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Abstract

Rationale The alcohol cue exposure paradigm is a common method for evaluating new treatments for alcohol use disorder
(AUD); however, it is unclear if medication-related reductions in cue-induced craving in the human laboratory can predict
the clinical success of those medications in reducing alcohol consumption during clinical trials.

Objectives To use a novel meta-analytic approach to test whether medication effect sizes on cue-induced alcohol craving
are associated with clinical efficacy in clinical trials.

Method We searched the literature for medications tested for AUD treatment using both the alcohol cue-reactivity paradigm
and randomized clinical trials (RCTs). For alcohol cue-reactivity studies, we computed medication effect sizes for cue-
induced alcohol craving (k=36 studies, 15 medications). For RCTs, we calculated medication effect sizes for heavy drinking
and abstinence (k=139 studies, 19 medications). Using medication as the unit of analysis, we applied the Williamson-York
bivariate weighted least squares estimation to account for errors in both independent and dependent variables. We also con-
ducted leave-one-out cross validation simulations to examine the predictive utility of cue-craving medication effect sizes on
RCT heavy drinking and abstinence endpoints.

Results There was no significant relationship between medlcatlon effects on cue-induced alcohol craving in the human
laboratory and medication effects on heavy drinking (ﬂ = 0.253, SE=0.189, p=0.090) and abstinence (ﬂ = 0.829,

SE=0.747, p=0.133) in RCTs.

Conclusions The preliminary results of the current study challenge the assumption that alcohol cue-reactivity alone can be
used as an early efficacy indicator for AUD pharmacotherapy development. These findings suggest that a wider range of
early efficacy indicators and experimental paradigms be considered for Phase II testing of novel compounds.

Keywords Alcohol cue-reactivity - Alcohol use disorder - Cue-induced craving - Human laboratory - Medication
development - Randomized clinical trials

Introduction

Developing medications for alcohol use disorder (AUD) is
an expensive and lengthy endeavor. In the last twenty years,
despite substantial investment, there have been no new AUD
medications approved by the Food and Drug Administra-

>4 Steven J. Nieto tion (FDA) (Heilig et al. 2016). The standard development
snieto @psych.ucla.edu . . . .

process for new AUD medications involves animal testing,

! Department of Psychology, University of California at Los human safety testing, efficacy testing in randomized clinical

Angeles, 1285 Franz Hall, Box 951563, Los Angeles, trials (RCTs), and possibly FDA approval (Litten et al. 2012,

CA 90095-1563, USA 2014). Scientists must make critical "go/no-go" decisions

2 Center for Alcohol and Addiction Studies, Brown University at each stage regarding the potential pharmacotherapies_

School of Public Health, Providence, Rhode Island, USA EXperimental psychopharmacology paradigms could aid in

?  Department of Psychiatry and Biobehavioral Sciences, identifying the early clinical efficacy of compounds in devel-

University of California at Los Angeles, Los Angeles, CA,

USA opment (Litten et al. 2020). These paradigms allow for the

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00213-024-06589-7&domain=pdf
http://orcid.org/0000-0003-1158-5211

1680

Psychopharmacology (2024) 241:1679-1689

initial detection of medication advantages over placebo in
clinical samples through human laboratory trials, which are
shorter and less expensive than RCTs. While many factors
contribute to "go/no-go" decisions, the choice of human test-
ing paradigms and the assessment of outcomes are crucial
and affect the success rate of a compound's development
(Plebani et al. 2012; Ray et al. 2010; Yardley and Ray 2017).
The selection of models for human laboratory studies and
the interpretation of their results, however, is often highly
subjective (Egli 2018), potentially leading to biased "go/
no-go" decisions and obstructing a stream of clinically effec-
tive medications. Aiming to lessen subjectivity and foster a
data-driven approach in AUD medication development, this
study evaluated whether medication effect sizes obtained
using a common human laboratory paradigm (the alcohol
cue exposure paradigm) are associated with effect sizes in
RCTs for AUD.

Human laboratory models employ a variety of meth-
ods to examine core aspects of addiction in a controlled
experimental setting. These models often expedite medica-
tion development in psychiatry by acting as a translational
"bridge" from behavioral pharmacology to randomized clini-
cal trials. The alcohol cue-reactivity paradigm, one of the
most prevalent models, is frequently used (Meredith et al.
2023) in medication development for AUD. This protocol
exposes participants to alcohol-related cues hypothesized
to activate motivational mechanisms that drive alcohol use
(Monti et al. 1987). Assessments of cue reactivity typically
involve subjective measures like self-reported craving and
physiological responses such as heart rate, used separately or
in conjunction. During a standard in-vivo cue-reactivity test,
participants provide baseline subjective and physiological
data before the experimental tasks begin. They then inter-
act with a "neutral" cue like water or juice, followed by an
alcohol cue—usually their preferred alcoholic drink—and
subsequently report their alcohol craving levels. The cue-
reactivity paradigm not only shows high reproducibility
(Carter and Tiffany 1999) but is also sensitive to medication
effects. For example, alcohol cue-induced craving is blunted
by FDA-approved medications for AUD, such as naltrex-
one (Miranda et al. 2014; Monti et al. 1999; O'Malley et al.
2002) and acamprosate (Hammarberg et al. 2009), as well
as several other pharmacotherapies including, varenicline
(Roberts et al. 2017), olanzapine (Hutchison et al. 2001),
prazosin (Fox et al. 2012), and quetiapine (Ray et al. 2011).

