AvrconoLisM: CLINICAL AND EXPERIMENTAL RESEARCH Vol. 43, No. 11

November 2019

Advancing Precision Medicine for Alcohol Use Disorder:
Replication and Extension of Reward Drinking as a
Predictor of Naltrexone Response

Katie Witkiewitz (=), Corey R. Roos, Karl Mann (=), and Henry R. Kranzler

Background: Precision medicine aims to identify those patients who will benefit the most from speci-
fic treatments. Recent work found large effects of naltrexone among “reward drinkers,” defined as indi-
viduals who drink primarily for the rewarding effects of alcohol. This study sought to replicate and
extend these recent findings by examining whether the desire to drink mediated the effect of naltrexone
among reward drinkers.

Methods: We conducted a secondary analysis of a 12-week randomized clinical trial of daily or tar-
geted naltrexone among problem drinkers (n = 163), with a focus on 86 individuals (z = 45 naltrexone
and n = 41 placebo) who received daily medication. Interactive voice response technology was used to
collect daily reports of drinking and desire to drink. Factor mixture models were used to derive reward
and relief phenotypes. Moderation analyses were used to evaluate naltrexone effects, with phenotype as
a moderator variable. Multilevel mediation tested average desire to drink as a mediator.

Results: Results indicated 4 phenotypes: low reward/low relief; low reward/high relief; high reward/
low relief; and high reward/high relief. There was an interaction between the high reward/low relief sub-
group (n = 10) and daily naltrexone versus placebo on drinks per drinking day (DPDD; p = 0.03), per-
cent heavy drinking days (p = 0.004), and daily drinking (p = 0.02). As compared to placebo,
individuals in the high reward/low relief phenotype who received daily naltrexone had significantly
fewer DPDD (Cohen’s d = 2.05) and had a lower proportion of heavy drinking days (Cohen’s
d = 1.75). As hypothesized, reductions in average desire to drink mediated the effect of naltrexone on
average daily drinking among the high reward/low relief drinkers (moderated mediation effect:
p = 0.029).

Conclusions: This theory-driven study replicates the empirical finding that naltrexone is particularly
efficacious among high reward/low relief drinkers. Our study brings the field a step closer to the poten-
tial of using a precision medicine approach to treating alcohol use disorder.

Key Words: Precision Medicine, Naltrexone, Reward Drinkers, Relief Drinkers, Alcohol Use
Disorder.

LCOHOL USE DISORDER (AUD) is a common
psychiatric disorder with greater than 10% of
individuals in many countries worldwide meeting

criteria for a current AUD (World Health Organiza-
tion (WHO) 2014). Based on the 11 AUD criteria in
the Diagnostic and Statistical Manual of Mental
Disorders (DSM), fifth edition (American Psychiatric
Association 2013), there are 2,048 combinations that
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2015). In view of such heterogeneity, attempts have
been made to subtype affected individuals based on
etiology, drinking patterns, course, personality traits,
and comorbid psychopathology (Babor et al., 1992;
Cloninger et al., 1993; Jellinek, 1960; Lesch and Wal-
ter, 1996; Moss et al., 2010).

Parsing the heterogeneity of AUD based on specific phe-
notypes holds promise for precision medicine approaches
that aim to develop treatments tailored to specific dysfunc-
tion (Litten et al., 2012). Neuroimaging methods and geno-
typing have been used to detect subgroups of individuals
with AUD for whom precision medicine approaches could
be applied (Heilig and Leggio, 2016; Kranzler et al., 2014;
Litten et al., 2015; Mann et al., 2009; Spanagel et al., 2013).
For example, individuals with 1 or 2 Asp40 alleles of the
rs179997 polymorphism in OPRM I have been shown in
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some studies to respond better to naltrexone than Asn40
homozygotes (Chamorro et al., 2012; Oslin et al., 2003). The
alcohol and addiction research domain criteria (AARDoC)
(Litten et al., 2015) represent a combination of physiological,
neuroimaging, genetic, self-report, and clinical observation
measures to guide precision medicine. Yet, usual treatment
settings lack the capacity to obtain neuroimaging and geno-
typing measures to guide precision medicine. Thus, self-re-
port measures that guide precision medicine in real-world
AUD treatment settings could serve as invaluable tools for
enhancing the treatment process by targeting specific treat-
ments to specific AUD phenotypes. Such an approach could
therefore decrease the public health burden of AUD.

In line with this goal, Verheul and colleagues (1999)
hypothesized that reward drinkers, individuals whose
drinking is primarily maintained through the positive rein-
forcing effects of alcohol, would respond better to treat-
ment with naltrexone. This was based on the opioid
antagonist effects of the medication, which have been
shown to block the rewarding effects of alcohol, including
stimulation, positive mood, craving, and enjoyment (Hen-
dershot et al., 2017, Ray and Hutchison, 2007). Drawing
on incentive-sensitization theory, naltrexone may be partic-
ularly effective in reducing the desire to drink among indi-
viduals who have excessive wanting or liking of alcohol
(Berridge and Robinson, 2016). Importantly, across spe-
cies, naltrexone is more effective than placebo at reducing
drinking in the context of alcohol availability and reward-
based learning paradigms (Hay et al., 2013; Kaminski
et al,, 2012; Ray et al,, 2010b). On the contrary, relief
drinkers, whose drinking is primarily maintained through
consuming alcohol to relieve negative affective states
(Koob et al., 2014), would potentially respond better to
acamprosate, possibly as a consequence of effects on the
glutamate system (Littleton, 2007; Mann et al., 2008). Our
previous work tested these hypotheses using self-report
measures to examine heterogeneity in both the COMBINE
study data (Roos et al., 2017) and the PREDICT study
data (Mann et al., 2018). We found that individuals char-
acterized by a high frequency of reward drinking and low
frequency of relief drinking in the PREDICT study had a
significantly better response to naltrexone than those who
were low in reward and relief drinking (Mann et al.,
2018). Individuals characterized by high relief drinking
and moderate reward drinking in the COMBINE study
had a significantly better response to acamprosate than
those who were low in reward and relief drinking (Roos
et al., 2017). We did not identify a subgroup of individu-
als who were high in reward drinking and low in relief
drinking in the COMBINE study, and there was no inter-
action between reward drinking and naltrexone in predict-
ing drinking outcomes in that study. Nonetheless, the
findings from this prior work provide a basis for testing a
precision medicine approach to AUD treatment, whereby
individuals with specific phenotypes may be more likely to
respond to specific medications.

