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Background: Verbal memory may be affected by engagement in alcohol binge drinking during youth, according to the findings of neuropsychological studies. However, little is known about the dynamics of the neural activity underlying this cognitive process in young, heavy drinkers.
Aims: To investigate brain event-related potentials associated with cued recall from episodic memory in binge drinkers and controls.
Methods: Seventy first-year university students were classified as binge drinkers (32: 17 female) or controls (38: 18 female). The participants completed a verbal paired associates learning task during electroencephalogram (EEG) recording. ERPs elicited by old and new word pairs were extracted from the cued-recall phase of the task by using Principal Component Analysis. Subjects also performed a standardized neuropsychological verbal learning test.
Results: Two of the three event-related potentials components indicating old/new memory effects provided evidence for anomalies associated with binge drinking. The old/new effects were absent in the binge drinkers in the two subsequent posterior components, identified with the late parietal component and the late posterior negativity The late frontal component revealed similar old/new effects in both groups. Binge drinkers showed similar behavioural performance to controls in the verbal paired associates task, but performed poorly in the more demanding short-term cued-recall trial of a neuropsychological standardized test.
Conclusion: Event-related potentials elicited during a verbal cued-recall task revealed differences in brain functioning between young binge drinkers and controls that may underlie emergent deficits in episodic memory linked to alcohol abuse. The brain activity of binge drinkers suggests alterations in the hippocampal - posterior parietal cortex circuitry subserving recognition and recollection of the cue context and generation of the solution, in relation to verbal information shallowly memorised.
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INTRODUCTION
The high prevalence of alcohol binge drinking (BD) among adolescents and young adults is a public health problem worldwide. This pattern of alcohol consumption is particularly prevalent in American, European and Western Pacific countries, where more than 20% of the population between 15 and 24 years of age engage in BD or heavy episodic drinking, according to the World Health Organization (WHO) terminology (Poznyak and Rekve, 2018).
Engaging in BD at young ages is considered one of the leading risk factors for alcohol use disorder (AUD) (Hingson and Zha, 2009; Silins et al., 2018). According to both animal and human studies, it has a significant deleterious effect on neurodevelopment and neurocognitive function (Spear, 2018), particularly related to the intermittent character of BD (i.e., intoxication followed by withdrawal periods) (Crews and Nixon, 2009; Maurage et al., 2020). The prefrontal cortex and the hippocampus are particularly sensitive to the effects of alcohol abuse and dependence, and functions relying on these regions, such as inhibitory control and working memory or declarative/episodic memory, are known to be impaired in people with AUD (Sullivan, 2017).
Medial temporal lobe and prefrontal damage have been robustly associated with deficits in AUD in regard to episodic memory (White et al., 2000; Chanraud et al., 2009). In addition, the late development of these brain regions makes them particularly sensitive to the effects of BD during adolescence and young adulthood (Meda et al., 2018; Pfefferbaum et al., 2018; Walker et al., 2021).
Episodic memory refers to the conscious recollection of events, and it involves encoding, storing, consolidating and subsequently retrieving information. Carbia and others reviewed neuropsychological studies published between 2000 and 2016 and involving episodic memory in adolescent/young adult binge drinkers (BDs) (Carbia et al., 2018). These researchers observed that regarding verbal memory, studies using list learning tasks reported memory difficulties related to executive dysfunctions in BDs and that studies using story learning tasks reported poorer verbal memory (free immediate and delayed recall) in BDs than in controls. Regarding visuospatial memory, the researchers found scant evidence that BDs exhibit difficulties in performing high-demand visuospatial memory tasks. In a meta-analysis of neuropsychological studies, Lees and others (Lees et al., 2019) concluded that there were no significant effects regarding deficits in episodic memory (immediate, recent, long-term) related to BD, although they also highlighted a longitudinal study (Carbia et al., 2017) that linked BD with deficits in immediate and delayed recall that remained over a 6-year follow-up period in stable BDs. A more recent study on BDs reported poorer delayed recall of verbal and visual memory in standardized neuropsychological tests (Kang and Kim, 2022).
Measures of brain activity may be sensitive to slight neurocognitive dysfunction in non-pathological populations. The small number of studies that have used electroencephalography (EEG)/event-related potentials (ERPs) or functional magnetic resonance imaging (fMRI) to assess declarative memory in adolescent/young adult BDs is surprising, as such studies can be used in a complementary approach to neuropsychological testing and provide some insight into underlying neural activity during memory processing.
Both fMRI and ERP recording are useful techniques for studying declarative memory, although they are not without limitations. fMRI studies provide information about the neural regions involved in different memory types, systems or processes (implicit or explicit; semantic and episodic; recollection or recognition/familiarity; encoding, consolidation and retrieval) (Ranganath and Ritchey, 2012; Squire et al., 2015; Kim, 2019; Palacio and Cardenas, 2019). EEG, particularly ERPs, which have excellent temporal resolution, provide information about the dynamics of memory processing (Staresina and Wimber, 2019).