Medication effects on human laboratory endpoints are
hypothesized to predict drinking outcomes in RCTs; how-
ever, this hypothesis has not been routinely tested for alco-
hol cue-reactivity. A proof-of-concept study concerning a
different laboratory model found that medication effects on
subjective alcohol responses correlated with clinical trial
outcomes. Specifically, our laboratory employed a novel
meta-analytical approach to determine if medication effects
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on subjective alcohol response during alcohol administration
in the human laboratory could predict RCT outcomes (Ray
et al. 2021). We calculated medication effect sizes on stimu-
lation, sedation, and craving during alcohol administration in
the lab (51 studies involving 24 medications) and on absti-
nence and heavy drinking in RCTs (118 studies involving 17
medications). There was a significant relationship between
alcohol-induced changes in stimulation, sedation, and crav-
ing and RCT outcomes. Medications that diminished stimu-
lation and craving, and heightened sedation, were linked to
improved clinical outcomes related to abstinence and heavy
drinking in clinical trials. These findings are specific to alco-
hol administration phenotypes and should be extended to
other methods frequently used in AUD medication develop-
ment like the alcohol cue-reactivity paradigm. This line of
work is especially timely as our laboratory recently showed
that medication effect sizes on subjective response to alcohol
are not highly correlated with medication effects on cue-
induced alcohol craving (Ray et al. 2023).

The objective of the current study is to test whether medi-
cation effects in alcohol cue-reactivity studies are associated
with medication effect sizes in RCTs for AUD. We con-
ducted an extensive literature search for medications tested
using the alcohol cue-reactivity paradigm and in RCTs. The
descriptive statistics from each study were used to calculate
medication effect sizes and the Williamson-York regression
was used to test the relationship between medication effect
sizes in alcohol cue-reactivity studies and medication effect
sizes in RCTs. We hypothesized that medications that blunt
alcohol cue-reactivity in the human laboratory, compared
to placebo, will be associated with more favorable absti-
nence and heavy drinking endpoints in RCTs. We also used
leave-one-out cross validation simulations to examine the
predictive utility of cue-induced craving medication effect
sizes on RCT endpoints at the level of each medication. Such
information will provide the field with quantitative data to
guide the use of the alcohol cue-reactivity paradigm as an
early efficacy screening tool for AUD medications.

Methods
Literature review — alcohol cue-reactivity studies

The inclusion criteria for alcohol cue exposure studies were:
(1) the use of a pharmacological agent (approved or in devel-
opment for AUD) and a placebo or active control, (2) alco-
hol cue exposure in a controlled laboratory setting, includ-
ing during brain imaging scans, (3) gathering self-reported
craving in response to cues, and (4) articles published in
peer-reviewed journals in English or translated to English.
PubMed searches were performed on January 3, 2022, and
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the screening, coding, and analysis of studies continued until
February 1, 2023.

The literature search strategy was informed by our labora-
tory’s previous meta-analysis. The previous meta-analysis
tested the relationship between AUD medication effects on
subjective response to alcohol and the outcomes of clini-
cal randomized controlled trials (Ray et al. 2021). Pub-
Med searches were conducted with assistance from UCLA
librarians who have extensive expertise in systematic lit-
erature reviews. These searches utilized specific search and
Medical Subject Headings (MeSH) terms related to alcohol
response and craving, and were applied to each of the 40
medications previously identified. The terms used included

"non non

"alcohol cue-exposure”, "alcohol cue-reactivity", "ethanol
craving", "alcohol craving", and MeSH terms like "Cues"
and "Craving".

PubMed literature searches resulted in 358 unique studies.
After screening the abstracts, 299 studies were excluded. A
total of 59 studies underwent full-text review for eligibility,
of which 23 were further excluded. Cue-reactivity articles
were excluded at full-text review for the following reasons:
ineligible trial design (n=13), ineligible outcomes (n="7).
duplicate trial publication (n=2), and ineligible compara-
tor (n=1). The final sample consisted of 36 cue-reactivity
studies across 15 medications included in the current study.
The main outcome measured in these studies was the crav-
ing experienced in response to alcohol cue exposure. The
process and results of this literature search are documented
in Preferred Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA) flow charts provided in (Meredith
et al. 2023).

The 36 cue-reactivity studies included a range of sample
sizes, spanning from 11 participants (utilizing a crossover
design) to 131 participants (employing a parallel design with
two medication conditions). The median sample size among
these studies was 39 participants, with 20 in the placebo
condition and 22 in the medication condition. All studies
provided data on participant enrollment based on biological
sex with a mean of 71% male participants and 29% female
participants. Approximately 75% of the studies (27 out of
36) had inclusion criteria that required individuals to meet
DSM criteria for alcohol dependence or Alcohol Use Dis-
order (AUD). The remaining 25% of studies required par-
ticipants to meet criteria for heavy drinking, although the
specific definition of heavy drinking varied across trials.
Please see (Meredith et al. 2023) for detailed study-level
characteristics and cue-reactivity trial design features.

