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Abstract

Background: Alcohol use disorder (AUD) is heterogenous. One approach to parsing this
heterogeneity is to phenotype individuals by their underlying motivation to drink, specifically
drinking for reward (i.e. positive reinforcement) or for relief (i.e. negative reinforcement/
normalizing). Reward- vs. relief-motivated behavior is thought to be associated with a shift from
ventral to dorsal striatal signaling. The present study examined whether reward and relief drinking
were differentially associated with other clinical characteristics and with alcohol cue-elicited
activation of the ventral and dorsal striatum.

Methods: Non-treatment-seeking heavy drinkers (N=184; 61 female, 123 male) completed the
UCLA Reward, Relief, Habit Drinking Scale (RRHDS) and the Reasons for Heavy Drinking
Questionnaire (RHDQ), to categorize drinking motivation. Measures of alcohol use, alcohol
problems, mood, and craving were also collected. A subset of participants (N=45; 17 female, 28
male) also completed a functional neuroimaging alcohol cue reactivity task.

Results: RRHDS-designated relief/habit drinkers scored lower than reward drinkers on the
RHDQ Reinforcement subscale (p=0.04) and higher on the RHDQ Normalizing subscale
(5=0.004). Relief/habit drinkers also demonstrated greater AUD severity on a host of clinical
measures. Relief/habit drinkers displayed higher cue-elicited dorsal striatal activation compared to
reward drinkers (p=0.04), while ventral striatal cue-elicited activation did not significantly differ
between groups.

Conclusions: Our findings support and extend the differentiation of reward from relief/habit-

motivated drinking and suggest that differences in dorsal striatal response to conditioned alcohol
cues may underlie this distinction. Elucidating neurobiological and clinical differences between

these subtypes may facilitate treatment matching and precision medicine for AUD.

Correspondence: Elizabeth M. Burnette, University of California, Los Angeles, Psychology Department, eburnette@g.ucla.edu.
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Introduction

Alcohol use disorder (AUD) is a heterogenous disorder, subtypes of which present distinct
characteristics and may require distinct treatment strategies. As such, there have been
extensive efforts to parse this heterogeneity into typologies and other clinical phenotypes
with the goal of matching each AUD subtype with the most effective treatment (Leggio et
al., 2009). One of the latest developments in categorizing AUD subgroups has focused on
the underlying motivation for drinking, namely drinking for reward (i.e., feeling good) or
drinking for relief (i.e., alleviating unpleasant feelings). This approach may have clinical
implications, as recent studies demonstrated that individuals whose drinking is driven by
positive reinforcement (i.e., reward drinkers) benefit more from naltrexone, a medication
known to blunt the rewarding effects of alcohol, than from other medications (Mann et al.,
2018; Witkiewitz et al., 2019).

The contrast between reward- and relief-based alcohol use is generally consistent with the
allostatic and incentive salience models of addiction, which propose a transition from
positive to negative reinforcement (Koob and Schulkin, 2019), or from initial “liking” to
later “craving” (Robinson and Berridge, 1993), respectively. This shift from positive to
negative reinforcement may be accompanied by a transition from ventral striatal (VS) to
dorsal striatal (DS) activation to alcohol cues. In a neuroimaging study, heavy drinkers
showed higher DS activation to alcohol cues than lighter drinkers, whereas lighter drinkers
showed higher VS activation (Vollstadt-Klein et al., 2010). The VS is implicated in reward-
motivated decision-making, while the DS is thought to be involved in more compulsive or
“habit-like” behavior (Burton et al., 2015). The notion that compulsive drug seeking may
depend on the formation of long-lasting stimulus-response associations mediated by the DS
is supported by animal research. It is thought that once drug use becomes compulsive, it is
linked to cue-elicited DS dopamine release (Ito et al., 2002), and drug-seeking behavior can
be limited by dopamine receptor blockade only in the DS, not in the VS (Vanderschuren et
al., 2005). In human neuroimaging studies, alcohol cue-induced activation in the VS and DS
has been shown in participants with AUD (Heinz et al., 2004; Schacht et al., 2011), and cue-
reactivity throughout the striatum is associated with risk of relapse in abstinent subjects
(Courtney et al., 2016; Grisser et al., 2004).

