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Memory biases in alcohol use disorder: enhanced memory for
contexts associated with alcohol prospectively predicts alcohol
use outcomes
Elizabeth V. Goldfarb1,2, Nia Fogelman1,2 and Rajita Sinha1,2,3

Memory for prior drinking experiences may powerfully drive later alcohol use in familiar drinking contexts, yet we know little about
what patients with alcohol use disorder (AUD) remember of alcohol-related episodes. Although animal and theoretical models of
addiction emphasize the importance of different memory systems for understanding maladaptive use, clinical research parsing
what AUD patients remember from alcohol-related episodes is lacking. The current study applied a novel memory task in which
moderate drinkers (N= 30) and treatment-seeking individuals with alcohol use disorder (AUD: N= 29) encoded associations
between photographs of objects (alcoholic beverages and neutral items) and photographs of neutral scenes. At least 24 h later, two
types of memory were assessed: item memory (object recognition) and associative memory (cued recognition of scenes associated
with objects). To assess which memories predicted drinking, real-world behavior was assessed in patients with AUD at baseline and
for 4 weeks following memory tests. Despite demographic differences, the results showed broadly impaired item memory in AUD
compared with moderate drinkers (p < 0.001), but enhanced associative memory for scenes paired with alcohol (p= 0.015). These
associative memory biases were especially pronounced for stimuli rated as more affectively salient. Furthermore, stronger but less
detailed memory for alcohol-related associations (i.e., choosing the correct scene but the incorrect photograph) significantly
predicted heavier baseline (p= 0.002) and higher subsequent (p= 0.01) drinking in patients with AUD. These findings reveal a
novel alcohol-related memory bias in AUD, and uncover the importance of associative memory for understanding real-world heavy
alcohol use.
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INTRODUCTION
Alcohol use disorder (AUD) is a significant public health problem,
with recent estimates that 14.5 million people in the United States
meet diagnostic criteria [1]. This disorder is also difficult to treat, as
patients with AUD often relapse in the presence of alcohol-related
environmental cues [2, 3]. These cues influence behavior by
triggering retrieval of memories for past drinking episodes [4, 5].
Across species, learning and memory are thought to play a crucial
role in addiction [5–9]. However, we know very little about what
patients with AUD actually remember about alcohol-related
episodes. Understanding how alcohol-related memories are
formed and guide maladaptive drinking behavior may be critical
for developing effective behavioral and pharmacological treat-
ments [10], and translating findings from animal models of alcohol
addiction. Here, we aimed to uncover novel biases in different
types of memories for alcohol-related episodes in AUD, and
identify memories that prospectively predict drinking behavior.
Decades of research across species have demonstrated that we

can form different types of memories, which may each contribute
to drinking [2, 11, 12]. These different types of memories can
be formed from a single event [11, 13]. Following recent
suggestions that memory for a single event (episodic memories)
may drive problematic substance use [9], there is a need to

understand which parts of episodic memories contribute to
drinking. Episodic memories can be parsed into representations of
items, or individual parts of an event, and associations, in which
relationships between different elements are integrated [14].
Neuroimaging and lesion studies demonstrate that these repre-
sentations are supported by distinct neural systems [15–17] and
(as discussed below), are differentially sensitive to emotional
content. The relative strength of these different memories may be
clinically meaningful. For example, after a traumatic event, having
impaired memory for associations, but strong memory for items,
may contribute to symptoms of post-traumatic stress disorder (like
responding to trauma-related items in nonthreatening contexts)
[18, 19]. However, we know very little about the significance of
these different types of memory in addictive disorders like AUD.
To date, clinical research on alcohol-related memories in AUD has

been limited to short-term assessments of item memory [20–22].
Similarly, current therapeutic approaches focus on modifying item
memories [23, 24]. Thus, whether patients with AUD have biased
memory for alcohol-related associations, and whether either item or
associative memory can predict problematic drinking behavior,
remains unknown. Understanding which types of alcohol-related
memories characterize AUD and heavy alcohol use could be of use
in designing targeted behavioral interventions [25].

Received: 26 November 2019 Revised: 19 February 2020 Accepted: 25 February 2020
Published online: 3 March 2020

1Yale Stress Center, Yale School of Medicine, New Haven, CT, USA; 2Department of Psychiatry, Yale School of Medicine, New Haven, CT, USA and 3Department of Neuroscience,
Yale School of Medicine, New Haven, CT, USA
Correspondence: Rajita Sinha (rajita.sinha@yale.edu)

www.nature.com/npp

© The Author(s), under exclusive licence to American College of Neuropsychopharmacology 2020

1
2
3
4
5
6
7
8
9
0
()
;,:

http://crossmark.crossref.org/dialog/?doi=10.1038/s41386-020-0650-y&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41386-020-0650-y&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41386-020-0650-y&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41386-020-0650-y&domain=pdf
mailto:rajita.sinha@yale.edu
www.nature.com/npp