WITKIEWITZET AL.

Current Study

The current study was designed to replicate and extend
our recent findings (Mann et al., 2018) by examining
whether reward drinkers—defined as individuals who drink
primarily for the rewarding effects of alcohol, relative to the
relieving effects (i.e., high levels of reward drinking tenden-
cies and low levels of relief drinking tendencies)—experi-
enced a differential treatment response to naltrexone or
placebo in a 12-week clinical trial aimed at reducing heavy
drinking (Kranzler et al., 2009). Further, we sought to exam-
ine whether a reduction in the desire to drink mediated nal-
trexone’s efficacy among reward drinkers. Based on our
prior work (Mann et al., 2018), we hypothesized that indi-
viduals identified as high reward/low relief drinkers at base-
line would report significantly less drinking during the
treatment trial when treated daily with naltrexone versus pla-
cebo. We also hypothesized that the average desire to drink
would mediate the effect of naltrexone on drinking outcomes
among high reward/low relief drinkers.

MATERIALS AND METHODS
Participants and Procedure

The current study was a secondary analysis of a randomized clini-
cal trial evaluating naltrexone for reducing problem drinking (Kran-
zler et al., 2009). Individuals (n = 163) who sought to reduce their
drinking were recruited via the community through advertisements
and clinician referrals and were randomly assigned ina 2 x 2 design
to receive (i) active naltrexone (50 mg) or placebo naltrexone
administered via (ii) daily dosing (50 mg/d) or targeted dosing in
anticipation of high-risk drinking situations. Those in the targeted
dosing condition were encouraged to use at least 3 tablets (50 mg
naltrexone or matching placebo) per week. All participants also
received six 20-minute coping skills training sessions every 2 weeks
that focused on identifying and managing high-risk situations for
heavy drinking. The medication and coping skills training were
delivered over the course of 12 weeks. The study was registered as
NCT00369408, and detailed information on it can be found in
Kranzler and colleagues (2009). Study participants were 18 to
65 years old, able to read in English (at least eighth-grade reading
level), not pregnant, and consuming 24 + standard drinks (men) or
18 + standard drinks (women) weekly on average during pretreat-
ment. Exclusionary criteria were severe physical or psychiatric ill-
nesses requiring medical treatment (including severe AUD), current
drug dependence, lifetime opioid dependence, or regular use of opi-
oids or psychotropic medications in the past month. Almost all par-
ticipants (95.1%) met criteria for current alcohol dependence based
on DSM-IV (American Psychiatric Association 1994).

Analyses to establish baseline phenotypes were conducted with
the full sample of 163 individuals. Demographic data among the full
sample were as follows: male (58.3%), mean age = 49.1
(SD = 9.59), non-Hispanic white (96.9%), black/African American
(1.8%), Indian/South Asian (0.6%), and “other” not-Hispanic race
(0.6%). Average years of education was 15.4 (SD = 2.37).

To provide the closest replication with our prior study that exam-
ined daily dosing of 50 mg of naltrexone (Mann et al., 2018), the
inferential analyses focused on individuals (z = 86) who received
50 mg of naltrexone (n = 45) or placebo equivalent (n = 41) daily.
Demographic data among the sample included in the inferential
analyses were as follows: male (61.6%), mean age =48.3
(SD = 9.43), non-Hispanic white (96.5%), black/African American
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(2.3%), and “other” not-Hispanic race (1.2%). Average years of
education was 15.3 (SD = 2.30).

Measures

Reward and Relief Drinking Phenotypes. Twenty-seven items
from the 42-item short form of the Inventory of Drinking Situations
(IDS; Annis et al., 1987) were used to assess reward and relief drink-
ing phenotypes. Individuals responded to the frequency (0 = never,
3 = almost always) of heavy drinking in various situations over the
past year. Items were selected based on overlap with the 30-item ver-
sion used in our prior work (Mann et al., 2018) and based on con-
ceptual review of the items from the 42-item scale.! Twelve of the 42
items were selected for the current analyses to reflect drinking in
social and rewarding situations (e.g., “with friends and want to relax
and enjoy”), and 15 items were selected to reflect drinking to relieve
negative emotional or physical states (e.g., “feeling upset”). Table 1
provides a summary of items and factor loadings from a confirma-
tory factor analysis. Internal consistency reliability for the 12 reward
items was Cronbach’s o = 0.901 and for the 15 relief items was
Cronbach’s « = 0.925 in the current sample.

Alcohol Use QOutcomes. Alcohol use during treatment was
assessed using the Timeline Follow-back Interview (TLFB; Sobell
and Sobell 1992). We examined 2 indices of alcohol consumption
during treatment: drinks per drinking day (DPDD), calculated as
the average number of drinks consumed on any drinking day, and
the proportion of heavy drinking days (PHDD; 4 or more drinks
for women, 5 or more drinks for men) during the 12-week study.