Our group (Grodin et al., 2019) and others (Adams et al., 2016) have recently developed and
validated brief scales with the goal of identifying reward and relief drinkers. Adams and
colleagues (Adams et al., 2016) developed the Reasons for Heavy Drinking Questionnaire
(RHDQ) and identified a two-factor solution, interpreting these two subscales as
Reinforcement (i.e., positive reinforcement / reward) and Normalizing (i.e., negative
reinforcement or restoration of allostatic balance / relief). While both subscales were
associated with AUD severity, the normalizing subscale score was more strongly associated
with severity than the reinforcement subscale score. Our group’s brief UCLA Reward,
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Relief, Habit Drinking Scale (RRHDS) (Grodin et al., 2019) categorizes subjects into
reward, relief, or habit drinking subgroups. The RRHDS was shown to successfully
differentiate reward drinkers from relief drinkers based on clinical characteristics including
alcohol craving measures, withdrawal symptoms, and anxiety and depression
symptomology. While habit drinking was also assessed, it was determined that habit and
relief drinkers were not dissociable on clinical measures, suggesting that the two constructs
may overlap phenotypically. Therefore, we proposed combining the relief and habit groups,
supported by previous research in the domain which characterizes only reward and relief
subtypes (Gldckner-Rist et al., 2013; Mann et al., 2018; Roos et al., 2017).

While these recent efforts are promising and may carry important clinical implications,
much work remains to be done. One gap in the literature is understanding how the RHDQ
and RRHDS self-report scales relate to one another. Admittedly, for clinical application,
shorter scales are likely to have the most acceptability; however, clinical sensitivity should
not be compromised. Another critical area is the biological validation of these phenotypes
using neural markers, as reward and relief phenotypes are thought to be subserved by VS
and DS neural circuitry, respectively. These systems are related, yet distinct and represent
targets for precision pharmacotherapy. No studies to date have examined the association
between self-report scales of reward and relief with measures of VS and DS activation to
alcohol or other alcohol-related biomarkers.

With the overarching goal of identifying clinically meaningful drinking phenotypes, this
study compares two scales of reward and relief drinking in a sample of non-treatment
seeking heavy drinkers. We hypothesized that the two scales would largely align, such that
participants categorized as reward drinkers on the RRHDS would have higher
Reinforcement scores on the RHDQ, while relief/habit drinkers would have higher
Normalizing scores. Furthermore, we examined the relationship between self-reported
reward and relief drinking and neural activation to visual alcohol cues during a functional
magnetic resonance imaging (fMRI) task in a subset of participants. Our analyses of neural
activation are informed by the literature on reward and relief/habit drinking, which posits a
dissociation between ventral and dorsal striatal activation in heavy drinkers (Vollstadt-Klein
etal., 2010). As such, we hypothesized that reward drinkers would show higher cue-induced
VS activation while relief/habit drinkers would show higher DS response to alcohol cues.

Materials and Methods

This study was performed as part of a two-week randomized controlled clinical trial
(Clinical Trials.gov NCT03489850) of ibudilast for drinking reduction. The trial was
approved by the Institutional Review Board of the University of California, Los Angeles. All
study participants provided written informed consent for screening, medication, and
neuroimaging procedures. The current study used data from the initial in-person screening
visit for all participants, and fMRI data from a subset of these individuals who completed the
neuroimaging visit.
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Participants included 184 non-treatment-seeking heavy drinkers [61 female, 123 male, mean
+SD age 31.98+8.69], 45 of whom completed the fMRI neuroimaging paradigm [17 female,
28 male, meanSD age 32.51+8.59] after being randomly assigned to take either ibudilast or
placebo. Ibudilast was titrated as follows: 20 mg b.i.d. on days 1-2 and 50 mg b.i.d. on days
3-14. The neuroimaging session occurred after participants had been taking medication for
seven days. Participants were recruited through social media and mass transit
advertisements. Initial screening was conducted through telephone interviews. Eligible
participants were invited for the in-person assessment visit. Data from all individuals who
completed the full in-person screening visit and individual differences battery were included
in the aim of comparing drinker subtypes on clinical measures.

