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Abstract

Background and Aims—Existing evidence for a link between alcohol use and memory 

impairments in adolescents and young adults is largely correlational. We aimed to determine 

whether associations between drinking and episodic memory were consistent with a causal effect 

of drinking or accounted for by familial factors confounding such associations. Because cannabis 

use is associated with a similar pattern of performance on episodic memory measures, we assessed 

whether any associations might be attributable to concurrent cannabis use.

Design—Observational study of individuals aged approximately 20 or 29 comprising two 

independent population-based cohorts of twins. A cotwin-control design permitted an estimate of 

alcohol exposure effects free of shared genetic and environmental confounding influences. 

Significant associations were followed up with twin-difference analyses. Propensity scores derived 

from measures collected at age 11 were used to adjust for unshared confounders.

Setting and Participants—Participants in both cohorts were assessed from the age of 11 (N = 

1,251) under the auspices of the Minnesota Center for Twin and Family Research.

Measurements—Regression analyses with cumulative alcohol use as the predictor of interest. 

Multiple measures of attention, learning and memory from a widely used episodic memory task 

constituted dependent variables.

Findings—Drinking was associated with poorer attention (p ≤ .003) and learning (p ≤ .008). 

Results were similar across the two cohorts. The within-pair effect in twin-difference analyses was 

significant only for measures of learning (p-values ≤ .004). Results were not due to measured 

unshared confounders or cannabis use. Drinking in adolescence (to age 20) and early adulthood 

(between 20 and 29) exerted independent effects on learning.

Conclusions—There appears to be a robust and specific association between drinking and 

learning that can be reproduced across cohorts, is not easily accounted for by confounding factors 

or concurrent cannabis use, and is consistent with a causal influence of drinking.
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Concern has grown in recent years about adverse effects of alcohol use during adolescence 

and early adulthood. Experimentation with alcohol and other drugs typically begins during 

this period, which is also when substance use peaks on average. Data from the National 

Survey on Drug Use and Health (NSDUH) for 2017 indicate that 27% of 12to 17year-old 

youth have consumed alcohol and fully 44% of 21to 25-year-olds report having binged in 

the past month [48]. During the animal analog of adolescence, exposure to alcohol produces 

harmful and perhaps lasting effects not observed in fully mature animals [9, 47], including 

deficits in learning and memory [26]. A seminal study demonstrated impaired recall of 

words on a list learning task among alcohol-dependent adolescents relative to a control 

group [5]. Follow-up of this sample as well as subsequent studies provide further evidence 

of a link between adolescent drinking and task performance [7, 13, 30, 31, 32, 33, 34, 44, 

45, 46, 49, 50, 57].

However, determining whether the association between alcohol exposure and learning and 

memory reflects a causal effect of exposure, rather than confounding by aspects of a pre-

existing liability, remains a major challenge. It is sometimes assumed that significant 

associations between alcohol use and outcome measures reflect a causal, neurotoxic effect of 

drinking, even when the evidence comes primarily from cross-sectional studies (cf. [18]). 

Designs that disentangle potentially causal effects from confounding of statistical 

associations due to unmeasured factors are therefore necessary. Longitudinal studies can 

establish temporal sequence, a prerequisite for identifying causality, but are not immune 

from confounding, and they can be vulnerable to attrition and its attendant bias. In addition, 

individuals who use alcohol often use other drugs. Cannabis in particular has similar 

associations with learning and memory (reviewed in [6]), and its use is both common and 

commonly co-occurs with alcohol use [23]. Knowing whether associations between drinking 

and learning and memory might actually be due to co-occurring cannabis use becomes 

particularly important in light of increasing societal permissiveness toward the latter.

Compounding uncertainty about whether associations reflect a causal effect of drinking or a 

preexisting liability, the precise nature of the association between drinking and learning and 

memory is unclear. This is due to several factors: small samples; null findings; conflicting 

and contradictory results; and variation among studies in specific aspects of task 

performance examined. Many studies have used selected samples (e.g., treatment samples or 

samples selected for binge drinking). Conditioning sample selection on subject 

characteristics may bias estimates of the drinking–task performance association. In addition, 

the putative vulnerability of the brain in adolescence makes understanding effects of alcohol 

exposure across its full range important. Even normative levels of alcohol consumption 

appear to adversely affect structure of the hippocampus [56], which is central to learning and 

memory [3, 29], and a linear relationship between amount of alcohol consumed and list 

learning has been observed [32]
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The present study examined multiple measures of learning and memory using a cotwin-