Literature review - randomized clinical trials
Criteria for including randomized controlled trials (RCTs)

were established as follows: (1) the study must be a ran-
domized trial, (2) it must be either double-blinded or

single-blinded, (3) it includes either a placebo or an active
comparator, (4) the primary endpoint is on alcohol use, (5)
it involves a minimum of four weeks of treatment with the
medication, and (6) there is a follow-up period of at least
12 weeks post-randomization. We did not exclusively focus
on 12-week clinical trials since some studies find medication
effects at 4 weeks. A comprehensive search of the litera-
ture was previously carried out by our team up to July 2018
(Ray et al. 2021). The present research extends this search
to include RCT literature published from January 2018 to
April 2023. We refined the PubMed searches for the 17 AUD
medications, using specific search and MeSH terms such
as “randomized controlled trial”, “controlled clinical trial”,
along with MeSH terms for alcohol-related interventions
and therapies. A sample search pattern for the medication
acamprosate has been provided for reference purposes:
(((((randomized controlled trial[pt]) OR (controlled clinical
trial[pt]) OR (randomized[tiab] OR randomised[tiab]) OR
(placebo[tiab]) OR (drug therapy[sh]) OR (randomly([tiab])
OR (trial[tiab]) OR (groups[tiab]))) OR "Alcohol Deter-
rents/therapeutic use"[Mesh]) OR "Alcohol Drinking/drug
therapy"[Mesh]) OR "Alcoholism/drug therapy"[Mesh]
AND "alcohol" AND Acamprosate [tiab].

We obtained 207 unique studies from updated PubMed
searches and excluded 165 of them during the abstract
screening process. We then evaluated 42 studies for eligibil-
ity through full-text review, excluding 21 at this phase. RCT
studies were excluded at full-text review for the following
reasons: ineligible study design (n=06), ineligible compara-
tor (n=3), and duplicate study (n=12). We included 139
randomized controlled trial (RCT) studies pertaining to 19
medications in this study. The RCTs focused on several pri-
mary outcomes: Return to Any Drinking, Return to Heavy
Drinking, Percent Days Abstinent, Percent Heavy Drinking
Days, Drinks per Week, Drinks per Day, and Drinks per
Drinking Day. A PRISMA flow chart detailing this literature
search was reported in (Ray et al. 2021).

Across the 139 RCTs, the median sample size was 121
participants. The range of sample sizes spanned from a
minimum of 10 participants to a maximum of 1383 partici-
pants in the multi-site COMBINE Study. The average age
of participants was 44.7 years, with only 2 studies omitting
age-related data. The median percentage of male partici-
pants in the entire dataset was 74%. When considering the
distribution, 3 studies randomized between 0 to 40% male
participants, 56 studies randomized between 40 to 60% male
participants, and 80 studies randomized between 60 to 100%
male participants.

At least two independent raters coded the endpoints and
study-level descriptive information for all studies, including cue-
reactivity and RCTs. In instances of coding discrepancies, raters
convened to achieve consensus. We employed Digitizelt soft-
ware (Bormann 2012) as needed to extract descriptive statistics
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like means and standard errors from published figures (Rakap
et al. 2016). Twenty cue-reactivity studies and two RCT studies
required the use of Digitizeit software to extract the study means
and standard errors. Additionally, we reached out to correspond-
ing authors via email to request necessary data for effect size
estimates when such data were not available in the publication.
Data requests were sent to corresponding authors for 11 cue-
reactivity studies and three RCT studies.

Data analytic plan
Effect size estimation for cue-reactivity and RCT studies

We determined the unbiased Cohen’s d as the effect size for
each cue-reactivity study, focusing solely on alcohol cue-
induced craving. We defined Cohen’s d as the difference
between the active medication group's mean and the control
group's mean, divided by the pooled standard deviation

( Ymedication Y control where n and n

medication control

o 2 2
(medication =)y gication ™ Meontrol =S, 0or

Mmedication™control =2

are the sample sizes of the treatment and control groups,
Vmedication 39 Yeomror are the sample means of the treatment
and control groups, and s> . . ands>  are the sample
variances of the treatment and control groups). The resultant
effect size is usually called Hedges' g (Hedges 1981). How-
ever, Hedge’s g is widely known as a biased estimate of the
population standardized group difference especially when
the per-study sample size is small (Hedges 1981; Hedges and
Olkin 2014). Hence, Hedges (1981) proposed an unbiased
estimate, Cohen’s d, which was corrected by mulgiplying a

correction factor to Hedee’'s ¢, d=1 - —mM—
g & 4("medim/ion Hontrol )_9

Negative values of Cohen’s d suggested that the medication
group experienced lower craving than the placebo group. For
the RCTs, Cohen’s d was calculated for the Return to Any
Drinking, Return to Heavy Drinking, Percent Heavy Drink-
ing Days, Drinks per Week, Drinks per Day, and Drinks per
Drinking Day endpoints and defined as the mean of the
active medication group minus the mean of the control group
divided by the pooled standard deviation. Cohen’s d was
calculated for the Percent Days Abstinent endpoint and
defined as the mean of the control group minus the mean of
the active medication group divided by the pooled standard
deviation. We calculated effect sizes associated with the
active treatment period rather than follow-up periods for bet-
ter consilience across studies since all studies reported data
for treatment period but only a subset reported follow-up
data. We then amalgamated effect sizes for certain heavy
drinking outcomes (i.e., Return to Heavy Drinking, Percent
Heavy Drinking Days, Drinks per Week, Drinks per Day,
and Drinks per Drinking Day) into a single Heavy Drinking
endpoint and did the same for Return to Any Drinking and
Percent Days Abstinent to create an Abstinence endpoint.

@ Springer

Medication effect sizes on the 7 individual outcomes are
provided in supplemental materials. For both heavy drinking
and abstinence endpoints used in statistical analyses, nega-
tive effect sizes indicated greater effectiveness of the treat-
ment group over the control group.