Eligibility criteria for the fMRI scan included an age range between 21 and 50 years;
meeting DSM-5 criteria for current AUD; and drinking more than 14 drinks per week for
men (more than 7 for women) in the 30 days prior to screening. Exclusion criteria included
currently receiving or seeking treatment for AUD; past year DSM-5 diagnosis of any other
substance use disorder (excluding nicotine); lifetime diagnosis of schizophrenia, bipolar
disorder, or any psychotic disorder; non-removable ferromagnetic objects in body;
claustrophobia; serious head injury or prolonged period of unconsciousness (>30 minutes);
medical conditions thought to interfere with safe participation (unstable cardiac, renal or
liver disease, uncontrolled hypertension, diabetes, or elevated liver enzymes); and
pregnancy, nursing, or refusal to use reliable birth control (women).

Assessments

Participants completed a battery of assessments at the in-person screening visit. These
measures included the Structured Clinical Interview for DSM-5 (SCID) (First et al., 1995),
Clinical Institute Withdrawal Assessment — Alcohol Revised (CIWA-Ar) (Sullivan et al.,
1989), and the 30-day Timeline Followback interview (TLFB) (Sobell and Sobell, 1992) for
alcohol, cigarette, and marijuana use. Participants completed assessments regarding alcohol
use and related problems, including the Alcohol Dependency Scale (ADS) (Skinner and
Allen, 1982) and Alcohol Use Disorders Identification Test (AUDIT) (Saunders et al.,
1993); and measures of alcohol craving, including the Penn Alcohol Craving Scale (PACS)
(Flannery et al., 1999) and the Obsessive Compulsive Drinking Scale (OCDS) (Anton,
2000). The three subscales of the OCDS (Resistance/Control Impairment (RCI), Obsession,
and Interference) (Roberts et al., 1999) were analyzed separately. Participants completed the
Fagerstrom Test for Nicotine Dependence (Heatherton et al., 1991), a measure of smoking
severity. Measures of interest for the current study were the UCLA Reward, Relief, Habit
Drinking Scale (RRHDS) (Grodin et al., 2019) and the Reasons for Heavy Drinking
Questionnaire (RHDQ) (Adams et al., 2016), which assess motivations for drinking.

Derivation of Reward and Relief Groups

Reward and relief groups were derived by self-categorization on the RRHDS. Continuous
scales (questions 2—4) ask subjects to rate on a 1-7 Likert scale how often they drank
alcohol for its rewarding effects (e.g. to feel good, excited, or confident), relief effects (e.g.
to feel less bad, sad, or nervous), or habit (e.g. without thinking about the effects),
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respectively. The highest rating on these Likert scales is used to categorize subjects into
reward, relief, and habit groups. In the event of a participant rating more than one dimension
equally highly, the first question, which asks participants to select their primary drinking
motivation, is used as a tie-breaker (Grodin et al., 2019).

fMRI Data Acquisition

Neuroimaging took place at the UCLA Center for Cognitive Neuroscience (CCN) on a 3.0T
Siemens Prisma Scanner (Siemens Medical Solutions USA, Inc., Malvern, PA). A T2-
weighted, high-resolution matched-bandwidth (MBW) anatomical scan (time to repetition
(TR) = 5,000 ms, time to echo (TE) = 34 ms, flip angle = 90°, voxel size: 1.5 mm x 1.5 x 4
mm, field of view (FOV) = 192 mm2, 34 slices, ~1.5 minutes) and a T1-weighted
magnetization-prepared rapid gradient-echo (MPRAGE) sequence (TR = 2,530 ms, TE =
1.74 ms, time to inversion = 1,260 ms, flip angle = 7°, voxel size: 1 mm3, FOV = 256 mmz2,
~6.2 minutes) were acquired for co-registration to the functional data. A T2*-weighted echo
planar imaging (EPI) scan (TR = 2,200 ms, TE = 35ms, flip angle = 90°, FOV = 192 mm,
slices = 36, 3.0 mm, ~12 minutes) was acquired to examine the blood oxygen-level
dependent (BOLD) signal during the visual alcohol cue reactivity task.