control (CTC) design [27] to address these issues. We assessed associations between 

drinking and performance on a widely used list learning task in two large, independent 

population-based samples of young adult twins assessed longitudinally from age 11, with a 

total sample size of 1251. Our prospective design allowed for careful characterization of 

cumulative use during adolescence and early adulthood. We combined four aspects of 

alcohol exposure into a quasi-continuous measure of drinking at each wave. There were no 

sample exclusions and study attrition was minimal. The CTC in effect relates naturally 

occurring variation within twin pairs in overall levels of drinking to differences in outcome 

measures. Twin differences in exposure control for shared genetic and environmental 

influences on drinking that would otherwise be confounded with measures of learning and 

memory. They therefore represent a more appropriate measure of exposure than the raw 

drinking score. Because the CTC cannot control for unshared confounders, however, we 

drew on data from the initial, age-11 assessment, prior to any meaningful substance use, to 

estimate each individual’s propensity to drink and thus twin differences in these measured 

unshared risk factors. We also assessed independent effects of drinking during adolescence 

and in one’s 20s in order to determine whether adolescence constitutes a period of particular 

vulnerability to alcohol exposure. Finally, we used two methods to determine whether 

drinking–task performance associations might be due to concurrent cannabis use. We thus 

explicitly considered potential confounders, which is typically not done [8].

Method

Participants comprised two independent population-based cohorts of twins followed 

longitudinally through the Minnesota Center for Twin and Family Research (MCTFR). One 

cohort (MTFS) consisted of all live twin births in 1978–1984, the other (ES), births in 1988–

1994. Twins became eligible upon turning 11 if the families met minimal eligibility criteria. 

(ES determined eligibility somewhat differently than MTFS; see the Supporting 

Information.) Families are racially, ethnically and socioeconomically representative of the 

population of Minnesota from those birth cohorts [15, 19]. Participants provided informed 

consent or assent, as appropriate for their age, at each assessment. Both projects were 

reviewed and approved by the Institutional Review Board at the University of Minnesota.

Twins completed comprehensive assessments at all waves, with target ages of 11, 14 17 and 

20 for both cohorts and 24 and 29 for the MTFS cohort, that included questions about 

alcohol, cannabis and other substance use. The Rey Auditory-Verbal Learning Test 

(RAVLT), a list learning task widely used to assess episodic memory, was introduced into a 

recent follow-up assessment. The present investigation consisted of all 1251 participants 

completing the RAVLT as part of their in-person assessment: 254 ES participants (166 

females; mean age, 20.8, range = 20.1–21.9) and 997 MTFS participants (554 females; mean 

age, 29.1, range = 28.2–33.1). Participation rates were high: 91.7% and 87.0% for the ES 

and MTFS cohorts, respectively.
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Alcohol use.

Participants were asked about substance use on a computerized questionnaire, completed in 

privacy at in-person visits until the age-17 (ES) or age-20 assessment (MTFS), and in age-

appropriate semi-structured diagnostic interviews [36, 37, 54], administered by trained 

individuals with at least a college degree in Psychology or related field. Both instruments 

included similar questions about frequency of use, typical quantity consumed, density of use 

(maximum number of drinks in a 24-hr period) and misuse (number of times intoxicated) 

[25, 28]. The distribution of responses to these questions tended to be sparse and positively 

skewed. We therefore used a procedure developed previously at the MCTFR to derive five 

and six-point ordinal scales from each question and summed scores on the resulting scales. 

We averaged scales derived from the two different instruments when both were available 

(see the Supporting Information for additional detail). These were subsequently aggregated 

across waves in the form of the mean score. The distribution of scores is plotted separately 

for the two cohorts in Figure 1. Because less than 1% of participants in either cohort 

reported any drinking at the age-11 assessment, we did not include this wave when 

cumulating scores across assessments. Approximately 88% of ES participants had data for 

all three follow-ups and 93% of MTFS participants had data for at least four of five follow-

ups.

Cannabis use.

Measures of cannabis consisted of the number of uses since the previous assessment and 

frequency of use. After deriving ordinal scales from these questions in a similar manner as 

for the drinking questions, we averaged them into a single scale and aggregated scales across 

assessment by computing the mean (see Figure 1 for a depiction of the distribution of 

scores).

Learning and memory.

In the RAVLT, subjects listen to list of 15 simple words spoken at a pace of one word per 

second (List A), then are asked to repeat as many words as possible from this list. There are 

five learning trials (Trials 1-–5) followed by a trial with 15 new words (List B, or Trial B). 