We applied a random-effects meta-analysis using the metafor
R package (Viechtbauer 2010) to calculate average effect sizes
across trials for each medication, resulting in one average effect
size per endpoint. The between-study heterogeneity is estimated
using the widely used DerSimonian-Laird (DL) estimator (Der-
Simonian and Laird 1986). In cases where the number of studies
is one, the between-study heterogeneity is fixed at 0. There were
15 medications assessed for craving in cue-reactivity studies and
19 for the Heavy Drinking and Abstinence endpoints in the RCT
studies. Of these, 9 medication were tested in both cue-reactivity
and RCT studies.

Cue-induced craving on RCT endpoints

We examined the correlation between medication effect sizes
in cue-reactivity studies and RCTs using the Williamson-York
bivariate weighted least squares estimation, which considers
errors in both independent and dependent variables (William-
son 1968; York 1966; 1968; York et al. 2004). We employed two
statistical models to compare effect sizes: one model regressed
medication effect sizes on cue-induced craving and heavy drink-
ing, and the other on cue-induced craving and abstinence.

We tested a one-tailed hypothesis where the alternative
hypothesis was that the cue-induced craving slope would be
greater than zero (H, : f > 0:vs. H, : f = 0). We employed
the Wald test by comparing the observed Z-score to the one-
sided critical value of 1.64. To account for multiple hypothesis
testing, we adjusted the significance level, dividing the alpha
level of 0.05 by the number of regression models, which set
the corrected alpha level at 0.025 for each test. We carried out
sensitivity analyses to adjust for publication bias, employing the
p-uniform method (van Aert et al. 2016) to derive corrected
estimates of overall effect sizes and then performed regression
analysis. For this analysis, we utilized the puniform R package
(Van Aert 2017). The results with publication bias correction
should be interpreted with caution as the correction is better
suited for fixed-effects meta-analysis and it only uses the infor-
mation of significant effect sizes.

Predictive accuracy of cue-induced craving on RCT
endpoints

We used leave-one-out validation to illustrate the predictive
accuracy of cue-craving effect sizes on the Abstinence and
Heavy Drinking RCT endpoints at the level of each study medi-
cation. More specifically, the Williamson-York regression mod-
els were trained on a dataset with a single medication removed
(the target medication). The regression models were then used
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Fig. 1 Medications, each 0.2- ;

=- Memantine
represented and labeled as a =
dot on the regression line, show
a linear relationship between
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drinking and their effect sizes
on cue-induced craving. Smaller
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estimate. Negative medication
effect sizes indicate a more
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Table 1 Estimated effect sizes and standard errors for each medication for the RCT heavy drinking and cue-craving outcome

Medication Number of Heavy Drinking Cohen’s d for Heavy  Standard Error for Number of Cue-craving ~ Cohen’s d for Cue-  Standard Error for
Effect Sizes Drinking Heavy Drinking Effect Sizes craving Cue-craving

Acamprosate 112 —0.007 0.020 4 0.048 0.140
Aripiprazole 4 —0.099 0.098

Baclofen 28 0.109 0.100 10 —-0.167 0.134
Carbamazepine 4 0.105 0.235

Gabapentin 24 —0.495 0.113

Levetiracetam 12 0.021 0.059

Memantine 4 0.188 0.193 2 —-0.454 0.164
Nalmefene 28 —0.135 0.030 —-0.246 0.193
Naltrexone 176 —0.095 0.020 12 —-0.238 0.077
Olanzapine 8 0.050 0.082 3 —-0.363 0.187
Ondansetron 12 —0.144 0.066 1 —-0.025 0.292
Quetiapine 20 —-0.029 0.045 1 0.176 0.541
Rimonabant 4 —0.066 0.065

Ritanserin 12 —0.088 0.089

Sertraline 4 0.000 0.111

Topiramate 40 —0.263 0.056

Valproate 12 —0.334 0.114

Varenicline 16 —0.146 0.052 4 0.141 0.148
Zonisamide 8 -0.221 0.147

Negative medication effect sizes indicate a more favorable medication effect
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Fig.2 Medications, each represented and labeled as a dot on the
regression line, show a linear relationship between their effect sizes
on RCT abstinence and their effect sizes on cue-induced craving.
Smaller dots indicate greater error variance, and larger dots indicate
less error variance around each estimate. Negative medication effect
sizes indicate a more favorable medication effect

to predict the RCT effect size of the target medication based
on its cue-craving effect size. For each target medication, we
generated a predictive distribution for the RCT effect size with
1074 predicted values based on the Williamson-York regression
coefficients, the corresponding cue-craving effect size, and cue-
craving effect size’s standard error.

Results
Cue-induced alcohol craving and heavy drinking

We applied the Williamson-York regression to assess the rela-
tionship between effect sizes for heavy drinking in RCTs and
those for cue-induced alcohol craving in cue-reactivity studies.
The aim was to determine if there was a correlation between
the effect sizes for heavy drinking and those for cue-induced
craving across the two types of studies. In Fig. 1, each medica-
tion is represented by a dot, where larger dots denote smaller
sampling errors and thus carry more weight. The x-axis repre-
sents the effect sizes for heavy drinking from RCTs, while the
y-axis reflects the effect sizes for cue-induced alcohol craving.
Nine AUD medications are depicted in Fig. 1. Previous reports
of effect size estimations for cue-induced craving can be found
in (Meredith et al. 2023) and (Ray et al. 2023). We present the
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effect size estimations for heavy drinking from RCTs, derived
from the updated literature search, in Table 1.