Daily Drinking and Desire to Drink. Interactive voice response
(IVR) technology was used to assess daily drinking and desire to
drink over the course of the 12-week study. As described in prior
publications of these data (Kranzler et al., 2009, 2013), individuals
completed daily IVR surveys between 5 pm and 9 pm for up to
84 days via a touch-tone phone. Participants reported their desire to
drink, number of standard drinks consumed the prior evening (after
the last IVR survey), number of standard drinks consumed prior to
the daily IVR survey, and whether they took the assigned medica-
tion since the prior call. Desire to drink was defined by the average
of 3 items from the IVR survey (“I really don’t feel like drinking”
(reverse coded), “I feel like I could really use a drink,” and “The
idea of drinking is appealing”) with 5 response options for each item
ranging from “Definitely false” = 0 to “Definitely true” = 4. Inter-
nal consistency reliability of the 3 items was excellent (Cronbach’s
o = 0.86). Daily drinking was calculated based on the total number
of drinks consumed per day (calculated as the sum of the prior eve-
ning standard drinks and the current day standard drinks).

Covariates. Consistent with prior analyses of these data (Kran-
zler et al., 2009, 2013), we controlled for sex, years of education,
and the percentage of drinking days during the 90 days prior to the
baseline assessment as covariates. In addition, because prior work
showed that rs179997, a single nucleotide polymorphism (SNP) in
the OPRM1 gene, a target of naltrexone, moderated the effects of
desire to drink on subsequent drinking in these data (Kranzler et al.,
2013), we included the OPRM1 genotype (Asnd0-allele homozy-
gotes vs. Asp40-allele carriers) as a covariate in the models.

"The 30 IDS items used in the Mann and colleagues (2018) paper were
derived from the 100-item version of the IDS, whereas the current study
administered the 42-item short form. Only 13 items (7 for reward drinking
and 6 for relief drinking) were overlapping. Initial confirmatory factor analy-
sis of the 13 overlapping items indicated a poor fit to the data, and thus, we
examined additional items from the 42-item scale that were not included in
the Mann and colleagues (2018) analyses.
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Statistical Analyses

Reward and Relief Drinking Phenotypes. Factor mixture model-
ing, estimated in Mplus version 8.2 (Muthén and Muthén, 2017),
was used to identify subgroups of individuals with similar item
endorsement for reward and relief drinking factors. We simultane-
ously estimated reward and relief latent factors, which were used as
indicators of a latent class variable. Items were treated as ordered
categorical, and parameters were estimated with robust maximum
likelihood estimation, which allowed us to use all available data in
estimating the models (Witkiewitz et al., 2014). We used the full
sample (n = 163) for the factor mixture model to maximize the sam-
ple size for phenotyping individuals based on responses to the IDS
at baseline. Several model fit indices, as well as theoretical utility
and parsimony, were used to select the factor mixture model
(Nylund et al., 2007). In line with our prior work, we anticipated
that a 4-class solution would provide the best fit to the data. The
most likely phenotype assignment from the final solution was saved
using the estimated posterior probabilities of class membership.

Replication of Prior Findings Examining Aggregate Alcohol Use
Outcomes. As a direct replication of our prior findings (Mann
et al.,, 2018), we examined whether medication condition and
reward and relief drinking phenotypes were associated with drink-
ing as reported in the TLFB assessment over the course of the 12-

Table 1. ltems From the IDS-42 Representing Reward and Relief Drinking
and Standardized Factor Loadings From a Confirmatory Factor Analysis

Reward  Relief
factor  factor
Want to celebrate with a friend 0.91
Met a friend and s/he suggested we have a drink 0.89
together
Out with friends and wanted to increase my enjoyment 0.88
Out with friends and they stopped by bar for a drink 0.85
Enjoying myself at a party and wanted to feel even 0.83
better
At a party and others were drinking 0.81
Something good happens and | feel like celebrating 0.75
Relaxing with a good friend and wanted to have a good 0.73
time
| felt confident and relaxed 0.63
To heighten my sexual enjoyment 0.55
Everything was going well 0.54
| remembered how good it tasted 0.52
When | had problems with people at work 0.91
When | was not getting along with others at work 0.90
Was angry at the way things turned out 0.84
When | felt | let myself down 0.84
Others around me made me tense 0.83
Someone criticized me 0.83
Others treated me unfairly 0.82
Others didn’t seem to like me 0.82
Afraid things were not working out 0.81
When | had an argument with a friend 0.74
When | felt pressure at work due to supervisor's 0.70
demands
Felt confused about what | should do 0.70
Felt uneasy in the presence of someone 0.68
When there were fights at home 0.67
When | had trouble sleeping 0.30

A 2-factor confirmatory factor analysis, with reward and relief drinking
factors, provided an adequate fit to the data based on Root Mean Square
Error of Approximation (RMSEA) and Comparative Fit Index values at or
below cutoffs (Kline, 2015) (x2 (398) = 859.1, p < 0.001; RMSEA = 0.08
(90% CI: 0.07, 0.09); CFI = 0.94). The correlation between the reward and
relief factor was significant (r = 0.371, p < 0.001).
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week treatment period. Moderation analyses were conducted in the
context of moderated regression models with the relief and reward
phenotypes predicting DPDD and PHDD, controlling for covari-
ates. The treatment condition (0 = placebo naltrexone, 1 = active
naltrexone) and dummy-coded phenotype variables representing
reward and relief drinking, with low reward/low relief drinking as
the reference group, were entered in the regression models as main
effects. Then, we created interaction terms by multiplying treatment
by the dummy-coded phenotype variables. Significant interaction
effects from the regression models were probed by conducting sim-
ple slopes regression analyses to examine the associations between
active naltrexone versus placebo and aggregate alcohol use out-
comes in the reward and relief phenotype groups (Aiken and West,
1991).