There is compelling evidence that alcohol-related items will be
remembered differently from associated neutral contexts. For
example, memory for affectively salient items (e.g., an injured
person) is typically enhanced, while memory for neutral informa-
tion associated with these items (e.g., a background scene) is
impaired [26–28]. Alcohol-related items are highly affectively salient
for heavy drinkers [29] and patients with AUD [30], and limited
evidence indicates that these patients have better memory for
alcohol-related items after a short delay [20, 21] (but see ref. [22]).
This suggests that patients with AUD would have improved long-
term memory for alcohol-related items at the expense of
associations. However, patients with AUD may break away from
this typical emotional memory bias. Compared with healthy
controls, patients with AUD showed stronger approach behavior
based on alcohol-related associations [31], and rodents chronically
exposed to ethanol were better at learning ethanol-related
associations [32, 33]. Similarly, drinking alcohol before encoding
alcohol-related information improved associative (but not item)
memory [34], and acute stress before encoding salient information
led to enhanced associative (but not item) memory [35]. As AUD is
associated with elevated basal stress hormones [36] and hippo-
campal volume changes [37], we hypothesized that chronic alcohol
intake in AUD could result in an unusual memory bias: enhanced
memory for alcohol-related associations, but not items [12].
Memory for alcohol-related associations may also be especially

important for predicting later drinking behavior [38–40]. Neutral
contexts associated with alcohol are a powerful trigger for relapse
across species [2], and neutral stimuli known to predict drug
reinforcement can themselves promote drug-seeking behavior
[41, 42]. Recent work on memory-guided decision-making in
humans emphasizes the importance of associative memories for
driving later behavior [9, 43, 44]. However, these associative
memories may not be very precise. Patients with AUD have been
shown to overgeneralize autobiographical memories [45], a
process associated with responding inappropriately to cues or
contexts that are vaguely similar to one’s past experiences (for
discussion in the fear domain, see ref. [46]). Thus, it is crucial to
measure not only what patients remember about alcohol-related
events, but also how detailed these memories are.
Here, we aimed to characterize long-term memory for alcohol-

related episodes in AUD, and determine which memories predict
future drinking. We measured memory for individual objects (item
memory) and scenes paired with these objects (associative
memory), distinguishing how precisely individuals remembered
these associations. Translating findings from the basic and clinical
literature, we hypothesized that patients with AUD would show
worse memory for items, but a bias toward enhanced memory for
alcohol-related associations compared with moderate drinkers.
We further hypothesized that this greater bias toward remember-
ing alcohol-related associations would predict future drinking
in AUD.

MATERIALS AND METHODS
Participants
Fifty-nine individuals between the ages of 18 and 57 participated
in the study. Both participant groups were recruited from the
community via separately worded advertisements in local news-
papers, web-based advertisements, and flyers posted for research
participation. Moderate drinkers (MOD) were asked if they “liked
beer” or wanted to participate in research; treatment-seeking
patients with AUD were recruited with advertisements asking if
they “wanted alcohol treatment” or “wanted to cut back on
drinking”, and were only enrolled if they endorsed wanting to cut
back or abstain during an initial phone screening. Intake
assessments measured demographics and past drinking behavior,
followed by encoding and memory sessions of the item and
associative memory task (described below). Participants were

screened to ensure that they did not meet current criteria
for substance use disorder for another psychoactive subs-
tance (excluding nicotine), have significant underlying medical
conditions, or regularly use any of the following medications:
anticonvulsants, sedatives/hypnotics, prescription analgesics,
other antihypertensives, anti-arrhythmic, antiretroviral medica-
tions, tricyclic antidepressants, SSRIs, naltrexone, or antabuse.
Participants were also excluded if they were intoxicated at any
laboratory visit (breathalyzer values > 0).
Participants belonged to one of two groups: MOD and

treatment-seeking patients with AUD. MOD were defined as
individuals who had a total AUDIT score less than 7, never met
DSM-V criteria for AUD, were below weekly hazardous drinking
levels (defined by the National Institute on Alcohol Abuse and
Alcoholism criteria as 7+ drinks/week for women and 14+ drinks/
week for men), and rarely (≤6×/year) drank at binge levels (4+
drinks/occasion for women and 5+ drinks/occasion for men). AUD
patients were treatment-seeking individuals who met current
DSM-V criteria for AUD on the Structured Clinical Interview for the
DSM-V [47]. An additional six participants were excluded.1

Participants provided written informed consent to complete the
study, and all procedures were approved by the Yale Medical
School Institutional Review Board.

Intake assessments
To determine current drinking severity in both groups, drinking
behavior was assessed at intake using the Alcohol Use Disorders
Identification Test [48]. All participants were also evaluated using
the Structured Clinical Interview for DSM-V to determine current
AUD diagnoses (AUD group) or no past or current AUD or other
substance use disorder diagnoses (MOD group) [47]. The Shipley
Institute of Living Scale was used to measure IQ [49].