Brain activity associated with retrieval from declarative episodic memory is usually studied using tasks in which subjects are asked to recognize or recall previously studied information. Brain activity is compared between old items (previously memorised) and new items (not previously studied). Old and new items elicit differential brain activity as recorded by ERPs, referred to as old/new effects.
Regarding recognition tasks, most studies have described the FN400 effect (or midfrontal old/new effect, peaking at around 400 ms after the retrieval cue, exhibiting larger negativity for new items), identified as an index of familiarity in recognition task, and the late parietal component (LPC), or parietal old/new effect (with an onset around 400–500 ms after the cue: larger for old items and when retrieval of contextual information is required), which is considered an index of recollection (Friedman and Johnson, 2000; Rugg and Curran, 2007; Rivas-Fernández et al., 2020). Other components that appear even later, such as the right frontal old/new effect (or right frontal episodic memory effect, extending from 500 to 2000 ms) and the late posterior negativity (LPN) (which is larger for old than new items and peaks after the subject’s response), have been related to action monitoring and post-retrieval processing during reconstruction of the study episode (Friedman and Johnson, 2000; Cruse and Wilding, 2009; Mecklinger et al., 2016; Rivas-Fernández et al., 2020).
In cued-recall tasks, in which subjects are asked not only to recognise the item, but also to generate the solution, the cue elicits a broad wave extending from 300–500 to several hundred milliseconds over frontal, central and parietal areas. This wave is more positive for deeply than shallowly encoded items and when contextual information is also recalled. It is composed of several overlapping subcomponents, some of which are common to recognition tasks (LPC and right frontal episodic memory effects, LPN) and others specific to cued-recall (left inferior prefrontal activity, presumably related to the need to generate a solution) (Allan and Rugg, 1998; Allan et al., 2000; Friedman and Johnson, 2000; Mecklinger et al., 2016).
Study of the brain activity associated with retrieval of episodic memory in binge drinkers is scarce, although it is considered useful both for characterising the neural activity associated with memory processes (Wilding and Ranganath, 2012) and for detecting abnormalities related to alcohol consumption (Almeida-Antunes et al., 2021). As far as we know, only one study, by Smith and cols (Smith et al., 2017) addressed this issue. These researchers recorded ERPs during retrieval in a delayed recognition trial of an adaptation of the Rey Auditory Verbal Learning Test (RAVLT), identifying two ERP components showing old/new effects: a frontal negative component (N340) and a parietal positive component (P540). Both of these showed a similar old/new effect in controls and BDs, but overall P540 was larger in BDs than in controls.
In the present study, we aimed to extend the research on possible anomalies in brain activity during memory retrieval associated with early alcohol consumption by examining the ERPs elicited during cued-recall episodic memory retrieval in a sample of young BDs and controls. We adapted the verbal paired associates task used by Schweinsburg and others (Schweinsburg et al., 2010, 2011) for ERP recording, to measure electrical brain activity elicited by cued-recalled old (previously memorised) and new (seen only once) word pairs. This assessment was supplemented by measuring immediate cued-recall in a standardized neuropsychological test of verbal learning. Subjects were evaluated during their first year at university. A small subsample of the subjects were followed up 2 years later, and the data obtained, which were analysed for exploratory purposes, are reported in Supplementary Material S1.
We hypothesized that the demonstrated effect of alcohol binge drinking on prefrontal and medial temporal brain regions in young adults should be reflected in anomalous brain activity during retrieval of episodic memory, even in the absence of behavioural performance impairment. This hypothesis is based on previous studies showing abnormalities in brain activity during cognitive function despite normal behavioural performance in young, non-AUD binge drinkers; these results have been interpreted as a sign of a subtle deleterious effect of binge drinking on brain functioning, which may be compensated by increased brain recruitment to achieve normal performance in the early stages of abuse, and which would progress, if persistent, to impaired behavioural performance characteristic of the AUD (see, for example, Lannoy et al., 2019).
These anomalies are expected to be observed particularly in ERP components related to memory subprocesses that are most dependent on executive functions, such as recollection, action monitoring and post-retrieval processes, as executive functions have been indicated to be the cognitive functions most severely affected by early alcohol consumption (Carbia et al., 2018; Lannoy et al., 2019). We did not formulate apriori hypotheses about the influence of sex on the relationship between BD and brain activity during memory retrieval, because previous research does not indicate a clear role of this variable (Carbia et al., 2018; Almeida-Antunes et al., 2021). Thus, this factor will be considered in accordance with the recommendations by Joel and Fausto-Sterling, 2016.