The estimated slope is ﬁA =0.253 (SE=0.189, p=0.090).
Since this does not meet the threshold of the corrected o
level, the slope is not statistically significant. While the posi-
tive slope is in the expected direction, we cannot assert a
positive linear relationship between the effect sizes for heavy
drinking in RCT studies and those in cue-reactivity studies.
The conclusion remained largely unchanged after publica-
tion bias correction (ﬁ: 0.823, SE=0.638, p=0.098).

We also performed Monte Carlo power analysis. Based on the
estimated slope and the effect size of cue-induced alcohol crav-
ing, we simulated 9 medication effect sizes for heavy drinking.
Based on these simulated effect sizes, observed cue-induced alco-
hol craving effect sizes and their respective standard errors, we
conducted Williamson-York regression analysis. This procedure
was replicated 10,000 times, with statistical power computed by
counting the number of observed Z scores larger than the one-
sided critical value of 1.64. The Monte Carlo power for heavy
drinking was estimated to be 0.9776.

Cue-induced alcohol craving and abstinence

We tested the linear relationship between the medication
effect sizes of abstinence within RCT studies and those

Table 2 Estimated effect sizes and standard errors for each medica-
tion for the RCT abstinence outcome

Medication Number of Cohen’s d Standard Error
Effect Sizes
Acamprosate 56 -0.275 0.053
Aripiprazole 2 0.261 0.155
Baclofen 14 —0.156 0.147
Carbamazepine 2 -0.211 0.289
Gabapentin 12 —0.180 0.090
Levetiracetam 6 0.016 0.080
Memantine 0.382 0.388
Nalmefene 14 —0.001 0.036
Naltrexone 88 —0.196 0.049
Olanzapine 4 —0.066 0.189
Ondansetron 6 —0.094 0.093
Quetiapine 10 —0.143 0.104
Rimonabant 2 -0.114 0.095
Ritanserin 6 —0.009 0.134
Sertraline 2 —0.049 0.175
Topiramate 20 —0.183 0.065
Valproate —0.004 0.139
Varenicline 8 —0.096 0.079
Zonisamide —-0.220 0.214

Negative medication effect sizes indicate a more favorable medication
effect
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Fig. 3 Predicted distributions of effect sizes for heavy drinking were
created for each medication by applying a leave-one-out simulation
approach across cue-induced craving effect sizes. In cases where

of cue-induced alcohol craving within cue-reactivity
studies. Data was available for 9 medications. The linear
slope is not significant (B\ =0.829,SE=0.747, p=0.133;
see Fig. 2). Hence, we fail to conclude that medications
that decreased craving in cue-reactivity studies increased
abstinence in the RCT studies. The conclusion remained
the same with publication bias correction (ﬁ = -3.385,
SE=6.671, p=0.694). Effect size estimations from the
updated RCT literature search for abstinence are pre-
sented in Table 2.

more than cue-induced craving was present for a medication, these
predicted distributions were combined. Negative medication effect
sizes indicate a more favorable medication effect

For abstinence, we performed Monte Carlo power anal-
ysis similar to heavy drinking. The Monte Carlo power
for abstinence was estimated to be 0.9997.

Predictive accuracy of cue-reactivity effect sizes
on heavy drinking and abstinence

We tested the predictive accuracy of medication effects

on cue-induced craving on medication effect sizes on RCT
abstinence and heavy drinking effect sizes. The predictive
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Table 3 Predicted clinical effect size for heavy drinking based on
each medications’ cue-craving effect size using a leave-one-out cross
validation simulation method on the Williamson-York regression
models

Medication = Number Observed Predicted Standard Error
of Effect Effect Effect of the Predicted
Sizes Size Size Effect Size
Acamprosate 112 —0.007 —0.080 0.009
Baclofen 28 0.109 —0.085 0.031
Memantine 4 0.188 0.733 —-0.419
Nalmefene 28 —0.135 —0.089 0.038
Naltrexone 176 —0.095 —0.100 0.020
Olanzapine 8 0.050 —0.138 0.049
Ondansetron 12 —0.144 —0.042 0.069
Quetiapine 20 —0.029 0.012 0.142
Varenicline 16 —0.146 —0.789 —0.328

Negative medication effect sizes indicate a more favorable medication
effect

distribution of medication effects on cue-induced craving
generally covered the estimated sampling distribution for
RCT heavy drinking effect sizes, except for Baclofen and
Acamprosate (see Fig. 3 and Table 3). The predictive dis-
tribution of medication effects on cue-induced craving gen-
erally also covered the estimated sampling distribution for
RCT abstinence effect sizes, except for Acamprosate and
Naltrexone (see Fig. 4 and Table 4).