Procedures
Following intake assessments, all participants were scheduled for
two separate sessions of encoding (Day 1) and retrieval (Day 2),
described below (Fig. 1a). These sessions occurred at least 24 h
apart (mean= 3.95 days), and each lasted for 30–45min, and
participants were alcohol and drug-free for each as per breath-
alyzer and urine toxicology screens. AUD patients were in the early
phase (i.e., tested within the first month) of weekly outpatient
behavioral counseling treatment for AUD, using the standardized
12-step counseling treatment manual [50], provided by a licensed
alcohol/drug abuse counselor.

Item and associative memory task
Encoding. The design of the task is similar to the one recently
used to assess the influence of acute stress on item and associative
memory [35] (Fig. 1b). On Day 1 (encoding), participants were
shown 40 unique pairs of objects and scenes (5 s), and instructed
to vividly imagine the object as part of the scene. These 40 object/
scene pairs were split into two lists (order counterbalanced). In
one list (N= 20), objects were photographs of alcoholic beverages
on a white background. In the other list (N= 20), objects were
photographs of common neutral items on a white background (as
in ref. [51]; see Fig. 1c for examples). This design thus provided a
baseline assessment of non-alcohol-related memory functioning

1Three participants were excluded due to technical issues (MATLAB
crashing: N= 1 MOD; pressing wrong keys: N= 1 AUD) and
comprehension issues (thought memory was being assessed for
information presented that same day; N= 1 MOD). Three additional
participants were excluded based on a priori criteria for very poor
memory performance (hits < misses and d’ < 0; [35]; N= 1 MOD, N= 2
AUD). Memory was computed based on mean performance pooled
across alcohol and neutral object cues in order to avoid biases due to
either cue type.
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per participant. Scene photographs were taken from a standar-
dized database, and did not show any people [52]. An equal
number of indoor and outdoor scenes were presented per list. To
facilitate memory performance, participants were instructed that
their memory for object/scene pairs would be tested, and were
encouraged to imagine stories about the object interacting as part
of the scene.
After vividly imagining each object/scene pair, participants next

used the keyboard to rate their subjective responses (3 s each):
how they felt when imagining the object/scene pair (happy/
unhappy/neutral); how intensely they felt that way (4-point scale:
1= not at all intense; 4= extremely intense); how much they
wanted an alcoholic drink (1= not at all; 4= a lot). Responses were
illuminated on the screen in green, with trials separated by
intertrial intervals (ITI, 1 s).

Memory. On Day 2, participants returned to the laboratory for
memory assessments. Lists were presented in the same order as
encoding.
To assess item memory, participants were shown the objects

studied at encoding (N= 40) intermixed with novel foils
congruent with each list (N= 40; 3 s each). For example, images
of novel alcoholic beverages were intermixed with images of
previously studied alcoholic beverages. On each trial, participants
reported whether each object was old (previously studied) or new
(never studied) on a 4-point scale (confident old; not sure old; not
sure new; confident new; 2 s per response with 1 s ITI).
Next, we conducted a two-part assessment of associative

memory. First, participants viewed each of the objects studied at

encoding (3 s), and were asked to indicate whether this object had
been paired with an indoor or outdoor scene (recall, 2 s). Next,
they were shown the object along with four scene photographs.
The scenes included the exact photograph presented during
encoding, a different scene that was presented at encoding (to
control for familiarity), and two matched perceptual/schematic
lures portraying the same scenes. Participants were instructed to
select the scene that was presented with the object during
encoding (recognition, 3 s). Participants were further told that, if
they remembered what scene was paired with the object (in Fig. 1,
a beach), but not exactly which photograph was used, to make
their best guess between the two photographs portraying that
scene (i.e., either of the two beach photographs). Selection of the
correct scene and correct picture indicated “specific” associative
memory (i.e., detailed memory for the paired scene), whereas
selection of the correct scene but incorrect picture indicated “gist”
associative memory (i.e., less precise memory, with participants
being fooled by the similar scene).

Real-world drinking behavior
Alcohol use in patients with AUD (N= 27) was assessed at baseline
(upon enrollment in the study) using the Substance Use Calendar
[53] based on the time-line follow-back method [54]. Prospective
drinking was measured using daily diary-based assessment via
smartphone-based prompts for 4 weeks as described previously
[55]. Every evening (8:00 p.m.), participants were asked whether
they consumed wine, beer, or liquor that day, and if so, to indicate
the number of drinks they consumed. Participants were given a
6-h window each day to respond, and compliance was monitored