MATERIALS AND METHODS
Participants
A sample of 70 first-year students (18–19 years old) from the University of Santiago de Compostela (Spain) participated in this study, which forms part of a broader research project on binge drinking among university students and has been approved by the Bioethics Committee of the University. Initially, 1,328 volunteers participating in the epidemiological phase of the research completed a classroom-administered questionnaire composed of the Alcohol Use Disorders Identification Test (AUDIT) (Saunders et al., 1993), with additional questions regarding consumption of alcohol and other substances (illegal drugs and medications) and also sociodemographic information for epidemiological purposes (such as type of household or parents’ level of education).
The students were screened on the basis of their responses to the questionnaire, and 200 of the respondents, who fulfilled the initial selection criteria, and who also provided contact information, were interviewed. These students signed informed consent and received compensation (10 euros) for their participation. The semi-structured interview included the Mini International Neuropsychiatric Interview, Spanish version 5.0.0 (Ferrando et al., 2000), and the Symptom Checklist-90-R (SCL-90-R) (Derogatis, 1983) for assessing history or current psychopathological symptomatology. It also included a detailed questionnaire about substances use, based on the Cannabis Abuse Screening Test (CAST) (Cuenca-Royo et al., 2012), the Nicotine Dependence Syndrome Scale, short version (NDSS-S) (Shiffman et al., 2004) and a diary of alcohol consumption based on the revised version of the Alcohol Use Questionnaire proposed by Townshed and Ducka (Townshend and Duka, 2002).
Selection for neurocognitive assessment was based primarily on the drinking pattern. Subjects with an alcohol consumption of six or more drinks per episode at least once a month (AUDIT item 3) and a drinking rate of at least three drinks per hour in these episodes were selected as binge drinkers; this criterion was defined to approximate the level of consumption to the NIAAA definition of binge drinking (National Institute on Alcohol Abuse and Alcoholism, 2016). Subjects were included in the control group if they never partook in 6-drink episodes and never drank more than two drinks per hour. Inclusion and exclusion criteria, applied on the basis of information obtained in the interview, are summarised in Table 1.
TABLE 1 | Inclusion and exclusion criteria for sample selection, based on interview.
[image: Table 1]Seventy-four subjects (100% Caucasian) who fulfilled these criteria consented to take part in the neurocognitive assessment. These participants received 20 euros for their collaboration. Four of the participants were later excluded because of the low quality of the EEG recording. Of the final 70 subjects, 32 (17 females) were included in the binge-drinking (BD) group and 38 (18 females) in the control (CN) group. Demographics and substance use characteristics are summarised in Table 2.
TABLE 2 | Demographic and substance use characteristics of the sample (mean ± standard deviation).
[image: Table 2]Procedure
Participants were asked to abstain from consuming alcohol and other drugs (including medical prescriptions) for at least 24 h before the electrophysiological assessment, and to sleep for at least 7 hours the night before testing. An alcohol breath level of 0.00% was verified by breathalysing the participants on arrival at the laboratory.
The electrophysiological assessment began with the verbal paired associates task, which was an adaptation to ERP recording of the task used in fMRI studies by Schweinsburg and others (Schweinsburg et al., 2010, 2011).
During the EEG recording, subjects were seated on an armchair inside an electrically shielded, dimly lit, sound-attenuated room. The subjects were instructed not to move during EEG recording, to use the pauses programmed in the task to adjust their position, and to fix their gaze on a small cross in the centre of the screen (a 20″CRT monitor, 1,152 × 864 pixels, refresh rate 85 Hz), located 100 cm in front of their eyes.
The subjects were asked to learn and recall a series of phonetically related pairs of two-syllable nouns, each displayed for 2 s in the centre of the screen. A total of 192 words were selected from the BuscaPalabras (B-Pal) base vocabulary, which includes 31,491 Spanish words (Davis and Perea, 2005).
The task involved first memorizing a list of 16 word pairs, which were presented sequentially in the centre of the screen (learning block); immediately after this series, recall was tested by presenting the first noun of each pair and asking subject to verbalize the second one (or to say ‘I don’t remember’) when a question mark appeared on the screen (recall block). The order of presentation of the words varied between the learning and the recall blocks. The series (learning and recall blocks) were presented twice, ensuring subjects correctly recalled at least 10 of the 16 pairs (none of the subjects required presentation of a third block to reach this threshold).
Participants subsequently performed a new series (old/new learning and recall blocks), composed of 32 word pairs: the 16 previously memorised pairs (old pairs, OP) intermixed with 16 novel pairs (new pairs, NP). EEGs were recorded during both the learning and the recall blocks.