Extension of Prior Findings Examining Daily Drinking and Desire
to Drink. As an extension of the findings in Mann and col-
leagues (2018), multilevel modeling was used to examine the asso-
ciation between reward and relief drinking phenotypes and daily
drinking, as well as the desire to drink obtained from the IVR
assessment. Treatment condition, dummy-coded phenotype vari-
ables representing reward and relief drinking, with low reward/
low relief drinking as the reference group, and interaction terms
were entered in the multilevel models predicting drinks per day.
Next, we used multilevel mediation modeling to examine average
daily desire to drink as the mechanism by which naltrexone and
phenotypes predicted average drinks per day (Preacher et al.,
2010).

For all models, we used a generalized linear multilevel model with
a negative binomial distribution and log-link function to predict
total drinks per day. All between-level variables were grand-mean-
centered. Daily desire to drink was person-mean-centered on the
within-person level, and each individual’s average desire to drink
over the course of the 12 weeks was included on the between-person
level. Significant interaction effects were followed up by conducting
multiple group models to examine the associations between active
naltrexone versus placebo and daily drinking in the reward and
relief phenotype groups (Aiken and West, 1991).

Sensitivity Analyses. We conducted several sensitivity analyses
to further explore the phenotypes. First, we examined the same mod-
els with the high reward/low relief phenotype as the reference group.
Second, we reestimated all models in the group that received targeted
naltrexone (n = 38) and matching placebo (n = 39). Third, we con-
ducted analyses of the daily naltrexone effects by sex to examine
potential sex differences in the naltrexone response in the reward and
relief phenotype groups by sex. Finally, given that the full 100-item
version of the IDS was administered in the PREDICT study sample
(n = 426; Mann et al., 2009), we were able to replicate the analyses
of the PREDICT study sample published by Mann and colleagues
(2018) using the 27-item version of the IDS tested in the current
study. Factor mixture models to identify reward/relief phenotypes
were conducted using the 27-item version of the IDS (as described
above). Logistic regression models and Cox proportional hazard
models were used to examine associations between reward/relief phe-
notypes and any heavy drinking days and time to first heavy drinking
day, respectively, as reported by Mann and colleagues (2018).

Clinical Application and Post Hoc Power Analysis. To increase
the clinical utility of the subgroup analyses, we conducted supple-
mentary analyses to identify reward and relief drinkers in the sample
based on observed scores for the IDS reward and relief subscales
(Supporting information). We also conducted post hoc power anal-
yses to determine the sample size that would be required for
power > 0.80 to detect a significant effect (2-tailed, p < 0.05) of nal-
trexone versus placebo among high reward/low relief drinkers, given
the effect sizes observed in the current study.

WITKIEWITZET AL.

RESULTS
Reward and Relief Drinking Phenotypes

Consistent with our prior work (Glockner-Rist et al.,
2013; Mann et al., 2018), we found that a 4-class factor
mixture solution provided a better fit than the 3-class
model and a 5-class model did not fit significantly better
than a 4-class model (p = 0.121). The 4-class factor mix-
ture model showed excellent classification precision (en-
tropy = 0.95). The 4 classes could be defined by scores on
the reward and relief factors: (i) low reward/low relief
(n = 37; 22.8% of the sample); (ii) high relief/low reward
(n=159; 36.0% of the sample); (iii) high relief/high reward
(n = 38; 23.6% of the sample); and (iv) high reward/low
relief (n =29; 17.6% of the sample). We then used the
estimated posterior probabilities of class membership to
recode the 4 reward/relief classes into dummy-coded vari-
ables with the low reward/low relief class as the reference
class.

Table 2 provides the descriptive statistics for demograph-
ics and aggregate alcohol use over the course of the 12-week
treatment trial for the naltrexone versus placebo groups, as
well as effect sizes (Cohen’s d) by the reward and relief drink-
ing phenotypes for the total sample (n = 163). For partici-
pants likely classified in the high reward/low relief
phenotype, there were medium-to-large effects of naltrexone
versus placebo (DPDD: Cohen’s d = 0.96; PHDD: Cohen’s
d = 0.72), whereas effect sizes for other phenotypes were
small-to-medium (Cohen’s d = 0.04 to 0.56). There were no
significant treatment or phenotype interactions by age, gen-
der, or genotype (all p > 0.10); however, there were differ-
ences for naltrexone versus placebo within phenotype
groups. As compared to placebo, individuals in the low
reward/low relief phenotype who received naltrexone were
significantly older, F(1, 36) = 6.88, p = 0.01, individuals in
the high relief/low reward phenotype who received naltrex-
one were significantly more likely to be Asp40-allele carriers,
72(1) = 7.96, p = 0.01, and individuals in the high reward/
low relief phenotype who received naltrexone were drinking
significantly fewer DPDD, F(1, 26) = 9.43, p = 0.02. There
were no differences between phenotype groups or treatment-
by-phenotype differences in baseline drinking (all p > 0.05).

Table 3 provides the descriptives for the sample that
received daily dosing of naltrexone or placebo (n = 86). As
compared to placebo, individuals in the high reward/low
relief phenotype who received naltrexone were drinking sig-
nificantly fewer DPDD, F(1, 9) = 8.96, p = 0.02; Cohen’s
d = 2.05, and had a lower PHDD, F(1, 9) = 5.94, p = 0.04;
Cohen’sd = 1.75.