Fig. 1 Design and subjective responses during encoding. a Procedure. Participants first completed intake assessments, in which baseline
real-world drinking behavior (over the previous week) was assessed in patients with alcohol use disorder (AUD). Next, participants completed
two blocks of object/scene encoding with alcoholic beverages or neutral objects. Cue order (alcohol vs. neutral objects) was counterbalanced
across participants. After a delay, they were tested for their memory for the individual items and their associated scenes. Finally, patients with
AUD were tracked for 4 weeks to assess prospective real-world drinking behavior. b Task design. During encoding, participants vividly
associated unique pairs of objects and scenes. Ratings of subjective responses were assessed for every trial. During the item memory test,
recognition of individual objects (plus content-matched foils) was assessed. During the associative memory test, participants were asked to
recall whether the scene paired with the object was indoor or outdoor, and then to select the scene from a list of photographs. These
photographs contained the exact image seen during encoding (specific associative memory), and an image portraying the same type of
scene, but a different photograph (gist associative memory). c Examples of alcohol-related objects (red border, left) and neutral objects (gray
border, right). d Subjective ratings during encoding for object/scene pairs containing alcohol (red) or neutral objects (gray). MOD moderate
drinkers, AUD patients with alcohol use disorder. Error bars=+/−1 SE.
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throughout the study. Participants were paid $2 per day for
responding to surveys, and received an additional $10 bonus for
completing all surveys that week. On average, participants
completed 74.3% of prompts over 4 weeks. One participant
completed only one (<5%) smartphone prompt and was excluded
from analyses. The average number of drinks per day were
computed for each of the 4 weeks. Days on which data were not
collected (e.g., participants failed to answer the prompt) were
dropped from the calculations.

Analytic approach
The goal of these analyses was to characterize ways in which
alcohol-related memories differed between patients with AUD and
MOD, and to determine which alcohol-related memories best
predicted later real-world drinking behavior. All analyses were
performed in R (ref. [56], 3.4.1).
To accomplish the first goal, we used linear mixed effect (LME)

models to describe memory as a function of Group (MOD vs. AUD)
and Cue (alcohol vs. neutral object) with a random intercept and
additional between-subject covariates (nlme package [57]). These
covariates included participant features of age and IQ (as the
groups differed significantly in these dimensions, Table 1), and
experiment features of cue order (i.e., whether neutral objects or
alcoholic beverages were shown first), and the number of days
between encoding and retrieval. All reported the main effects of
Group, as well as Group × Cue interactions were consistent even
when these covariates were not included in the model. To further
establish that these effects were driven by the severity of alcohol
dependence, all models with main effects of Group or Group ×
Cue interactions were repeated, focusing on patients who met the
criteria for severe AUD. Effect sizes (η2) were computed using the
sjstats package for mixed models (following [58]), and interpreted
as low, moderate, and large effects relative to the established
benchmarks [59].
Item-level memory was quantified using d’, or the normalized

ratio of hits (proportion of previously viewed objects correctly
identified as old) to false alarms (FA, proportion of new objects
incorrectly identified as old). If significant effects on d’ were
observed, further analyses considered hits and FA separately.
Associative memory was quantified using performance on cued

recall and recognition. To probe the specificity of these
memories, we created a combined metric to limit the possibility
of random guesses during recognition, and focus on trials that
were robustly remembered. Of the trials in which participants
correctly recalled the scene category (indoor vs. outdoor), specific
memory was computed as the proportion of trials from which
the exact scene photograph was selected, and gist memory as
the proportion of trials for which the correct scene, but the

wrong photograph was selected. Additional analyses in which
specific and gist memory were computed out of all possible trials
are presented in Fig. S1.
To test whether memory differed as a function of emotional

responses at encoding, we used LME models to describe memory
on all trials as a function of Group (MOD vs. AUD) and Cue Ranking
(described below; top-ranked alcohol, other alcohol, and neutral
objects) with the same covariates described above.
Prospective prediction of drinking over the 4-week period

following the memory task was assessed using LME with a random
intercept. Item and associative (specific and gist) memory were
then assessed in three separate models to predict drinking. In
each model, both alcohol- and neutral object-related memory
were included as predictors to account for baseline differences in
memory performance.

RESULTS
Participant demographics
Thirty MOD and 29 patients with AUD were included in the final
sample (Table 1). On average, patients with AUD had a total AUDIT
score over 20, tended to drink >38 drinks each week, and
consumed a maximum of 12 drinks per drinking episode. They
endorsed an average of 6.45 symptoms on the SCID (range: 2–10),
and 58.6% met criteria for severe AUD. On average, they had not
had a drink in about 5 days at the time of encoding (range:
0–37 days), and this measure was not related to memory
performance.
In contrast, MOD had an average total AUDIT score under three,

drank approximately two drinks per week, and consumed a
maximum of about three drinks per episode. Groups did not differ
in gender, but did differ in age and IQ, leading these to be
included as covariates in all analyses (see “Analytic approach”).
Although smoking status differed significantly between moderate
drinkers and patients with AUD, smoking status was not predictive
of memory performance (see Table S2 for effects of these
covariates in all models).