This task was repeated three times, with three different lists of words, yielding a total of 48 OP and 48 NP. The complete task lasted approximately 50 min, including pauses between blocks autoregulated by the participant. The parameters of the task (stimuli duration and interstimulus intervals) are summarised in Figure 1.
[image: Figure 1]FIGURE 1 | Schematic representation of the learning and recall blocks of the verbal paired associates task (Dur: stimulus duration; ISI: interstimulus interval).
In a separate session, these participants also underwent a neuropsychological assessment including the TAVEC (Test de aprendizaje verbal España-Complutense) (Benedet and Alejandre, 2014), a verbal episodic memory test based on the California Verbal Learning Test (CVLT) (Delis et al., 1987).
This test began with the examiner reading the learning list (List A, 16 items) and asking the participant, immediately after the reading, to remember as many words as possible. This procedure was repeated 5 times (learning trials 1–5). The examiner then read the interference list (List B, 16 items) and asked the subjects again to freely recall as many of the words on this list as possible. Free recall of List A was then requested (short-term free recall trial), followed by a cued recall test, with the semantic category of the words (tools, fruits, clothes and spices) as cues (short-term cued recall trial). Twenty minutes later, during which subject were carrying out other neuropsychological tests (none of them on declarative memory or vocabulary), the test was resumed: the participants were asked to freely recall items from List A (long-term free recall trial) and then to perform a cued-recall test of the same list (long-term cued recall trial). Finally, a recognition test was applied: a list of 44 items (16 from the List A, eight from the List B and 20 phonologically or semantically similar new words) was read to the participant, who had to say, after each word, whether it belonged to List A or not (recognition trial).
EEG data acquisition and processing
The EEG was recorded during the old/new learning and recall blocks of the verbal paired associates memory task. Electrodes were located using a BrainCap with 32 positions according to the extended 10-20 International System (Nuwer et al., 1998). Active scalp electrodes were referred to the nose tip, and ground electrode was placed at Fpz. Electrooculogram was recorded from vertical and horizontal bipolar channels to control for eye movements and blinks. Electrode impedances were kept below 20 kΩ. EEG signals were continuously amplified and digitized, at a sampling rate of 500 points/s, and filtered on-line with a 0.1–100 Hz band pass filter and a 50 Hz notch filter.
EEG data were off-line processed with BrainVision Analyzer software (Version 2.0) to obtain the event-related potentials (ERP) elicited by the word pairs in the old/new recall blocks. Ocular artefacts were corrected by the procedure developed by Gratton and others (Gratton et al., 1983). The EEGs recorded during the old/new recall blocks were digitally filtered offline with a 0.1–12 Hz and segmented into epochs of 2,200 ms, from 200 ms pre-stimulus to 2000 m post-stimulus. This temporal interval was chosen for analysing effects related to memory recall reported in the literature, with latencies of 1,400 ms sometimes exceeded (Friedman and Johnson, 2000). After adjusting the pre-stimulus baseline period to 0 μV, epochs exceeding ± 80 μV were rejected.
EEG epochs were then averaged separately for old pairs (OP) and new pairs (NP). The resulting averaged ERPs comprised at least 17 epochs for each subject and type of stimulus (mean ± SD: 34.6 ± 6.8 for old pairs, 27.0 ± 6.6 for new pairs, without differences between groups); as indicated in the participants subsection, four subjects were excluded for this reason.
ERPs for each subject and type of stimulus (OP, NP) were then processed with Dien’s ERP PCA toolkit (v.2.96) (Dien, 2010b) to isolate overlapping components of the ERPs related to memory processing. The decomposition was conducted in two-step sequential temporospatial Principal Component Analysis (PCA) (Dien, 2010a).
After reducing the sampling rate to 250 points/s, the data were subjected to a temporal Promax rotation using the voltage EEG values (550 samples) as variables, and electrode sites (32), types of stimulus (2) and subjects (70) as observations. Thirteen temporal factors were extracted using the parallel test (Horn, 1965) of the scree plot (Cattell, 1966). In a second step, these factors were then subjected to a spatial Infomax (ICA) rotation with the 32 scalp recording sites as variables and the temporal factor scores, types of stimulus and subjects as observations. Two spatial factors were extracted from each temporal factor, resulting in 26 temporospatial factors explaining 90% of the variance.
These factors were then rescaled to microvolts to facilitate interpretation, and values of amplitude at the peak channel and the peak time point were automatically extracted for each of the 16 factors accounting for a minimum of 0.5% of the variance. The characteristics of these factors (ERP components) are summarised in Table 3.
TABLE 3 | Temporospatial factors (ERP components), isolated via two-steps temporospatial PCA, explaining at least 0.005 of the variance.