Replication of Prior Findings: Reward and Relief Drinking by
Naltrexone Predicting Alcohol Outcomes

Consistent with our prior work (Mann et al., 2018), we

also found a significant interaction between the high reward/
low relief phenotype (with the low reward/low relief
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Table 2. Descriptive Statistics and Effect Sizes for Aggregate Alcohol Use Outcomes by Naltrexone and Reward and Relief Drinking Phenotypes in
Total Sample (n = 163)

DPDD PHDD
Drinking phenotypes Age Sex OPRM1
Male N Asp40 allele, Cohen’s d (placebo Cohen’s d (placebo
Medication conditions Mean (SD) (% withinrow) N (% withinrow)  Mean (SD) vs. naltrexone) Mean (SD) vs. naltrexone)
Low reward/low relief (n = 37)
Placebo (n = 14) 47.21 (10.1')’ 11 (78.6%) 3(21.4%) 4.11 (2.44) 0.56 0.21 (0.24) 0.04
Naltrexone (n =23)  55.17 (8.2) 14 (60.9%) 3 (13.6%) 3.07 (0.95) 0.20 (0.23)
High relief/low reward (n = 59)
Placebo (n = 32) 51.09 (10.0) 16 (50.0%) 3(9.4%) 3.42 (1.15) 0.20 0.23 (0.24) 0.29
Naltrexone (n = 27)  49.59 (8.7) 11 (40.7%) 11 (40.7%)’ 3.19(1.17) 0.17 (0.17)
High relief/high reward (n = 38)
Placebo (n = 18) 44.17 (9.8) 12 (66.7%) 4 (26.7%) 4.36 (1.64) 0.27 0.36 (0.34) 0.18
Naltrexone (n = 20)  45.45(7.3) 13 (65.0%) 5 (26.3%) 3.92 (1.60) 0.30 (0.31)
High reward/low relief (n = 29)
Placebo (n = 16) 46.87 (10.0) 12 (75.0%) 4 (25.0%) 4.04 (1.45)" 0.96 0.31(0.27) 0.72
Naltrexone (n = 13)  49.46 (9.4) 6 (46.2%) 3(23.1%) 2.85(0.98) 0.15(0.16)

DPDD, drinks per drinking day; PHDD, proportion of heavy drinking days.
*p < 0.05 between naltrexone and placebo within the drinking phenotypes.

Table 3. Descriptive Statistics and Effect Sizes for Aggregate Alcohol Use Outcomes by Naltrexone and Reward and Relief Drinking Phenotypes in
Sample who Received Daily Doses (n = 86)

DPDD PHDD
Drinking phenotypes Age Sex OPRM1
Male N (% Asp40 allele, Cohen’s d (placebo Cohen’s d (placebo
Medication conditions Mean (SD) within row) N (% within row) Mean (SD) vs. naltrexone) Mean (SD) vs. naltrexone)
Low reward/low relief (n = 23)
Placebo (n = 10) 49.20 (10.46) 7 (70.0%) 1(10.0%) 3.29(1.68) 0.26 0.10(0.14) 0.39
Naltrexone (n = 13) 56.07 (5.56) 7 (53.8%) 3(23.1%) 2.93(1.07) 0.18 (0.25)
High relief/low reward (n = 29)
Placebo (n = 16) 49.25 (11.47) 9 (56.3%) 2 (12.5%) 3.46 (1.13) 0.09 0.22 (0.25) 0.05
Naltrexone (n = 13) 48.00 (7.05) 6 (46.2%) 6 (46.2%) 3.37 (0.93) 0.21 (0.16)
High relief/high reward (n = 24)
Placebo (n = 9) 40.44 (8.70) 6 (66.7%) 1(16.7%) 4.50 (1.59) 0.10 0.39 (0.39) 0.26
Naltrexone (n = 15) 4413 (7.59) 11 (73.3%) 4 (28.6%) 4.35(1.53) 0.30 (0.28)
High reward/low relief (n = 10) N X
Placebo (n = 6) 49.17 (9.68) 5 (83.3%) 3(50.0%) 4.84(1.48) 2.05 0.49 (0.33), 1.75
Naltrexone (n = 4) 50.00 (6.16) 2 (50.0%) 0(0.0%) 2.35(0.86) 0.07 (0.08)

DPDD, drinks per drinking day; PHDD, proportion of heavy drinking days.
*p < 0.05 between naltrexone and placebo within the drinking phenotypes.

phenotype as the reference group) and naltrexone in predict-
ing DPDD, B (SE) = —1.89(0.89), p = 0.03, and PHDD, B
(SE) = —0.51 (0.17), p = 0.004. As shown in Fig. 1, simple
slopes analysis indicated that, among high reward/low relief
drinkers, individuals treated with naltrexone reported signifi-
cantly fewer DPDD and a lower proportion of heavy drink-
ing occasions over the 12-week treatment than those treated
with placebo. In contrast, there were no effects of naltrexone
treatment on DPDD or greater PHDD in the other pheno-
type groups (all p > 0.206).

Although not a primary hypothesis in the current study,
we included genotype based on the Asn40Asp SNP in
OPRM]1 as a covariate in the analyses based on prior evi-
dence of its effects (Kranzler et al., 2013). OPRM I genotype
did not predict phenotype group, 7*(3) = 1.09, p = 0.78, and
there was no evidence of a pharmacogenetic effect involving
that variant (all p > 0.520). The small sample size and the

absence of Asp40-allele carriers in the high reward/low relief
phenotype prevented our testing the OPRMI x pheno-
type x treatment interaction.