Discussion

Medication development for AUD is critical to improving
healthcare for individuals affected by this highly prevalent
disorder. Identifying human laboratory paradigms that can
be leveraged to screen medications efficiently while able to
detect an early efficacy signal have the potential to stream-
line the medication development process. The alcohol cue-
reactivity paradigm is one of the most widely used behav-
ioral pharmacology paradigms. While the cue-reactivity
paradigm is sensitive to medication effects, there is only
qualitative support for cue-reactivity findings predicting
clinical outcomes. The purpose of this study was to reduce
subjectivity in using this paradigm as an early efficacy signal
by assessing the quantitative evidence for the predictive util-
ity of the cue-reactivity paradigm on clinical trial outcomes.
To do this, we leveraged our laboratory’s extensive system-
atic literature reviews and meta-analyses of medications
tested in cue-reactivity studies (Meredith et al. 2023; Ray
et al. 2023) and randomized clinical trials (Ray et al. 2021)
to investigate the relationship between medication effects on
cue-reactivity and medication effects on RCTs endpoints,
namely heavy drinking and abstinence. Results showed that
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there was no significant association between cue-induced
craving and RCT heavy drinking, such that medications that
reduced cue-induced craving during the cue-exposure para-
digm were not more likely decrease heavy drinking in RCTs.
The direction of the slope, showing a positive association,
was in support of our hypothesis. There was also no sig-
nificant association between cue-induced craving and RCT
abstinence, such that medications that reduced cue-induced
craving during the cue-exposure paradigm were not more
likely to increase abstinence in RCTs.

These results are unexpected given the widespread use
of cue-reactivity paradigms in medication development
for AUD and highlight the need for other paradigms/out-
comes in human laboratory testing. Some studies suggest
that reduction in craving is a pivotal mechanism of action
in effective treatment (Kosten 1992; Weiss et al. 2003) for
addiction. While the current study suggests low predictive
utility of cue-induced alcohol craving alone in predicting
clinical outcomes in RCTs, removal or avoidance of alcohol-
related cues remains an important treatment target especially
for people in early recovery. Thus, developing behavioral
and pharmacological interventions that directly target crav-
ing mechanisms are still warranted (Lopez et al. 2022). It
is important to note that the cue-reactivity studies included
in the current study had small sample sizes and did not rou-
tinely test for baseline reactivity and alcohol craving which
have been shown to influence medication effects (Meredith
et al. 2023). Additionally, the current study included medica-
tions with varying mechanisms of action and perhaps certain
medications may be reducing drinking through means other
than reducing cue-induced craving.

We also conducted leave-one-out cross validation analy-
ses to assess the predictive utility of the cue-craving effect
sizes on RCT heavy drinking and abstinence endpoints at the
level of each study medication. It is important to note that
the uncertainty in effect sizes is relatively large, primarily
due to the precision of cue-craving effect size measurements
and the moderate correlations between cue-craving and RCT
effect sizes. Although there was generally a strong agreement
between predicted and observed effect sizes, there were a few
noteworthy exceptions. Specifically, nalmefene and ondanse-
tron were found to have a more substantial positive clinical
impact on RCT heavy drinking rates than anticipated, while
baclofen, varenicline, and acamprosate exhibited a notably
more negative clinical effect than predicted. Interestingly,
for the RCT abstinence endpoint, naltrexone and acampro-
sate had a more positive clinical impact than expected while
varenicline and nalmefene had a more negative clinical
impact than expected. It may be the case that for antagonist
medications like nalmefene, reducing heavy drinking may
be the primary desired outcome (Bahji et al. 2022), while
for agonist medications like acamprosate, complete absti-
nence may be a more favorable goal. In addition to refining
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behavioral pharmacology testing by selecting laboratory end-
points aligned with the mechanism of action of a given medi-
cation (i.e., agonist or antagonist), similar refinement should
be considered when choosing clinical outcomes. In summary,
the simulation analyses provide medication-specific findings
and directly assess the predictive utility of cue-craving effect
sizes on relevant RCT endpoints. Notably, participants in
clinical trials vary in their treatment goals and as such are not
uniformly motivated to pursue abstinence from alcohol during
the trial (Bujarski et al. 2013).
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This study includes a comprehensive examination of
AUD medications tested using the cue-reactivity para-
digm in the human laboratory and in RCTs. Strengths of
this study include the novel methods that allow for integra-
tion of findings across levels of analyses by allowing for
independent error terms in both dependent and independ-
ent variables, as well as large number of RCT effect sizes.
Limitations of this study include the fact that a few studies
could not be included in the analyses due to limited medi-
cation effect sizes available (i.e., physiological endpoints
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sizes indicate a more favorable medication effect
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Table 4 Predicted clinical effect size for abstinence based on each
medications’ cue-craving effect size using a leave-one-out cross vali-
dation simulation method on the Williamson-York regression models

Medication =~ Number Observed Predicted Standard Error
of Effect Effect Effect of the Predicted
Sizes Size Size Effect Size
Acamprosate 56 -0.275 -0.012 0.076
Baclofen 14 —0.156 —0.185 0.111
Memantine 2 0.382 0.040 —0.099
Nalmefene 14 —0.001 —0.129 —0.063
Naltrexone 88 —0.196 0.012 —0.059
Olanzapine 4 —0.066 —0.103 0.097
Ondansetron 6 —0.094 —0.061 0.246
Quetiapine 10 —0.143 0.112 0.459
Varenicline 8 —0.096 —0.544 —0.178

Negative medication effect sizes indicate a more favorable medication
effect

from cue-reactivity studies) and/or for lack of proper data
reporting (Meredith et al. 2023). The literature searches for
this project were limited to published studies. Nevertheless,
the directionality of the findings suggest that a wide host
of studies would be needed to support the initial hypoth-
esis that medications that reduce alcohol cue-reactivity in
the laboratory are more likely to reduce heavy drinking and
to promote abstinence in clinical trials. Another important
limitation is that the analyses cannot differentiate between
medications designed to counteract the rewarding effects
of alcohol, such as naltrexone and nalmefene, and medica-
tions that aim to promote abstinence by restoring balance in
brain systems disrupted during abstinence, such as acampro-
sate. The present study, while harnessing effect sizes across
40 years of research, lacks the necessary statistical power to
make such distinctions. Nevertheless, it may be the case that
the behavioral pharmacology experiments involving alcohol
cue-induced craving in a laboratory setting might be more
suitable for evaluating antagonist medications We speculate
that perhaps antagonist medications were developed first and
as such, the successful models for developing them have
been adopted as a constant in the field. As novel compounds
are developed, the screening models for human laboratory
studies should also encompass a wider range of possible
mechanisms beyond cue-induced alcohol craving.