Participants are then asked without warning to recall as many words from List A as possible 

(Trial 6, immediate recall). After 30 min, during which time participants performed other 

tasks structured to avoid interference with verbal memory, participants were asked, again 

without warning, to recall as many words as possible from List A (Trial 7, or delayed recall).

The RAVLT taps several psychological processes – verbal learning, attention, interference 

and recall – all reported to be associated with drinking. We used multiple measures of each 

when feasible (Table 1). This included three measures of learning: overall learning 

(“learning efficiency”), a robust measure with good discriminant validity [20]; learning over 

trials (LOT) [17], which adjusts the total number of words recalled on the five learning trials 

for the number expected based on performance on the first trial; and performance on the 

final learning trial, a criterion of learning success (“final learning” [51]). Because Trial 1 and 

Trial B represent one’s initial exposure to a word list, they yield a measure of attention and 
immediate memory uncontaminated by rehearsal [14, 51], although Trial B performance 

reflects interference effects as well. We defined proactive interference as the difference 
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between number of words recalled on Trial B relative to Trial 1. Measures of memory 

consisted of the difference between the number of words recalled on each recall trial (Trials 

6 and 7, respectively) and Trial 5, the final learning trial. They are thus adjusted for overall 

learning. We refer to these as measures of immediate and delayed retention (cf. [32]) to 

distinguish them from raw recall scores.

General intellectual ability.

To determine whether any associations obtained between drinking and RAVLT performance 

could be attributed to overall intellectual ability rather than reflect a specific possible effect 

of alcohol use, we included IQ, assessed with the WISC-R [53] at the intake, age-11 

assessment, as a covariate in a follow-up analysis of our primary individual-level and CTC 

analyses.

Statistical analysis

All analyses were conducted using the svyglm function for general(ized) linear models in 

the survey package [21, 22] in the R computing environment [35]. svyglm accommodates 

the nesting of individuals within pairs as well as probability weights used in secondary 

analyses. Analyses were not preregistered, and results should be considered exploratory.

Preliminary analyses: Cohort and sex effects.

Because MTFS subjects might have experienced more years of exposure to alcohol than ES 

subjects as well as greater opportunity to moderate their consumption, we tested for 

significant differences between cohorts in the association between cumulative drinking and 

task performance. Absent any such differences, we combined cohorts. We also examined 

results of primary analyses in the two cohorts separately to assess consistency of findings 

(see Supporting Information). Because women may be especially susceptible to adverse 

effects of drinking [16], we also assessed interactions between drinking and sex.

Associations between cumulative drinking and task performance.

All analyses included cohort, sex and zygosity as covariates. The cluster-robust sandwich 

estimator in svyglm provided appropriate standard errors of parameter estimates given that 

individual twins are nested within pairs (families).

Cotwin-control analyses.

Significant associations between drinking and task performance were followed up with CTC 

analyses. Each individual twin’s score on the drink index was decomposed into two 

orthogonal parts: the twin pair’s mean score and each twin’s deviation from the twin-pair 

mean. We focus on the latter, which reflects levels of drinking unconfounded by familial 

influences shared with the co-twin, which we refer to as the twin-difference or within-pair 

effect.

Propensity score adjustment.

Although the CTC design controls all shared confounders, including those that are 
unmeasured, it cannot control for unshared confounders. We used inverse probability of 
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treatment weighting (ITPW) [1] to adjust for twin differences in potential confounders, 

creating a propensity score [38] from the many measures collected at the age-11 assessment, 

prior to any real substance exposure. (A detailed description of the approach, including 

propensity score indicators, is provided in the Supporting Information.) We estimated a 

generalized propensity score (GPS) using the Covariate Balancing Propensity Score 

approach in the CBPS package [11], which estimates the propensity score while 

simultaneously optimizing balance across levels of drinking in the sample. Weights were 

computed as twin deviations from the twin pair mean so as to retain the desired 

interpretation of the within-pair effect in the CTC design [40, 43] and trimmed at the 1st and 

99th quantiles to avoid numerical instability due to extreme values. This procedure yielded 

propensity score-adjusted estimates of the within-pair effect that are, in principle, free from 

unshared confounding, albeit limited to available measured characteristics.

Specificity of findings to adolescence.