Extension of Prior Findings: Reward and Relief Drinking by
Naltrexone Predicting Daily Drinking

Consistent with our hypothesis and previous findings
(Mann et al.,, 2018), there was a significant interaction
between the high reward/low relief phenotype (with the
low reward/low relief phenotype as the reference group)
and naltrexone in predicting daily drinking during treat-
ment (p = 0.02; see Table 4). Simple slopes analysis indi-
cated that, among high reward/low relief drinkers, those
who were treated with naltrexone reported drinking sig-
nificantly fewer drinks per day than those treated with
placebo, B (SE) = —0.77 (0.25), p = 0.002; IRR = 0.46;
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Fig. 1. Reward and relief drinking by naltrexone predicting aggregate alcohol outcomes (Average alcohol use and 95% confidence intervals).

Cohen’s d = 0.62, whereas those with the low reward phe-
notypes reported consuming more drinks per day when
treated with naltrexone than placebo (low reward/low
relief: B (SE) =0.46 (0.22), p = 0.04; low reward/high
relief: B (SE) = 1.16 (0.49), p = 0.02. Naltrexone had no
effect on drinks per day among those with the high
reward and high relief phenotype, B (SE) = 0.17 (0.206),
p = 0.50.

Extension of Prior Findings: Desire to Drink Multilevel
Mediation Models

Next, we examined whether average desire to drink medi-
ated the moderating effect of reward drinking by naltrexone
in predicting average daily drinking. Results from the multi-
level mediation analysis (Table 5) indicated a significant
interaction between the high reward/low relief phenotype
(with the low reward/low relief phenotype as the reference
group) and naltrexone in predicting average desire to drink,
desire to drink predicting average daily drinking, and a sig-
nificant mediation effect of desire to drink, indirect effect
(95% CI) = —0.74 (—1.41, —0.07), p = 0.03. Simple slopes
analysis, shown in Fig. 2, indicated that, among high
reward/low relief drinkers, those treated with naltrexone (rel-
ative to placebo) reported significantly less desire to drink
over time, B (SE) = —1.49 (0.45), p = 0.001, whereas there
was no association between receiving naltrexone and desire
to drink over time among the other phenotypes (all
p = 0.26).

Table 4. Estimates from Multilevel Model of Reward and Relief Drinking
by Naltrexone Predicting Daily Drinking in Sample who Received Daily
Doses (n = 86)

B(SE) IRR (95% Cl)
Time 0.001 (0.00) 1.00 (0.99, 1.002)
Years of education —0.006 (0.03) 0.99 (0.93, 1.06)
Sex (male coded 1) 0.06(0.17) ~ 1.06(0.71,1.42)
Baseline % drinking days 0.02 (0.009) 1.02(1 002 1.04)
OPRM!1 (Asn40-allele 0.03(0.16) 1.03 (0.70, 1.36)
homozygotes coded 1)
Naltrexone (active naltrexone 0.39(0.28) 1.48 (0.66, 2.29)
coded 1)
High relief/low reward coded 1 —0.14 (0.40) 0.87 (0.19, 1.54)
High relief/high reward coded 1 0.42 (0.31) 1.53(0.59, 2.47)
High reward/low relief coded 1 0.90 (0.26)"" 2.47 (1.23, 3.70)
Naltrexone by high relief/low 0.26 (0.49) 1.30 (0.04, 2.55)
reward
Naltrexone by high relief/high —0.13(0.41) 0.88(0.17, 1.58)
reward
Naltrexone by high reward/low —1.14(0.49)" 0.32(0.01,0.63)
relief

*p < 0.05; **p < 0.01; ***p < 0.001.

B (SE) = unstandardized regression coefficient (standard error); IRR
(95% Cl) = incident rate ratio (95% confidence interval of the IRR). The
IRR can be interpreted as the increase (above 1.0) or decrease (below
1.0) in number of drinks per day for a 1-unit increase in the predictor (with
other predictors in the model held constant).

Sensitivity Analyses

Several sensitivity analyses were conducted to further
explore the moderation effects. First, we examined the same
models with the high reward/low relief phenotype as the
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Table 5. Estimates from Multilevel Mediation Model of Reward and Relief
Drinking by Naltrexone Predicting Average Daily Drinking Mediated by
Desire to Drink

Predicting average daily drinking B(SE) IRR (95% CI)

Time 0.001 (0.00) 1.00 (0.99, 1.00)
Desire to drink (mediator) 0.44(0.14)"  1.55(1.15,1.97)
Years of education —0.03 (0.03) 0.97 (0.91,1.03)
Sex (male coded 1) 0.08 (0.14) 1.08 (0.78, 1.38)
Baseline % drinking days 0.01(0.007)  1.01(0.99, 1.03)
Naltrexone (active naltrexone —0.18 (0.26) 0.75 (0.66, 2.29)

coded 1)

High relief/low reward coded 1 —0.72(0.26)"  0.83(0.19, 1.54)
High relief/high reward coded 1 —0.14 (0.21) 0.49 (0.59, 2.47)
High reward/low relief coded 1 —0.14 (0.24) 0.87 (1.23, 3.70)
Naltrexone by high relief/low reward 0.72 (0.39) 2.05(0.48, 3.63)
Naltrexone by high relief/high reward 0.24 (0.31) 1.27 (0.49, 2.05)
Naltrexone by high reward/low relief 0.16 (0.43) 1.17(0.19, 2.15)
Predicting average desire to drink B(SE) p

Time —0.001(0.00)"  —0.02
Years of education 0.06 (0. 03) 0.20
Sex (male coded 1) —0.44 (0.14)" —0.30
Baseline % drinking days 0.01(0.004)” 0.29
OPRM71 (Asn40-allele homozygotes coded 1) 0.08 (0.14) 0.04
Naltrexone (active naltrexone coded 1) 0.24 (0.25) 0.16
High relief/low reward coded 1 0.46 (0.28) 0.31
High relief/high reward coded 1 0.27 (0.29) 0.16
High reward/low relief coded 1 1.22(0.41)" 0.55
Naltrexone by high relief/low reward —0.40 (0.34) -0.20
Naltrexone by high relief/high reward 0.20(0.37) 0.10
Naltrexone by high reward/low relief —1.68(0.52)" —0.50

*p < 0.05; **p < 0.01; ***p < 0.001.