Affective responses during encoding
Imagining alcoholic beverages in neutral scenes induced strong
affective responses across our sample (Fig. 1b). scene pairs/scene
pairs, participants rated significantly more alcohol/scene pairs
as making them feel “happy” (F1,57= 26.31, p < 0.001, η2= 0.245).
These trials were also rated as significantly more arousing (main
effect of Cue [alcohol vs. neutral object]: F1,57= 11.92, p= 0.001,
η2= 0.132) and inducing significantly higher craving (F1,57= 32.74,
p < 0.001, η2= 0.244). Overall, patients with AUD provided
significantly higher ratings of both arousal and craving (arousal,
main effect Group: F1,54= 4.05, p= 0.049, η2= 0.045; Craving:
F1,54= 16.76, p < 0.001, η2= 0.125). Alcohol/scene pairs induced
numerically stronger craving in patients with AUD (Cue × Group:
F1,57= 3.81, p= 0.056, η2= 0.028), an effect that was statistically
significant when focusing on patients with severe AUD (Cue ×
Group: F1,45= 4.85, p= 0.03, η2= 0.042).

Item memory differences
Overall, patients with AUD had worse item memory than MOD (d’:
main effect Group, F1,53= 21.72, p < 0.001, η2= 0.139, Fig. 2a) with
significantly more FA (F1,53= 7.16, p= 0.01, η2= 0.051). Both
groups had higher item memory for neutral objects than alcoholic
beverages (d’: main effect Cue: F1,57= 16.12, p < 0.001, η2= 0.103),
driven by higher FA for alcohol (F1,57= 17.43, p < 0.001, η2= 0.125;
no significant cue differences in hit rate; p > 0.25). This pattern did
not differ significantly between groups (Group × Cue, d’: F1,57=
2.37, p= 0.13; FA: F1,57= 1.63, p= 0.21; memory by cue and group
shown in Table S1). These effects remained significant when
restricting analyses to compare MOD to patients with severe AUD

Table 1. Participant demographics.

Moderate
drinkers (MOD)
N= 30

Alcohol use
disorder (AUD)
N= 29

Difference?

Gender (% female) 50% 48.2% p > 0.25

Age (mean [SD]) 27.23 [8.23] 35.86 [11.22] p= 0.001

IQ 113.07 [6.37] 102.9 [10.51] p < 0.001

Current smoker 6.7% 58.6% p < 0.001

AUDIT: total 2.57 [1.76] 20.86 [6.86] p < 0.001

Average drinks/
week

2.08 [2.56] 38.41 [51.4] p < 0.001

Max drinks/
episode

3.17 [1.9] 12.14 [12.45] p < 0.001

Age and IQ were included as covariates in all analyses.
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(d’, main effect Group, F1,45= 15.7, p < 0.001, η2= 0.124; main
effect Cue: F1,45= 24.65, p < 0.001, η2= 0.194).

Associative memory differences
Cued recall. We did not observe significant differences in cued
recall (choosing whether the item was paired with an indoor or
outdoor scene) as a function of group (F1,53= 0.01, p > 0.25), cue
type (F1,57= 0.71, p > 0.25), or their interaction (F1,57= 0.74, p >
0.25), which may have been due to the difficulty of this task
(performance summarized in Table S1). There were also no
significant differences in cued recall when focusing on patients
with severe AUD (all p > 0.25).

Specific recognition. Unlike item memory, patients with AUD did
not have significantly worse associative memory than MOD (main
effect Group: p > 0.25). Associative memory also did not differ
significantly between trials containing alcohol and neutral objects
(main effect Cue: F1,57= 2.15, p= 0.15). However, we did observe
a significant interaction, demonstrating distinct biases in memory
for alcohol-related associations as a function of drinking group
(Group × Cue, F1,57= 6.3, p= 0.015, η2= 0.052, Fig. 2b, left;
Table S1).
In MOD, memory for scenes associated with alcohol was

significantly lower compared with scenes associated with neutral

objects (b=−0.1 [SE= 0.04], p= 0.007). In contrast, patients with
AUD did not show this deficit (b= 0.03 [0.04], p > 0.25). In fact,
relative to MOD, patients with AUD showed significantly better
memory for scenes associated with alcohol (b= 0.09 [0.04], p=
0.027). These group differences became stronger when focusing
on patients with severe AUD (Group × Cue: F1,45= 10.32, p=
0.002, η2= 0.096; alcohol-paired scenes only: Group b= 0.14
[0.05], p= 0.006). The same pattern of results held when analyzing
responses on all trials (not only those with correct cued recall,
Fig. S1).
A similar pattern was observed when comparing memory

performance to chance (25%). In MOD, memory for scenes paired
with neutral objects was significantly above chance (37%; t29=
4.56, p < 0.001), but memory for scenes paired with alcohol was
not (27%; p > 0.25). In contrast, patients with AUD had above-
chance memory for scenes paired with alcohol (32.7%; t28= 3.43,
p= 0.002), with memory for scenes paired with neutral objects
differing at a trend level (29.9%; t28= 1.78, p= 0.085). Together,
these results demonstrate spared, and in fact, enhanced memory
for detailed alcohol-related associations in AUD.