Recent definitions treat adolescence as spanning approximately 10 to 20 (e.g., World Health 

Organization) or even 24 [41] years of age. Significant associations between drinking and 

task performance in the ES cohort at age 20 implicate adolescent drinking by definition. For 

the older MTFS cohort, we computed cumulative drinking to age 20, providing an analog to 

the ES cohort, as well as drinking between this assessment and the age-29 assessment, 

which is effectively a raw change score. This allowed us to determine whether drinking in 

adolescence and change in, or moderation of, drinking during early adulthood are 

independently associated with task performance. We included both measures in individual-

level and CTC analyses.

Specificity of findings to drinking.

Cannabis use shows associations with episodic memory performance similar to those 

observed in relation to drinking [6], and many individuals who drink also use cannabis [23]. 

We therefore assessed potential confounding of alcohol use–performance associations by 

concurrent cannabis use in two ways. First, we used a second GPS in IPT-weighted 

regression analyses of the association between cumulative cannabis use and task 

performance. This permitted an assessment of cannabis use–task performance associations 

with propensity to drink approximately equated in the sample. Second, we assess mediation 

at the individual level in a within-pair framework [58], disaggregating each participant’s 

cannabis use score as for the drinking score and using drinking and cannabis use deviation 

scores as joint predictors of task performance.

Results

Preliminary analyses.

RAVLT performance was comparable across cohorts. Both cohorts showed the expected 

increase in number of words recalled across learning trials and forgetting on recall trials 

(Trials 6 and 7) (Figure 2). Interactions between cumulative drinking and age cohort, 

adjusted for sex and zygosity effects, were not significant for any performance measure (p-

values ≥ 0.173). Interactions between cumulative drinking and sex, with age cohort and 

zygosity as covariates, were also not significant (p-values ≥ 0.144). We therefore combined 
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cohorts for subsequent analyses. (Figure S3 in the Supporting Information provides a 

graphic examination of results in each cohort.)

Cumulative drinking and task performance.

The left-hand columns of Table 2 indicate a significant inverse association between 

cumulative drinking and the three measures of learning. There was also a significant inverse 

association between cumulative drinking and measures of attention/immediate memory 

(number of words recalled on Trial 1 and Trial B).

To determine whether these associations might simply be due to individual differences in 

general intellectual ability, rather than reflecting specific alcohol effects on learning and 

memory, we repeated all analyses with full scale IQ as a covariate. Results indicated that IQ 

was significantly and positively associated with all measures of task performance except 

proactive interference (see Supporting Information), despite having been assessed many 

years earlier. However, associations between cumulative drinking and task performance 

adjusted for IQ remained significant (p < .05) (see the right-hand columns of Table 2).

Cotwin-control analyses.

Within-pair estimates were significant for all three measures of learning but not the two 

measures of attention (left-hand columns of Table 3). Thus, associations between cumulative 

drinking and learning are not due to shared confounding factors and are consistent with a 

causal effect of drinking, whereas associations between cumulative drinking and attention 

reflect confounding factors, such as a preexisting liability. Tests of the interaction between 

cohort and the twin-difference measure were not significant (p-values ≥ 0.284), indicating 

consistency of the within-pair effect across cohorts. Adjusting for individual differences in 

IQ did not affect the significance of within-pair effects on learning, all p-values ≤ .001.

In separate CTC analyses of learning for MZ and DZ twins, the within-pair estimate was 

significant for DZ twins but not MZ twins for all three measures of learning (Figure 3), 

consistent with partial genetic confounding of the drinking–learning association. Interactions 

with zygosity were not significant (p-values 0.154), however, cautioning against an 

unqualified interpretation of results as reflecting partial genetic confounding. In addition, 

although the wide confidence intervals around the within-pair estimates in MZ and DZ twins 

signal that they are estimated imprecisely, the within-pair effects in MZ twins were 

comparable in magnitude to the individual-level effects, which is expected if confounding is 

absent [27].

Propensity score adjustment.

Propensity score indicators predicted cumulative exposure equally well in the two cohorts 

(see Supporting Information). The CBPS procedure achieved excellent propensity score 

balance (see Supporting Information). Adjusting the within-pair effect for propensity to 

drink via IPTW weighting did not substantively change the original results (right-hand 

columns of Table 3). The within-pair estimate remained significant for all measures of 

learning and thus does not appear to reflect unshared confounding due to measured 

characteristics.
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Drinking in adolescence versus early adulthood.

Table 4 presents associations in the MTFS cohort between adolescent and early adult 

drinking, respectively, and task performance. Results for use through age 20 are in the left-

hand columns and the same associations with change in use between age 20 and age 29 are 

in the right-hand columns. Significant inverse associations with all three measures of 

learning are evident for both measures of drinking. There was also a significant inverse 

association between the two measures of attention and adolescent drinking specifically.