B (SE) = unstandardized regression coefficient (standard error); IRR
(95% Cl) = incident rate ratio (95% confidence interval of the IRR); = s-
tandardized regression coefficient.

reference group. As seen in Table S1, we found a significant
interaction between the low reward/high relief phenotype
(with the high reward/low relief phenotype as the reference
group) and naltrexone in predicting DPDD, PHDD, and
daily drinks per day. We also found a significant interaction
between the high reward/high relief phenotype (with the high
reward/low relief phenotype as the reference group) in pre-
dicting daily drinks per day. Simple slopes analyses among
high reward/low relief drinkers, not shown, indicated that
those treated with naltrexone reported lower DPDD, PHDD,
and drinks per day than those treated with placebo. Media-
tion analyses showed significant moderated mediation effects
of the high reward/low relief versus all other phenotype
groups by naltrexone in predicting average drinks per day via
average desire to drink, low reward/low relief: indirect
effect = 0.32 (95% CI: 0.10, 0.62); high relief/low reward:
indirect effect = 0.37 (95% CI: 0.12, 0.70); high reward/high
relief: indirect effect = 0.25 (95% CI: 0.05, 0.51).

Second, we conducted the same analyses with the targeted
naltrexone group. Results of additional analyses indicated
that targeted naltrexone was no more effective than placebo
for high reward/low relief drinkers in reducing PHDD (inter-
action p = 0.08) or daily drinking (p = 0.23), and desire did
not significantly mediate the effects of targeted naltrexone.
However, there were significant interactions between
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targeted naltrexone versus placebo and drinking phenotypes
in predicting DPDD (high reward/low relief vs. low reward/
low relief B (SE) = 2.45 (1.10), p = 0.03; low reward/high
relief vs. low reward/low relief B (SE)=2.38 (1.05),
p = 0.02. Simple slopes analyses indicated that individuals
with the low reward/low relief phenotype reported consum-
ing significantly fewer DPDD when treated with targeted
naltrexone, B (SE) = —-2.05 (0.77), p = 0.01; Cohen’s
d = 1.27, while targeted naltrexone versus placebo had no
effect on DPDD among those with the other drinking pheno-
types (all p > 0.71).

Next, we examined whether there were sex differences.
There were no significant differences in the naltrexone
response for high reward/low relief drinkers by sex in pre-
dicting DPDD (p = 0.58), PHDD (p = 0.48), or daily drink-
ing (p = 0.19).

We also conducted a reanalysis of the PREDICT study
data (n = 426; Mann et al., 2009), as published by Mann
and colleagues (2018), using the 27-item version of the IDS
used in the current study. The 4-class factor mixture solution
provided a better fit than the 3-class model, and a 5-class
model did not fit significantly better than a 4-class model
(p = 0.63). The 4-class factor mixture model of the 27-item
IDS showed excellent classification precision (en-
tropy = 0.93). The 4 classes could be defined by scores on the
reward and relief factors: (i) low reward/low relief (n = 79;
18.8% of the sample); (ii) high relief/low reward (n = 135;
31.9% of the sample); (iii) high relief/high reward (n = 127,
29.8% of the sample); and (iv) high reward/low relief
(n = 84; 19.8% of the sample). The outcomes reported by
Mann and colleagues (2018) included any heavy drinking
days and time to first heavy drinking day during treatment,
which were examined using logistic regression and Cox pro-
portional hazard regression models, respectively. Results
from the 27-item IDS indicated a significant phenotype-by-
medication interaction in predicting any heavy drinking days
in the PREDICT data, Wald > (6) = 14.68, p = 0.02, dri-
ven by the effect of high reward/low relief x naltrexone ver-
sus placebo: OR = 17.277, p = 0.01, and time to first heavy
drinking day, Wald 7> (6) = 17.973, p = 0.006, driven by
the effect of high reward/low relief x naltrexone versus pla-
cebo: OR = 5.659, p = 0.016. Individuals in the high reward/
low relief phenotype (n = 85) in the PREDICT data who
received naltrexone (n = 37) had a lower probability of heavy
drinking days and longer time to the first heavy drinking
day, as compared to those who received acamprosate or pla-
cebo (see Table S2 and Fig. SI).

Clinical Application and Post Hoc Power Analysis

As seen in the Tables S3 and S4 and Figs S2 and S3,
observed scores on the reward and relief subscales of the IDS
can be used to calculate the high reward/low relief subgroup
by following a standard deviation rule. A high reward/low
relief drinker is defined as an individual with a reward sub-
scale score greater than 21 and a relief subscale score lower



2402 WITKIEWITZET AL.

3
2
1
3
2
e 1
E
= Treatment
=]
8 = Placebo
©3
= Naltrexone
v
)
(=)

0 25 50 75
Days during Treatment

Fig. 2. Simple slopes analysis of desire to drink over time by treatment and reward and relief phenotypes (average desire to drink and 95% confidence
intervals).
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than 15. The naltrexone treatment effect for this subgroup in
the current sample is large for PHDD (Cohen’s d = 1.32)
and DPDD (Cohen’s d = 2.05). An alternative definition of
high reward/low relief drinkers (reward greater than 22 and
relief less than 14) provides an even larger naltrexone effect
for PHDD (Cohen’s d = 1.84) and similarly large effect for
DPDD (Cohen’s d = 1.86).