Gist recognition. Having shown that patients with AUD and MOD
differed in their ability to remember detailed associations with
alcohol-related cues, we next examined less detailed, “gist”-level
associative memories. Although there were no overall differences
between groups (p > 0.25), or between alcohol and neutral
object cues (p > 0.25), we did observe a significant Group ×
Cue interaction (F1,57= 5.1, p= 0.028, η2= 0.041, Fig. 2b, right).
Moderate drinkers had significantly more “gist”-level memories for
associations with alcohol than neutral objects (b= 0.09 [0.04], p=
0.034), but patients with AUD did not show this bias (p > 0.25).
Instead, compared with MOD, patients with AUD had significantly
more “gist”-level memories for associations with neutral objects
(b= 0.12 [0.05], p= 0.014). As with specific recognition, these
group differences became stronger when focusing on patients
with severe AUD (Group × Cue: F1,45= 6.55, p= 0.014, η2= 0.066;
neutral object-paired scenes only: Group b= 0.14 [0.06], p=
0.015).
Together, these results demonstrate a novel associative

memory bias in AUD. MOD had weaker and less precise memories
for associations with alcohol. However, patients with AUD had
relatively stronger and more precise memory for alcohol-related
associations, even when their memory for associations with
neutral objects was impaired.

Relationship between affective responses and memory
One mechanism that could drive differences in memory for
alcohol-related information involves affective responses. Although
alcohol-related trials were overall rated as inducing more arousal
and craving, we wanted to test whether variability in these
subjective responses influenced group-level differences in alcohol-
related memories (Fig. 3a).
Consistent with prior findings, we found that affective

salience enhanced item memory across groups (Fig. 3b; hit rate:
main effect of Cue Ranking [top-ranked alcohol, other alcohol,
and neutral objects], F2,104= 4.67, p= 0.011, η2= 0.067, Fig. 3b).
This effect did not differ between groups (Cue Ranking × Group:
p > 0.25).
However, although affective salience often impairs memory for

associations, this was not the case for both drinking groups
(Fig. 3c, Cue Ranking × Group: F2,104= 3.96, p= 0.02, η2= 0.05).
MOD indeed had worse specific associative memory for affectively
salient pairs (top-ranked alcohol vs. neutral objects: b=−0.1
[0.04], p= 0.011). In contrast, patients with AUD did not show this
impairment (b= 0.05 [0.04], p= 0.19). Instead, patients with AUD
had significantly better memory for affectively salient pairs
compared with MOD (b= 0.12 [0.04], p= 0.007). There were no
significant group differences in the effects of affective salience on

Fig. 2 Drinking history influences item and associative memory
for alcohol cues. a Patients with alcohol use disorder (AUD) had
significantly worse item memory than moderate drinkers (MOD).
b Distinct effects of alcohol cues on associative memory in
moderate drinkers and patients with AUD. Left, specific (detailed)
memory for alcohol-related associations is impaired in moderate
drinkers, but spared in patients with AUD. Right, moderate drinkers
show less detailed “gist”-level memory for alcohol-related associa-
tions, whereas patients with AUD show less detailed memory for
associations with neutral objects. *p < 0.05; **p < 0.01; ***p < 0.001.
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“gist”-level associative memory (Cue Ranking × Group: F2,104=
1.62, p= 0.2).
These results suggest that affective salience had opposite

effects on memory for items and associations in MOD, but
congruent effects across memories in AUD. We tested this directly
by analyzing performance as a function of Memory Type (hits vs.
specific associative memory) and Cue Ranking. Among MOD, we
found a significant interaction between salience and memory type
(Cue Ranking × Memory Type: F2,135= 4.26, p= 0.016, η2= 0.024),
demonstrating that affective salience had opposite effects on item
and associative memory. In contrast, patients with AUD did not
show this interaction (p > 0.25). Instead, patients with AUD
showed stronger memory for more affectively salient associations,
although this was not statistically significant (main effect Cue
Ranking: F2,125= 2.74, p= 0.068, η2= 0.022). These results demon-
strate that emotional responses to alcohol-related information
broadly amplified memory in patients with AUD, while having
uneven effects on memory in MOD.

Predicting drinking with memory
Having shown distinct biases in memory for alcohol-related
information in AUD, we next conducted exploratory analyses to
test whether alcohol-related memories predicted real-world
drinking behavior among patients with AUD (Figs. 4 and S2). We
used alcohol-related item and associative memory as predictors of
drinking (average drinks per day) in AUD participants. To account
for baseline differences in memory, we controlled for neutral
object-related memories in all analyses.