[image: Table 3]Statistical analysis
Statistical analysis of the ERP components was conducted using robust analysis of variance (ANOVA) implemented in the ERP PCA Toolkit (Keselman et al., 2003; Dien, 2010b), with Welch-James approximate degrees of freedom based on 499,999 bootstrap samples and a familywise corrected alpha of 0.05 (TWJt/c). The Dunn-Šidák correction for multiple comparisons was applied to post-hoc pairwise contrasts.
The ERP components were subjected to preliminary analysis in order to determine which would be selected as indicators of old/new effects (a difference in amplitude between the previously memorised and the new word-pairs). For this purpose, the two types of stimulus (OP vs. NP) were compared in the 16 ERP components selected above.
Another preliminary analysis was carried out to decide whether to include Sex as a main factor (independent variable), following the recommendation that, in absence of a priori hypothesis, it must be included only when interacts with the main variables of the research (Joel and Fausto-Sterling, 2016). With this aim, a Group x Sex x Type of stimulus analysis was performed on each of the ERP components that showed old/new effects.
Given the exploratory nature of these preliminary analyses, familywise correction was not applied, and factors were considered in the main design even though the alpha level was at the borderline of the significance threshold.
The main analyses were then conducted to address the primary focus of this research (memory retrieval), taking the results of these exploratory analyses into account. The ERP components indicating a memory old/new effect were examined considering the within-subjects factor Type of stimulus (OP vs. NP) and the between-subjects factor Group (CN vs. BD), and where relevant, Sex (male vs. female). The dependent variables were the voltage of the ERP components isolated by PCA (at the peak channel and time point).
In addition, related behavioural variables were analysed using IBM-SPSS (v.25): Percentage of hits to OP and NP in the old/new recall blocks of the task were analysed using a conventional mixed-model 2 × 2 ANOVA (Group x Type of stimulus), with an alpha threshold of 0.05, and post-hoc pairwise comparisons with Bonferroni correction. The TAVEC, short-term cued-recall scores (range 0–16) from the two groups wer compared by a Student t-test; this variable was selected because it was the TAVEC measure closest to the task used with ERPs.
RESULTS
Preliminary analysis
Preliminary analysis conducted to identify the ERP components associated with memory revealed three ERP components with significant old/new effects. One of them (TF03SF1) did not withstand the correction for multiple comparison recommended when there are a priori no criteria for selecting the factors. Non-etheless, it was selected for subsequent analysis because its latency and topography were consistent with previously described ERP memory components. These components are summarised in Table 4 and illustrated in Figure 2.
TABLE 4 | Temporospatial factors (ERP components) with old/new effect selected for main analysis.
[image: Table 4][image: Figure 2]FIGURE 2 | Temporospatial factors (ERP components) showing old/new memory effects, rescaled to µV at the channel with the peak amplitude. Grand average for the old word pairs (OP, black line) and the new word pairs (NP, blue line).
The earlier component (TF03SF1), peaking at 408 ms with positive polarity at a posterior location (Pz) (P408p), resembles the episodic memory effect linked to recollection (LPC or parietal old/new effect), although with earlier latency than expected. The later components, TF02SF1, with negative polarity at posterior POz (N812p), and TF01SF2, positive at the anterior AF3 (P1656a), are related to the post-retrieval processing on the cue and the generation of the completion (the second word of the pair).
Analysis of these three ERP components by considering the Sex factor revealed an influence of this variable on TF03SF1 (P408p), which showed Sex x Type of stimulus interaction (TWJt/c (1.0.62.3) = 4.45, p = 0.038, mean-squared error (MSe) = 6.01) and an almost significant Sex × Group interaction (TWJt/c (1.0.58.4) = 3.80, p = 0.0568, MSe = 65.90). No other ERP components showed interactions including Sex; therefore, this factor was only included in the core analysis of TF03SF1 (P408p); Sex-disaggregated data for the dependent variables are included in the Supplementary Material S1.
ERP components
The grand averaged ERP recordings are shown in Figure 3, and the descriptive statistics (mean amplitude and standard deviation) of the selected ERP components (factors rescaled to microvolts at the peak latency and electrode site), for each group (binge drinkers and controls) and type of stimulus (old and new word-pairs) are summarised in Table 5.
[image: Figure 3]FIGURE 3 | Grand average ERPs elicited by old word pairs (OP, black line) and new word pairs (NP, blue line), in a set of the recorded sites, in the control (left) and binge drinking (right) groups.
TABLE 5 | Mean (standard deviation) amplitude of the selected ERP components (factors rescaled to µV at the peak latency and electrode site) for each group (binge drinkers and controls) and type of stimulus (old and new word pairs, OP/NP) (ordered by latency).