On balance, this study does not support the widely held
assumption that alcohol cue-reactivity in the human labora-
tory represents an early efficacy marker for AUD medica-
tions, such that there was no significant association between
medication effect sizes on cue-reactivity in the laboratory
and drinking outcomes in RCTs. These findings suggest
that a wider host of early efficacy indicators be considered
for early Phase II testing of novel compounds. This is criti-
cal to prevent false-negatives (i.e., a no-go decision on a
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compound that may actually be effective in clinical settings)
based solely on alcohol cue-reactivity as an early efficacy
indicator. To that end, the inclusion of drinking outcomes
in addition to alcohol cue-reactivity (e.g., (Miranda et al.
2020)) represents a possible solution to further validate the
degree to which medication effects on alcohol cue-reactivity
“tracks” with changes in alcohol use itself. In closing, this
study challenges the assumption that alcohol cue-reactivity
alone can be used as an early efficacy indicator for AUD
pharmacotherapy development.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00213-024-06589-7.

Funding The study and authors were supported by funds from the
National Institute on Alcohol Abuse and Alcoholism (K24AA025704
and R21AA029771 to LAR; F32AA029288 to SIN; F31AA029295 to
LRM). The authors have no conflicts to report.

Declarations

Conflict of interest On behalf of all authors, the corresponding author
states that there is no conflict of interest.

Competing interests The authors declare no competing financial inter-
ests in relation to the work described in this study.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Bahji A, Bach P, Danilewitz M, Crockford D, Devoe DJ, El-Guebaly N,
Saitz R (2022) Pharmacotherapies for adults with alcohol use dis-
orders: a systematic review and network meta-analysis. J Addict
Med 16:630-638

Bormann I (2012) Digitizelt software, version 2.0. Braunschweig,
Germany

Bujarski S, O’Malley SS, Lunny K, Ray LA (2013) The effects of
drinking goal on treatment outcome for alcoholism. J Consult
Clin Psychol 81:13-22

Carter BL, Tiffany ST (1999) Meta-analysis of cue-reactivity in addic-
tion research. Addiction 94:327-340

DerSimonian R, Laird N (1986) Meta-analysis in clinical trials. Control
Clin Trials 7:177-188

Egli M (2018) Advancing pharmacotherapy development from pre-
clinical animal studies. Handb Exp Pharmacol 248:537-578

Fox HC, Anderson GM, Tuit K, Hansen J, Kimmerling A, Siedlarz
KM, Morgan PT, Sinha R (2012) Prazosin effects on stress- and


https://doi.org/10.1007/s00213-024-06589-7
http://creativecommons.org/licenses/by/4.0/

Psychopharmacology (2024) 241:1679-1689

1689

cue-induced craving and stress response in alcohol-depend-
ent individuals: preliminary findings. Alcohol Clin Exp Res
36:351-360

Hammarberg A, Jayaram-Lindstrom N, Beck O, Franck J, Reid MS
(2009) The effects of acamprosate on alcohol-cue reactivity and
alcohol priming in dependent patients: a randomized controlled
trial. Psychopharmacology 205:53-62

Hedges LV (1981) Distribution theory for Glass’s estimator of effect
size and related estimators. J Educ Stat 6:107-128

Hedges LV, Olkin I (2014) Statistical methods for meta-analysis. Aca-
demic Press, San Diego

Heilig M, Sommer WH, Spanagel R (2016) The need for treatment
responsive translational biomarkers in alcoholism research. Curr
Top Behav Neurosci 28:151-171

Hutchison KE, Swift R, Rohsenow DJ, Monti PM, Davidson D,
Almeida A (2001) Olanzapine reduces urge to drink after drink-
ing cues and a priming dose of alcohol. Psychopharmacology
155:27-34

Kosten TR (1992) Can cocaine craving be a medication development
outcome? Am J Addict 1:230-239

Litten RZ, Egli M, Heilig M, Cui C, Fertig JB, Ryan ML, Falk DE,
Moss H, Huebner R, Noronha A (2012) Medications development
to treat alcohol dependence: a vision for the next decade. Addict
Biol 17:513-527

Litten RZ, Falk D, Ryan M, Fertig J (2014) Research opportunities for
medications to treat alcohol dependence: addressing stakeholders’
needs. Alcohol Clin Exp Res 38:27-32

Litten RZ, Falk DE, Ryan ML, Fertig J, Leggio L (2020) Five priority
areas for improving medications development for alcohol use dis-
order and promoting their routine use in clinical practice. Alcohol
Clin Exp Res 44:23-35

Lopez RB, Ochsner KN, Kober H (2022) Brief training in regula-
tion of craving reduces cigarette smoking. J Subst Abuse Treat
138:108749