Baseline drinking behavior. We first tested whether memory
biases were associated with differences in baseline alcohol
consumption (Fig. 4a). Although item-level memory differed
between groups, there was no significant relationship between
memory for alcohol-related items and baseline drinking behavior
(d’, p > 0.25). In contrast, having stronger “gist”-level memory for
scenes associated with alcohol (but not specific memory, p > 0.25)
predicted higher daily levels of drinking at baseline (F1,22= 11.68,
p= 0.002, η2= 0.345). This relationship persisted when drinking
severity (total AUDIT scores) was included in the model (gist
memory: F1,21= 13.44, p= 0.001, η2= 0.285; total AUDIT: F1,21=
12.51, p= 0.002, η2= 0.266).

Prospective drinking behavior. We next tested whether memory
biases had prospective predictive validity by predicting drinking
over the course of 4 weeks following the memory assessments
(Fig. 4b). Notably, as prospective drinking was measured during
treatment, this metric of drinking was not correlated with baseline
drinking behavior (p > 0.25), providing an opportunity for replicat-
ing the relationship between memory and drinking with a
separate metric.
Consistent with baseline drinking, there was no significant

effect of alcohol-related memory for items (d’: p > 0.25; d’ × Week:
p > 0.25) or specific associations (Specific: p > 0.25; Specific ×
Week: p > 0.2) on subsequent daily drinking. Strikingly, we found
that “gist”-level memory for alcohol-related associations predicted
not only baseline but also subsequent daily levels of drinking
(F1,23= 7.87, p= 0.01, η2= 0.082). The same pattern of results held
when using “gist”-level memory performance on all trials (and not
only those with correct cued recall; Fig. S1).

DISCUSSION
The current study revealed novel and meaningful biases in alcohol-
related memories among patients with AUD. Although patients
had impaired memory for items and neutral associations relative
to moderate drinkers, their memory for alcohol-related associations
was relatively spared. In exploratory analyses, stronger, but less
detailed, “gist” memory for alcohol-related associations predicted
both baseline and prospective drinking during the next 4 weeks.
These findings highlight the importance of assessing different
memory processes in AUD, and the relevance of memory biases for
alcohol use outcomes.
Consistent with previous reports of deficits in neutral episodic

memory [60–63], we found that patients with AUD had impaired
memory for non-alcohol-related items. However, by also measuring
memory for alcohol and non-alcohol-related specific and gist
associations, the current study revealed novel biases toward
enhanced memory for alcohol-related associations. This finding
aligns with theories that memories for drug-related information are
prioritized in addiction [5], and may have consequences for later
alcohol-related decisions. A recent body of work has demonstrated
the role of associative memory in guiding decision-making and
choices (e.g., refs. [43, 44, 64, 65]). Together, these previous
and current findings are consistent with a cognitive mechanism by
which biases toward remembering alcohol-related associations
would tip decisions toward selecting alcohol-related options, and
support recent proposals for developing therapeutic interventions
that bolster memory for non-drug-related associations [9].
The current design provided the opportunity to differentiate

aspects of memory that distinguished recreational drinkers from
patients with AUD (perhaps due to disease-related neuroadapta-
tions) from those that predicted current disease symptoms
(increased drinking). We found that item memory differed between
groups, but did not explain drinking levels. In contrast, memory for
scenes associated with alcohol both distinguished patients with
AUD from moderate drinkers (medium-effect size) and predicted

Fig. 3 Affective responses to alcohol drive memory biases.
a Density plots of arousal and craving ratings for trials containing
photographs of the top-ranked alcoholic beverage. We computed
affective responses per alcoholic beverage (weighted sum of arousal
and craving with penalty for rating trials as neutral), and separated
trials including the highest-ranked alcoholic beverage (“top-ranked
alcohol”) from other alcohol and neutral object trials. b Item
memory separated by drinking group and alcohol ratings, showing
better item memory for more salient alcohol items. c Associative
memory (specific) separated by drinking group and alcohol ratings.
More salient alcohol items led to worse associative memory in
moderate drinkers (MOD), but better associative memory in patients
with alcohol use disorder (AUD). Gray bars (neutral objects)
reproduced from Fig. 2c. Error bars= ±1 SE. *p < 0.05, **p < 0.01.
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more severe drinking within these patients (medium-/large- effect
size). However, whereas detailed associative memory differentiated
these groups, it was “gist”-level associative memory that predicted
more severe drinking within AUD. These results were consistent
across analyses: group differences in detailed associative memory
were intensified with severe AUD, and the relationships between
“gist”-level associative memory and drinking were replicated in two
(uncorrelated) metrics of behavior. As several addiction models
include nonlinear stages between recreational use and addiction
(e.g., refs. [66, 67]), it is not surprising that different aspects of
associative memory would differentiate groups and linearly track
escalating severity within AUD. In addition, our metric of escalating
severity (more drinks per day) could mean something dramatically
different for a moderate drinker (2 drinks/week) and a patient with
AUD (38+ drinks/week). We previously showed that memories
which distinguished groups (low vs. moderate lifetime stressor
exposure) did not linearly predict incremental increases (more
stressors) within each group, perhaps because a single stressor
means something different in the context of low vs. moderate
levels of lifetime stress [68]. This novel finding would be
strengthened by replication in a preregistered sample.
These results highlight the importance of “gist”-level memory