Follow-up CTC analyses using twin deviations in both drinking measures yielded significant 

within-pair estimates for all measures of learning (Table 5), suggesting that drinking during 

adolescence and in early adulthood have independent effects on learning that cannot be 

ascribed to confounding factors. By contrast, the adolescent drinking–attention association 

was confounded with familial factors.

Are associations specific to alcohol use?

Associations between cumulative cannabis use and task performance are provided in Table 

S3 in the Supporting Information. As expected, they were similar to the pattern observed for 

drinking: cannabis use was inversely associated with two of three measures of learning 

(Overall Learning and Trial 5 Total) as well as both measures of attention/immediate 

memory. After adjusting for propensity to drink using IPTW weighting, however, none of 

these associations remained significant (right-hand columns of Table S3). In addition, 

within-pair mediation analyses using twin differences in both drinking and cannabis use 

failed to yield significant cannabis within pair estimates for any measure, whereas within-

pair estimates for drinking were significant for all measures of learning (Table S4).

Discussion

In this investigation, we examined associations between cumulative drinking in adolescence 

and early adulthood (through one’s 20s) and measures of verbal learning, attention, memory 

and proactive interference. Drinking was significantly associated with all three measures of 

learning, whether adjusted for general intellectual ability or not. Follow-up analyses using a 

CTC design indicated that the drinking–learning association was consistent with a causal 

influence of drinking on learning, although we caution that the CTC cannot definitively 

establish causality. Drinking was also significantly associated with our two measures of 

attention/immediate memory. By contrast with the drinking—learning associations, these 

associations were confounded with familial factors and therefore likely reflect an underlying 

liability for drinking.

We derived propensity scores reflecting variation in propensity for different levels of 

drinking from measures collected at the age-11 assessment, before any real drinking began. 

CTC analyses of learning combined with IPTW weighting with this propensity score did not 

affect significance of within-pair estimates. Measured unshared confounders thus do not 

account for our results. We also determined the degree to which drinking during adolescence 

in particular might have driven our results. Findings in the younger ES cohort explicitly 

implicate adolescent drinking. In the older MTFS cohort, cumulative use through the age-20 

Malone et al. Page 8

Addiction. Author manuscript; available in PMC 2022 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



assessment and drinking between 20 and 29 independently predicted our three measures of 

learning, and this was due to the within-pair effect.

Thus, drinking in general affects learning, and results of the CTC analyses are consistent 

with a causal effect even if we cannot rule out partial genetic confounding of the drinking—

learning association. Results indicate a persisting, residual effect of adolescent drinking, 

consistent with the notion that adolescents are especially vulnerable to adverse effects of 

alcohol consumption [18]. However, adolescent drinking can be partially offset by a 

decrease in drinking in early adulthood (or exacerbated by an increase in drinking). In fact, 

this moderation effect was larger in magnitude than the adolescent drinking effect, although 

estimated with less precision (larger SEs). Amount of drinking closest in time to assessment 

of learning appears to have a greater effect than earlier consumption.

Finally, we examined effects of cannabis use, which commonly co-occurs with drinking and 

is associated with similar performance deficits on list learning tests. Indeed, the pattern of 

associations with task performance was virtually identical for the two substances. However, 

follow-up analyses, adjusting for propensity for drinking via IPTW weighting in one and 

using a within-pair mediation approach in the other, indicated that associations between 

drinking and learning were not due to co-occurring cannabis use. In fact, the reverse was 

true: associations between cannabis use and learning were due to co-occurring drinking.

Our finding that drinking was robustly associated with poorer learning has precedents in the 

literature on adolescent [32] and adult drinking [10, 42]. It has been suggested that a verbal 

learning deficit is specific to alcoholism that is not predominantly antisocial in nature [52]. 

Acute alcohol administration is associated with impaired verbal learning and short-term 

memory [24]. This effect is likely mediated by inhibitory effects on N-methyl-D-aspartic 

acid (NMDA) receptors for glutamate in the hippocampus and disruption of long-term 

potentiation [4], widely considered a cellular mechanism underlying learning in the 

hippocampus. Experimental administration of alcohol to rats produces deficits in 

hippocampus-dependent learning and memory [26] that may endure beyond acute exposure 

[55]. Our results are broadly consistent with these findings.

The CTC design: Properties and limitations.