[image: Table 5]P408p was analysed by including the variable Sex. This analysis revealed a Type of stimulus effect (TWJt/c (1.0.62.3) = 5.14, p = 0.0268, MSe = 6.01), with larger amplitudes for OP (averaged trimmed mean = 2.37 µV) than NP (1.41 µV); and a Type of stimulus x Group effect (TWJt/c (1.0.62.3) = 4.30, p = 0.0418, MSe = 6.01), with the old/new effect present in controls (TWJt/c (1.0.34.0) = 9.66, p = 0.00392, MSe = 6.24), but absent in BDs, and with larger amplitude (TWJt/c (1.0.57.8) = 4.29, p = 0.043, MSe = 34.19) for NP in BD (2.89 µV) than CN (-0.06 µV). The Type of stimulus × Sex interaction (TWJt/c (1.0.62.3) = 4.45, p = 0.039, MSe = 6.01) was also significant, with the old/new effect only emerging in females (TWJt/c (1.0.32.0) = 8.56, p = 0.0068, MSe = 6.95).
N812p also presented a Type of stimulus effect (TWJt/c (1.0.62.0) = 14.89, p = 0.00028, MSe = 12.46) with larger negative amplitude for NP (-5.97 µV) than OP (-3.59 µV), and a Type of stimulus × Group interaction (TWJt/c (1.0.62.0) = 4.11, p = 0.0457, MSe = 12.46), showing that the old/new effect was present in controls (TWJt/c (1.0.35.0) = 18.89, p = 0.000048, MSe = 12.57), but absent in BDs.
Group by Type of stimulus statistical analysis of the P1656a amplitude revealed a significant main effect of Type of stimulus (TWJt/c (1.0.59.3) = 15.99, p = 0.00086, MSe = 1.92), with larger amplitude in response to NP (2.44 µV) than to OP (1.47 µV). There were no Group or Type of stimulus x Group effects.
Behavioural performance
Descriptive estatistics of the behavioural measures are summarized in Table 6. The percentage of hits to old and new word pairs showed, as expected, a Type of stimulus effect (F (1,68) = 265.947, p < 0.0001, ƞ2p = 0.796), which was more accurate for OP (91.90%) than NP (67.14%), but there were no differences between groups or Type of stimulus × Group interaction.
TABLE 6 | Descriptive statistics on the behavioural measures. Percentage of hits in the verbal paired associates task (old and new word pairs, OP/NP) and scores in the Short-term cued-recall measure of the TAVEC. Mean (standard deviation) for each group.
[image: Table 6]Regarding the TAVEC measure (short-term cued-recall score), a Group effect was observed (t (68) = 2.344, p = 0.022), with poorer performance in the BD (12.91) than in the CN group (13.92). Finally, we should point out that, although the scores for free recall or long-term recall were not considered here, because they were not a direct counterpart of the verbal paired associates task, we analysed them for informative purposes, and did not find any other effects associated with alcohol consumption.
DISCUSSION
ERPs elicited by old and new word-pairs during immediate cued-recall in young binge drinkers and controls were identified in this research by temporospatial Principal Component Analysis (Dien, 2010a; 2010b), bearing in mind the variability of the ERP components and subcomponents associated with memory retrieval across task paradigms, and the overlap between these (see Friedman and Johnson, 2000). With this approach, we found three ERP components that indicated old/new effects and resembled, in terms of latency, polarity and topography, the components already described in the relevant literature. The results showed that the old/new effects observed in the control group were absent in the binge drinkers in the two subsequent posterior components, identified as the late parietal component (LPC) and the late posterior negativity (LPN), whereas the late frontal component revealed similar old/new effects in both groups.
The literature on declarative episodic memory describes frontal (FN400) and parietal (LPC) ERP components, at latencies of between 400 and 800 m (variable across tasks), with old/new effects, which have been associated with familiarity (or priming) and recollection, respectively, in recognition tasks. Although more controversially, the LPC has also been described in cued-recall tasks (Friedman and Johnson, 2000; Fay et al., 2005). In the present study, a large parietal positive waveform resembling this LPC was observed, peaking at around 500 ms (see Figure 2). The PCA analysis allowed us to isolate the ERP component named P408p, peaking at Pz, that showed the expected old/new effect (larger positive amplitude for old than for new word pairs).
We identified two other components, of longer latency, showing old/new effects: N812p (with negative polarity, peaking at 812 ms at POz), which was less negative for old than for new word pairs, and P1654a (with positive polarity, peaking at 1,656 ms at AF3), which had more positive amplitude for new than for old word pairs.
The N812p is consistent with the late posterior negativity (LPN) described in ERP, memory-related studies. Initially reported in recognition tasks, it has also been observed in cue-recall tasks involving both episodic memory (Bai et al., 2015) and semantic memory (Hellerstedt and Johansson, 2016), with a broad latency range, from 700-800 to 1,000–1,200 m, and a possible origin in the medial posterior parietal cortex. Although described as more negative for old than for new items in recognition tasks (Mecklinger et al., 2016), some studies using cued-recall paradigms have reported less negative LPN for old items than for new ones, as well as for deeply processed than for shallowly processed items, and for more accurately than for less accurately remembered items (Fay et al., 2005; Bai et al., 2015; Hellerstedt and Johansson, 2016), as in the case of the N812p in this study.