for alcohol-related associations for understanding drinking beha-
vior. These memories could be interpreted as a broadened
propensity to form associations with alcohol. Consistent with this
idea, previous research showed that individuals who drink more
associate a wider range of ambiguous cues with alcohol-related
behaviors, and this broader activation of alcohol-related “memory
associations” (although these were not tied to specific prior
episodes) predicted increased drinking [38, 40, 69]. Similarly,
heavier drinkers falsely recognized a broader set of alcohol-related
expectancy words, particularly in an alcohol-related context [70].
The importance of this wide associative net for alcohol-related

information emphasizes the need for treatments that address
alcohol urges and use across a range of different contexts (i.e., in
settings beyond the clinic) [2], and suggests that interventions
that improve context discrimination could be beneficial. Another
possibility is that less detailed memories for alcohol-related events
would overshadow recall of specific negative drinking outcomes,
making it difficult to learn the consequences of hazardous
drinking (for further discussion of implications of overgeneralized
autobiographical memory, see ref. [45]). From a neurobiological
standpoint, gist-level emotional memory critically involves the
amygdala [71], and gist-level associative memory has been linked
to medial prefrontal cortex/hippocampal circuitry [72], regions in
which function is dysregulated with chronic alcohol use [73, 74].
Notably, these memories were associated with both higher levels
of baseline drinking and prospective drinking behavior while
attempting to cut back. This suggests the potential utility for
“gist”-level memories to understand both baseline severity of
drinking behavior and the possibility of treatment success.
The influence of affective salience on item and associative

memory in moderate drinkers is consistent with prior studies of
emotional memory, with improved memory for items, but
impaired memory for associates [26–28]. Intriguingly, patients
with AUD did not show this pattern. This effect may be related to
valence: although negative items have been linked to impaired
associative memory, positive items were recently shown to benefit
associative memory [75]. While patients with AUD had a trend
toward rating more object/scene pairs as “happy” (p= 0.08), this
was not specific to alcohol-related trials (Cue × Group: p= 0.9),
making valence unlikely to explain differences in alcohol-related
associative memory. These findings demonstrate that the affective
salience attached to drug-related cues has distinct effects on
memory in addicted populations, both compared with nonad-
dicted individuals and with typical effects of (non-drug-related)

Fig. 4 Gist-level associative memory for alcohol predicts real-world drinking behavior. a Baseline drinking behavior (1 week prior to start
of the study). b Subsequent drinking behavior (4 weeks following memory assessment during treatment). Distribution of average reported
drinking behavior at each time point shown at the left for reference. Relationships between drinking behavior and normalized item memory
(middle) and associative memory (right) are shown, separately for alcoholic beverages (red) and neutral objects (gray). In each plot,
participants are represented by two dots: one for alcohol-related and one for neutral object-related memories. Error bars= standard error of
model coefficients.
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affective salience. It also raises the possibility that an affective
process, like the salience ascribed to alcohol-related information
by patients with AUD [76, 77], can explain both biases in memory
and prospective drinking, although further work is needed to
address this question. These results underscore the importance of
measuring cognitive and affective processes in addicted popula-
tions for both drug-related and neutral information.
The limitations of the current experiment include demographic

differences between the patients with AUD and moderate drinkers.
It is important to note that this limitation is well documented in
previous neurocognitive research, including AUD samples [21, 78].
While we cannot rule out the possibility that memory differences
between groups could also be associated with these demographic
differences, the study design (in addition to inclusion of these
demographic features as covariates in all analyses) also minimized
the potential influence of between-subject and group differences.
By assessing memory for neutral objects as well as alcohol, we
created a within-person individualized baseline that both accounts
for global differences in memory performance due to participant-
level demographic features, and identifies memory biases speci-
fically related to alcohol. Furthermore, the predictions of real-world
drinking behavior were only conducted within patients with AUD
and thus not subject to this limitation. We note that the relative
advantage in memory for specific alcohol-related associations in
AUD is even more striking, given that high age and low IQ are
related to impairments in associative learning and memory [79, 80].
Replication of these preliminary novel findings in demographically
matched cohorts will facilitate stronger conclusions about the
memory-related processes that contribute to AUD and support the
design of optimized treatments that target these processes.
In conclusion, the current findings identify novel and mean-

ingful biases in alcohol-related memory among patients with AUD
relative to moderate drinkers. Critically, despite impairments in
memory for items and associations with neutral objects, patients
with AUD showed relatively enhanced memory for alcohol-related
associations compared with moderate drinkers. Memory for
alcohol-related associations also significantly and prospectively
predicted heavier real-world drinking behavior among these
patients. This work demonstrates the importance of exploring
multiple dimensions of drug-related memories to both character-
ize and ultimately develop targeted treatments for individuals
suffering from AUD.
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