23, .11)
	.50

	Number of false alarms
	-.13 (-.27, .02)
	.10
	-.14 (-.29, .03)
	.15
	-.12 (-.28, .03)
	.12
	-.02 (-.18, .14)
	.87

	Reaction time-hits
	 .05 (-.09, .20)
	.48
	 .06 (-.09, .21) 
	.42
	-.06 (-.09, .21)
	.42
	 .10 (-.07, .27)
	.24

	Reaction time-false alarms
	 .01 (-.14, .15)
	.92
	 .02 (-.13, .17)
	.79
	 .02 (-.13, .17)
	.81
	 .08 (-.09, .25)
	.34


Model 1: unadjusted; Model 2: adjusted for sex, income, social economic position, maternal education, housing tenure, parity, and maternal smoking in pregnancy; Model 3: further adjusted for working memory assessed at approximately age 11 years, and head injury/unconsciousness up to age 11 years; Model 4: further adjusted for young person cigarette and cannabis use assessed at age 15 years












Table S6a. Associations between alcohol use at age 15 years and d' at age 18 years for the 2-back task (n=3,351) in 50 multiply imputed datasets 
	
	
	Model 1
	Model 2
	Model 3
	Model 4

	
	n (%)
	b (95% CI)
	p
	b (95% CI)            p
	b (95% CI)
	p
	b (95% CI)
	p

	Low alcohol use
	
	ref
	
	ref
	ref
	
	ref
	

	Frequent drinking only
	397 (11.7)
	 -.00 (-.15, .14)
	.96
	-.03 (-.16, .10)   .76
	-.04 (-.17, .10)
	.58
	 .02 (-.11, .16)
	.79

	Frequent and binge
	368 (10.8)
	-.17 (.32, -.03)
	.02
	-.15 (-.30, .00)   .05
	-.14 (-.29, .01)
	.06
	-.04 (-.19, .12)
	.66


Model 1: unadjusted; Model 2: adjusted for sex, income, social economic position, maternal education, housing tenure, parity, maternal smoking in pregnancy; Model 3: further adjusted for WM at age 8 years and head injury/unconsciousness up to age 11 years; Model 4: further adjusted for young person cigarette and cannabis use assessed at age 15 years











Table S6b. Associations between alcohol use at age 15 years and d' at age 18 years for the 3-back task (n=3,319) in 50 multiply imputed datasets
	
	
	Model 1
	Model 2
	Model 3
	Model 4

	
	n (%)
	b (95% CI)
	p
	b (95% CI)          p
	b (95% CI)
	p
	b (95% CI)
	p

	Low alcohol use
	
	ref
	
	ref
	ref
	
	ref
	

	Frequent drinking only
	399 (11.8)
	-.02 (-.16, .11)
	  .74
	-.04 (-18, .08)    .50
	-.05 (-.18, .08)
	.44
	 .01 (-.12, .14)
	.88

	Frequent and binge
	354 (10.5)
	-.25 (-.39, -.11)
	<.001
	-.22 (-.36, -.08)  .001
	-.22 (-.36, -.08)
	.002
	-.11 (-.26, .04)
	.16


Model 1: unadjusted; Model 2: adjusted for sex, income, social economic position, maternal education, housing tenure, parity, maternal smoking in pregnancy; Model 3: further adjusted for WM at age 8 years and head injury/unconsciousness up to age 11 years; Model 4: further adjusted for young person cigarette and cannabis use assessed at age 15 years


















Table S7a. Associations between alcohol use at age 15 years and WM at age 18 years (2-back task) – complete cases (n=1,919)
	2-Back d'
	           Model 1
	Model 2
	Model 3
	Model 4

	
	β (95% CI)
	p
	β (95% CI)         
	p
	β (95% CI)
	p
	β (95% CI)
	p

	Low alcohol use (82.5%)
	ref
	
	ref
	
	ref
	
	ref
	

	Frequent drinking only (10.8%)
	 .07 (-.05, .19)
	.27
	 .07 (-.05, .19)
	.27
	 .01 (-.12, .14)
	.90
	 .01 (-.13, .15)
	.91

	Frequent and binge (6.8%)
	-.11 (-.25, .03)
	.13
	-.11 (-.25, .03)
	.13
	-.14 (-.30, .02)
	.08
	-.10 (-.27, .08)
	.29


Model 1: unadjusted; Model 2: adjusted for sex, income, social economic position, maternal education, housing tenure, parity, maternal smoking in pregnancy; Model 3: further adjusted for WM at age 11 years, and head injury/unconsciousness up to age 11 years; Model 4: further adjusted for young person cigarette and cannabis use assessed at age 15 years



















Table S7b. Associations between alcohol use at age 15 years and WM at age 18 years (3-back task) – complete cases (n=1,896)
	3-back d'
	          Model 1
	Model 2
	Model 3
	Model 4

	
	β (95% CI)
	p
	β (95% CI)      
	p
	β (95% CI)
	p
	β (95% CI)
	p

	Low alcohol use (82.6%)
	ref
	
	ref
	
	ref
	
	ref
	

	Frequent drinking only (10.8%)
	 .08 (-.04, .20)
	.20
	 .03 (-.10, .17) 
	.62
	 .02 (-.13, .16)
	.79
	 .05 (-.10, .19)
	.54

	Frequent and binge (6.7%)
	-.16 (-.31, -.02)
	.03
	-.16 (-.33, .00) 
	.05
	-.20 (-.36 -.03)
	.02
	-.16 (-.35, .02)
	.08


Model 1: unadjusted; Model 2: adjusted for sex, income, social economic position, maternal education, housing tenure, parity, maternal smoking in pregnancy; Model 3: further adjusted for WM at age 11 years, and head injury/unconsciousness up to age 11 years; Model 4: further adjusted for young person cigarette and cannabis use assessed at age 15 years
image1.emf
              Figure S2 . Timeline for data  collection . Note WM   = Working memory  

head injury/ unconsciousness    

            Pregnancy                                                                    1 0 y   8m                                                               15 y   6m                                                              17 y   10m  

WM  –   N - back  task  

Alcohol use    

WM  –   Counting   S pan   task            

Sociodemographic  confounders  

weekly cigarette smoking,  cannabis use  