The CTC design cannot definitively establish that a relationship between drinking and an 

outcome variable reflects a causal influence of drinking on the outcome. However, it is one 

of the best available tools for controlling confounding factors, whether measured or not, and 

thus ruling them in or out as potential causal influences. Centering an individual’s drinking 

score on the twin-pair mean, as in the twin-deviation score, removes confounders shared by 

twins, thereby producing a stronger test of the hypothesis that it is drinking per se that 

affects the outcome. Despite the inferential power this provides, the design has several 

limitations. Although unlikely here given the prospective nature of our design, it cannot rule 

out reverse causality. The within-pair estimate is unbiased only if exposure is measured 

without error and all confounders are completely shared [43]. Neither is likely to be true. 

Error in measurement of exposure attenuates estimates of within-pair effects, more so than 

individual-level effects, leading to an underestimate of the true effect [27]. The CTC design 

cannot control for unshared confounders – those influences that are unique to one or the 
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other member of a twin pair. Our use of a propensity score was an attempt to control for 

such confounding. However, this is by definition limited to those characteristics that are 

measured (and precede exposure). Furthermore, we cannot know the full extent of unshared 

confounders. Therefore, a significant within-pair effect can only be consistent with a causal 

effect of drinking rather than determinative.

Including covariates to account for unshared confounders (or weighting by propensity score) 

can reduce bias in the within-pair estimate relative to the individual-level estimate, but it can 

also increase it. The degree and direction of bias depends on three factors: the twin 

correlation on exposure, the twin correlation on covariate and the sensitivity of the covariate 

to the unknown confounder [40]. The latter is unknown. The relative magnitudes of the two 

twin correlations suggest that upward bias is likely (for exposure, r = 0.74; for propensity 

score weight, r = 0.44). Thus, the estimated within-pair effect we observed may well be both 

biased upward and attenuated, the degree of attenuation being greater for MZ twins than DZ 

twins, making the magnitude of estimate difficult to ascertain. In addition, the wide 

confidence interval around these estimates in Figure 3 makes clear that they are not 

estimated precisely. Nevertheless, our results are most consistent with a substantively 

important within-pair effect.

Conclusions.

This investigation has many strengths, including use of two large, populationbased samples, 

multiple measures of attention, learning and memory, the CTC design and explicit treatment 

of potential confounding factors. The consistency of results -within and between the 

domains of learning and attention and between the two cohorts -is compelling and provides a 

strong measure of confidence in our findings. The overall pattern of results yields four 

specific conclusions: poorer auditory-verbal learning is a robust and specific correlate of 

drinking, a finding that replicated in independent samples; poorer learning may in fact be a 

consequence of drinking; it is not due to shared familial factors, those unshared confounders 

for which we could control statistically, nor to co-occurring cannabis use; and drinking in 

early adulthood as well as adolescence leads to poorer auditory-verbal learning performance.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig 1. 
The distribution of cumulative drinking and cannabis scores. These are provided separately 

for the two cohorts (MTFS and ES) and in two forms, with box plots inside violin plots. The 

box spans the first and third quartiles of the distribution, while the interior line of the box 

plot represents the median.
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Fig 2. 
Words recalled on each trial plotted separately for the ES and MTFS cohorts. The figure 

indicates the expected and initially rapid improvement in performance across the five 

learning trials. A decrement in performance to approximately the level of the second to third 

learning trial is evident on the two recall trials (Trials 6 and 7), indicating forgetting.
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Fig 3. 
Within-pair estimates for MZ and DZ twins separately. Within-pair (deviation score) 

regression coefficients with 95% CIs around them are plotted for the three measures of 

learning, which yielded significant within-pair effects in the combined cohorts. For 

comparison, the individual-level estimate for these three measures is included as well. These 

correspond to the first three values in the “Estimate” column of Table 2.
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Table 1.

RAVLT measures used and their definitions.

Psychological process Definition

Overall learning (“learning capacity”) ∑t = 1
5 yt

Learning over trials (LOT) ∑t = 1
5 yt − 5y1

Trial 5 total (“final learning”) y5

Attention and immediate memory: Trial 1 total y1

Attention and immediate memory: Trial B total yB

Proactive interference yB−y1

Immediate retention y6−y5

Delayed retention (after 30 min) y7−y5

Note: y represents the number of words recalled on a given trial, with the subscript indicating which trial (Trials 1–7 or Trial B). The first two 
measures of learning involve summing the number recalled on the five learning trials, indicated by the summation operator.
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