The P1656a resembled the long-lasting frontal old/new effects in ERPs associated with postretrieval processes, such as the (right) frontal old/new effect described in recognition tasks (Wilding and Rugg, 1996) and the left inferior prefrontal activity elicited in cued-recall tasks (Johnson et al., 1998). These components vary according to the task features and the material that has to be retrieved, but share a frontal distribution, according to the role of the prefrontal cortex in postretrieval control operations, and a late latency, usually beginning after the LPC and lasting several hundreds of milliseconds, until the end of the epoch (Wilding and Ranganath, 2012).
The LPN and the late frontal old/new effects are considered indexes of postretrieval processes, both mnemonic (to generate a solution and form an integrated representation of a prior episode), and non-mnemonic (control and monitoring operations to assess the retrieved information in the context of goal-directed behaviour) (Wilding and Ranganath, 2012; Mecklinger et al., 2016).
Comparison of these ERP components in relation to alcohol consumption revealed anomalies in BDs. First, the LPC-like component (P408p) showed group-related differences, as the old/new parietal effect appeared to be influenced by alcohol consumption. The effect was present in controls but absent in BDs, in whom new word pairs elicited an equally high voltage as elicited by old word pairs. Moreover, this effect was qualified by the Sex x Type of stimulus interaction: the old/new effect only reached statistical significance in female controls.
As explained above, the LPC, or Parietal old/new effect, has been considered a correlate of recollection and described as more prominent when correctly retrieving contextual (episodic) information or when deeper processing is required on encoding (Friedman and Johnson, 2000; Rugg and Curran, 2007). The results obtained with BD subjects in this study indicated an abnormally large amplitude of the LPC for new pairs (relative to controls), which would obscure the old/new memory effect. This pattern of greater brain activity (usually referred to as hyperactivation) in BDs than controls during cognitive processing is frequently detected with both ERP and fMRI techniques (Lannoy et al., 2019; Almeida-Antunes et al., 2021), usually in the absence of behavioural impairment, and it has been interpreted as reflecting a compensatory mechanism whereby increased recruitment of neural resources is required to achieve a similar level of performance. In this study, the hyperactivation phenomenon appeared when new (seen once) word pairs are retrieved.
The study reported by Smith et al. (2017) is the most similar for comparative purposes. These researchers identified an LPC-like component that emerged during free-recall of a verbal learning task and that was referred to as P540. Overall the amplitude of this component was larger in BDs, but the old/new effect remained. In our study, although the overall amplitude was also apparently larger in BDs (2.93 ± 0.20 µV) than in controls (0.85 ± 0.17 µV), the difference was not statistically significant; however, we only observed the expected old/new effect in controls (particularly in women) and observed that the amplitude of the LPC-like component was larger for new word-pairs in BDs. Thus, some neural hyperactivation at the time of the brain index of memory recollection was observed in both studies, although our findings seem to be specific to new (once seen) word pairs.
Moreover, we can also compare the present findings with those of our previous study of memory encoding with another sample of BDs and controls, although with a task of a different nature (Folgueira-Ares et al., 2017). In the earlier study we also observed, at similar latencies (350–650 m) but during encoding, that ERPs in BDs did not indicate the memory effect (Dm effect) observed in controls at posterior electrode sites. Considering that episodic memory theories and neuroimaging studies have proposed that there is an overlap between brain activation patterns of encoding and retrieval (Persson and Nyberg, 2000), these findings call for future ERP studies of the two processes in the same samples and tasks, to assess whether these two anomalies observed in BDs can be replicated and related.
As discussed above, the two other ERP components indicating old/new effects in this study were associated with those described in literature as correlates of postretrieval processing. The N812p also indicated an absence of this old/new effect in BDs. Unlike in the case of the P408p/LPC described above, the absence of the memory effect in the N812p did not seem to indicate a hyperactivation phenomenon, as it was due to a lower (although not significant) voltage elicited by new word pairs in BDs (-4.93 ± 0.14 µV) than in controls (-7.00 ± 0.13 µV). The later, left frontal component, P1656a, did not show any differences associated with alcohol consumption. Smith et al. (2017) analysed a shorter ERP epoch than we did in the present study (ending 900 m after the stimulus onset), and therefore these late components did not appear, precluding any comparison.