Using the effect sizes obtained from the current study, we
had power > 0.80 to detect the largest treatment effect (i.c.,
the effect of naltrexone on DPDD, Cohen’s d = 2.05) with
only 10 individuals. For the smallest effect size of d = 1.32
for naltrexone predicting PHDD, post hoc power was only
0.44 and 22 subjects would be required for power > 0.80.

DISCUSSION

Advancing precision medicine in treating AUD requires
identifying homogeneous subgroups of individuals with
AUD who respond better to particular treatment
approaches (Kranzler and McKay, 2012; Mann et al.,
2009). In prior secondary analyses of the PREDICT study,
we found particularly large therapeutic effects of naltrexone
(50 mg daily) among high reward/low relief drinkers,
defined as individuals who drink primarily for the reward-
ing/pleasurable effects of alcohol, relative to the distress
relieving effects (Mann et al., 2018). The current study repli-
cates this finding in an independent sample of individuals
who were treated with naltrexone (50 mg daily) or placebo
for heavy drinking (Kranzler et al., 2009). The current study
extends the initial findings by examining reductions in desire
to drink as a purported mechanism of action of naltrexone
(Mann et al., 2009; Ray et al., 2010a), which could explain
this precision medicine hypothesis. In line with our hypothe-
sis, the effect of daily naltrexone among high reward/low
relief drinkers was mediated by reductions in average desire
to drink, as measured by daily IVR.

The current findings provide additional support for the
efficacy of daily naltrexone for individuals who tend to drink
primarily for the rewarding effects of alcohol, rather than
drinking to relieve negative affect and discomfort. In addi-
tion to our prior work (Mann et al., 2018), the finding that
daily naltrexone is more effective for high reward/low relief
drinkers is consistent with findings that naltrexone is effica-
cious among individuals with more heavy drinkers in their
social networks (Worley et al., 2015), among those who
show greater reward-related activation to alcohol cues (Bach
et al., 2019; Mann et al., 2014), and among those with
greater reductions in reward-related activation to alcohol
cues (Schacht et al., 2017). The significant moderated media-
tion effect, whereby naltrexone’s effect among high reward/
low relief drinkers was explained by greater reductions in
desire to drink, extends this prior work and highlights a
potential mechanism by which daily naltrexone treatment
may be more effective among individuals who drink primar-
ily for the rewarding effects of alcohol. These findings are
consistent with incentive-sensitization theory (Berridge and
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Robinson, 2016), provide further support of the importance
of incentive salience, as proposed by the AARDoC (Kwako
et al., 2018; Litten et al., 2015), and are consistent with
human laboratory studies that have shown naltrexone to
blunt the rewarding effects of alcohol (Hendershot et al.,
2017; Ray and Hutchison, 2007).

The lack of naltrexone effects in the high reward/high relief
phenotype is also consistent with our prior work, in which
we found that individuals high on both reward and relief
drinking responded no better to naltrexone than placebo
(Mann et al., 2018; Roos et al., 2017). Thus, it may be that
naltrexone is particularly effective for those individuals with
high reward drinking tendencies in the context of low relief
drinking tendencies, rather than individuals with similarly
high reward and relief drinking tendencies (Mann et al.,
2014; Mann et al., 2018; Roos et al., 2017). Importantly, it
could be that individuals with both high reward and relief
tendencies are more severely alcohol dependent (see Mann
et al., 2018) and have more widespread neural dysfunction
(Koob, 2014), including greater dysregulation of both
reward and cognitive control systems (Lim et al., 2017).
Research should aim to identify treatments that are most
effective for this phenotype.

Interestingly, daily naltrexone was not effective in reducing
desire to drink among the other phenotypes and targeted nal-
trexone was more effective than placebo when administered
via targeted dosing among individuals in the low reward/low
relief phenotype group. This finding was unexpected. It could
be the case that targeting naltrexone to heavy drinking occa-
sions for patients whose drinking is not primarily for reward
or relief could be particularly beneficial. An alternative
explanation is that individuals with strong reward or relief
drinking tendencies are less likely to take naltrexone when
they anticipate reward/relief drinking situations, although
we did not find any significant differences in medication com-
pliance by phenotype groups in the current study.

Limitations and Future Directions

The current study had several limitations. The very small
sample size, particularly within phenotype groups, and the
lack of stratification of medication conditions by reward and
relief phenotypes are design limitations that prohibit stronger
inferences. This point underscores the importance of replica-
tion to advance precision medicine (Litten et al., 2016, 2017).
A second limitation is that the IDS mostly taps into social
aspects of reward drinking and relief drinking mostly taps
into problems and frustration, which are not entirely consis-
tent with the definitions of reward and relief drinking used in
the animal literature (Hay et al., 2013; Kaminski et al., 2012;
Koob et al.,, 2014). Future work could use ecological
momentary assessment to derive reward and relief drinking
phenotypes based on actual drinking triggers. A prospective
study that assigns individuals a priori to reward and relief
drinking phenotypes and then randomizes them to treatment
with naltrexone or placebo would provide a stronger test of
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the precision medicine aspect of our findings. Although it
would require a large sample to ensure adequate statistical
power, prospective evaluation of the Asn40Asp SNP as a
moderator of naltrexone treatment response would also be
of interest, particularly given the overlap of the OPRM1I
genotype and the reward drinking phenotype across species
(Bilbao et al., 2015; Korucuoglu et al., 2017).
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