Meredith LR, Burnette EM, Nieto SJ, Du H, Donato S, Grodin EN,
Green R, Magill M, Baskerville W-A, Ray LA (2023) Testing
pharmacotherapies for alcohol use disorder with cue exposure
paradigms: A systematic review and quantitative synthesis of
human laboratory trial methodology. Alcohol Clin Exp Res
47(9):1629-1645

Miranda R, Ray L, Blanchard A, Reynolds EK, Monti PM, Chun T,
Justus A, Swift RM, Tidey J, Gwaltney CJ, Ramirez J (2014)
Effects of naltrexone on adolescent alcohol cue reactivity and
sensitivity: an initial randomized trial. Addict Biol 19:941-954

Miranda R Jr, O’Malley SS, TreloarPadovano H, Wu R, Falk DE, Ryan
ML, Fertig JB, Chun TH, Muvvala SB, Litten RZ (2020) Effects
of alcohol cue reactivity on subsequent treatment outcomes
among treatment-seeking individuals with alcohol use disorder:
a multisite randomized, double-blind, placebo-controlled clinical
trial of varenicline. Alcohol Clin Exp Res 44:1431-1443

Monti PM, Binkoff JA, Abrams DB, Zwick WR, Nirenberg TD, Liep-
man MR (1987) Reactivity of alcoholics and nonalcoholics to
drinking cues. J] Abnorm Psychol 96:122-126

Monti PM, Rohsenow DJ, Hutchison KE, Swift RM, Mueller TI, Colby
SM, Brown RA, Gulliver SB, Gordon A, Abrams DB (1999) Nal-
trexone’s effect on cue-elicited craving among alcoholics in treat-
ment. Alcohol Clin Exp Res 23:1386-1394

O’Malley SS, Krishnan-Sarin S, Farren C, Sinha R, Kreek MJ (2002)
Naltrexone decreases craving and alcohol self-administration in

alcohol-dependent subjects and activates the hypothalamo-pitui-
tary-adrenocortical axis. Psychopharmacology 160:19-29

Plebani JG, Ray LA, Morean ME, Corbin WR, MacKillop J, Amlung
M, King AC (2012) Human laboratory paradigms in alcohol
research. Alcohol Clin Exp Res 36:972-983

Rakap S, Rakap S, Evran D, Cig O (2016) Comparative evaluation
of the reliability and validity of three data extraction programs:
UnGraph, GraphClick, and Digitizelt. Comput Hum Behav
55:159-166

Ray LA, Hutchison KE, Tartter M (2010) Application of human labora-
tory models to pharmacotherapy development for alcohol depend-
ence. Curr Pharm Des 16:2149-2158

Ray LA, Chin PF, Heydari A, Miotto K (2011) A human laboratory
study of the effects of quetiapine on subjective intoxication and
alcohol craving. Psychopharmacology 217:341-351

Ray LA, Du H, Green R, Roche DJO, Bujarski S (2021) Do behavioral
pharmacology findings predict clinical trial outcomes? A proof-
of-concept in medication development for alcohol use disorder.
Neuropsychopharmacology 46:519-527

Ray LA, Nieto SJ, Meredith LR, Burnette E, Donato S, Magill M, Du
H (2023) Are medication effects on subjective response to alco-
hol and cue-induced craving associated? A meta regression study.
Psychopharmacology 240:1921-1930

Roberts W, Harrison ELR, McKee SA (2017) Effects of varenicline
on alcohol cue reactivity in heavy drinkers. Psychopharmacology
234:2737-2745

van Aert RCM, Wicherts JM, van Assen MALM (2016) Conducting
meta-analyses based on p values: reservations and recommenda-
tions for applying p-Uniform and p-Curve. Perspect Psychol Sci
11:713-729

Van Aert R (2017) Puniform: Meta-analysis methods correcting for
publication bias. R package version 0.0,3

Viechtbauer W (2010) Conducting meta-analyses in R with the metafor
package. J Stat Softw 36:1-48

Weiss RD, Griffin ML, Mazurick C, Berkman B, Gastfriend DR, Frank
A, Barber JP, Blaine J, Salloum I, Moras K (2003) The relation-
ship between cocaine craving, psychosocial treatment, and subse-
quent cocaine use. Am J Psychiatry 160:1320-1325

Williamson J (1968) Least-squares fitting of a straight line. Can J Phys
46:1845-1847

Yardley MM, Ray LA (2017) Medications development for the treat-
ment of alcohol use disorder: insights into the predictive value of
animal and human laboratory models. Addict Biol 22:581-615

York D (1966) Least-squares fitting of a straight line. Can J Phys
44:1079-1086

York D (1968) Least squares fitting of a straight line with correlated
errors. Earth Planet Sci Lett 5:320-324

York D, Evensen NM, Martinez ML, De Basabe DJ (2004) Unified
equations for the slope, intercept, and standard errors of the best
straight line. Am J Phys 72:367-375

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer



	Leveraging meta-regression to test if medication effects on cue-induced craving are associated with clinical efficacy
	Abstract
	Rationale 
	Objectives 
	Method 
	Results 
	Conclusions 

	Introduction
	Methods
	Literature review – alcohol cue-reactivity studies
	Literature review – randomized clinical trials
	Data analytic plan
	Effect size estimation for cue-reactivity and RCT studies
	Cue-induced craving on RCT endpoints
	Predictive accuracy of cue-induced craving on RCT endpoints


	Results
	Cue-induced alcohol craving and heavy drinking
	Cue-induced alcohol craving and abstinence
	Predictive accuracy of cue-reactivity effect sizes on heavy drinking and abstinence

	Discussion
	References