Our results indicate anomalous brain activity (relative to controls) in posterior regions during the retrieval of new (shallowly memorised) word pairs. The anomalies would consist of increased neural activation during cue recognition, indicated by P408p/LPC, and decreased activity during solution generation, indicated by N812p/LPN. Based on a recent comprehensive review on the neural basis of memory recall (Staresina and Wimber, 2019), these anomalies will depend on medial temporal lobe (MTL) and posterior parietal cortex (PPC) nodes in the episodic memory circuitry. These authors propose that episodic memory would involve a transient signal from the MTL (hippocampus), around 500 ms after the cue, at the time of the old/new parietal effect (LPC), which would initiate cortical reactivation of the memory engram. After 600 ms, the PPC would then respond to this bottom-up hippocampal signal with sustained activity during the maintenance interval (resembling the LPN), to allocate working memory and attentional resources to the retrieval of task-relevant mnemonic features. Although our ERP data do not enable us to gain insight into neural generators, they are consistent with the model derived from different sources of data (EEG, MEG, fMRI, intracranial recordings) and may indicate abnormal activity associated with BD in hippocampus/LTM and in association regions of the PPC. Whether this electrophysiological abnormality is a result of consumption or is an endophenotype that precedes it, is not discernible in the absence of data prior to the onset of BD.
Notably, no anomalies were observed in the frontal P1656a. As stated above, this component would be related to postretrieval processes associated with monitoring of the solution generated. BD has been associated with anomalous brain activity in young adults during executive functions, such as performance monitoring (Smith et al., 2016; Almeida-Antunes et al., 2021), and with impairments in executive functions involved in neuropsychological tests of verbal memory (Carbia et al., 2018). Some effects associated with alcohol consumption on this component were therefore expected.
Finally, complementing these results, the behavioural performance in the verbal paired associates task did not indicate any differences between BDs and controls; this was expected, as most ERP studies reporting anomalies in brain function in BDs have not found impairments in behavioural performance. This has usually been interpreted as a sign that ERPs are sensitive to a slightly deleterious effects of alcohol that can be compensated for (e.g., by recruiting more neural resources) to produce normal performance. Of course, replication studies are needed to confirm these results, as well as follow-up studies to assess the evolution of electrophysiological and behavioural measures with the onset and persistence of BD.
Nonetheless, the neuropyschological test results showed evidence consistent with memory impairment in BDs: In the short-term cued-recall trial of the TAVEC, in which subjects had to recall previously studied words cued by the semantic category, the BD group obtained lower scores. Previous studies with standardised neuropsychological tests consisting of word lists have reported mixed results. Consistent with our results, a study with French university students (Gierski et al., 2020), using a modified version of the Free and Cued Selective Reminding Test (FCSRT), reported that BDs showed marginally lower scores in the immediate recall cued score, which is very similar to our short-term cued-recall score. In a systematic review, Carbia et al. (2018) observed that verbal memory impairments associated with BD mainly appeared in tasks using lists of related words (such as the TAVEC), unlike in tasks using lists of unrelated words (such as the Rey Auditory Verbal Learning Test). These researchers concluded that the impairments would be associated with executive dysfunctions, such as poor semantic clustering, which is more involved in the recall of related than unrelated words. The present findings, with poor performance in the TAVEC and no differences from controls in the verbal paired associates task (where there was no semantic, but phonetic, relationship among the words), are consistent with this conclusion.
LIMITATIONS
Our study has some limitations to consider. The characteristics of the participants selected, healthy university students with high cognitive functioning may limit generalization of the results to other populations. On a technical level, the minimum number of averaged EEG epochs is below the recommended standards. The size of the sample limited a more detailed exploration of the interactions involving sex/gender detected in the P408p component. Loss of participants at follow-up, due to participants declining to participate further or no longer meeting the selection criteria, impeded completion of a robust longitudinal study. Finally, the absence of evaluation of the participants prior to beginning BD prevents any conclusions being reached about causal relationships.
CONCLUSION
In summary, this study provides novel information about brain activity during verbal episodic memory in relation to alcohol binge drinking. When retrieving information in a short-term cued-recall paradigm, binge drinkers showed a different pattern of activity in the posterior brain regions. At around 400 ms, the amplitude of the LPC-like component of the ERPs was larger than in controls for new (seen only once) word pairs, which led to an absence of the old/new effect observed in controls. Subsequently, at around 800 ms, the LPN-like component showed a reduced amplitude in response to the same items. No differences associated with alcohol were observed in the late frontal old/new effect. This pattern of brain activity may indicate abnormal functioning of the hippocampal–PPC circuitry responsible for the recognition and recollection of the context of the cue and the generation of the solution to shallowly processed word pairs, to achieve a normal behavioural performance. Although behavioural results were similar for the BDs and the controls in the word pair association task, the BDs showed poor execution of a more demanding test, requiring short-term recall of words cued by semantic information.
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