Participants completed a 720s-long visual alcohol cue-reactivity task (Schacht et al., 2013),
in which they were presented with 24 pseudo-randomly interspersed blocks of alcoholic
beverage images (ALC), non-alcoholic beverage images (BEV), blurred images to serve as
visual controls, and a fixation cross. Each block was composed of 5 individual pictures of
the same type, each presented for 4.8 seconds, for a total of 24-seconds. Each block was
followed by a 6-second washout period during which participants reported on the urge to
drink. Alcoholic beverage blocks were distributed between images of beer, wine, and liquor
(2 of each).

Data analysis

Preprocessing of neuroimaging data followed conventional procedures as implemented in
FMRIB Software (FSL v6.0.1 http://www.fmrib.ox.ac.uk/fsl), including motion correction
(Jenkinson et al., 2002), high-pass temporal filtering (100-second cut-off), and smoothing
with a 5-mm full-width, half-maximum Gaussian kernel. Functional and structural data were
skull-stripped to remove non-brain tissue. Each subject’s functional images were registered
to their MBW, followed by their MPRAGE using affine linear transformations, and then
were normalized to the Montreal Neurological Institute (MNI) 152-brain-average template
through non-linear registration (Andersson et al., 2007).

All data analysis was conducted in R (RStudio 1.2.5001). Two-sample T-tests, Chi-Squared
tests, and univariate analyses of variance (ANOVAS) were used to compare continuous and
categorical behavioral variables across participants divided into two (i.e. reward vs. relief
+habit drinkers) or three (i.e. reward vs. relief vs. habit drinkers) groups, respectively. 7, X2,
and £ statistics, along with corresponding p-values, are reported in Table 1 (entire sample)
and Table 2 (fMRI subset).
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For the fMRI task, the mean percent signal change between alcohol and non-alcoholic
beverage blocks of the task was extracted from a priori striatal regions of interest (ROIs).
The first ROI, bilateral ventral striatum (VS), was defined anatomically as the nucleus
accumbens from the Harvard-Oxford subcortical structure probability atlas, binarized at a
0.5 probability threshold (Kaag et al., 2019; Ray et al., 2014). The bilateral dorsal striatum
(DS) ROI was defined anatomically as the caudate and putamen from the Harvard-Oxford
atlas, also binarized at a 0.5 probability threshold. Overlap between the VS and DS regions
were subtracted from the DS mask to distinguish between dorsal and ventral striatal areas
(Kaag et al., 2019; Liu et al., 2017). Analyses of group differences in DS and VS cue-
reactivity, as well as associations between cue-reactivity and behavioral measures, were
conducted in R as general linear models. Since the relief group scored higher than the
reward group on the ADS, a measure of AUD severity, all neuroimaging analyses controlled
for ADS score (as well as medication assignment and interaction effects) in order to probe
neural activation differences between groups over and beyond what could be explained by
AUD severity or medication. As the current study was conducted within the framework of a
medication trial, medication effects and interaction effects were tested within these models,
and exploratory analyses of DS and VS cue-reactivity within the placebo and medication
groups were conducted separately as well.

In the initial sample of 184 subjects, 122 were categorized as reward drinkers, 28 as relief
drinkers, and 34 as habit drinkers (i.e. 62 relief+habit drinkers). Mean RHDQ scores for the
full sample were 7.48+1.72 for Reinforcement and 2.88+2.63 for Normalizing. Cronbach’s
a was 0.507 for Reinforcement and 0.813 for Normalizing, which are consistent with
previous studies using these reward and relief scales. Of the 45 participants who underwent
the fMRI paradigm, 27 were categorized as reward drinkers and 18 as relief+habit drinkers.
The proportion of participants randomized to ibudilast vs. placebo did not differ between the
reward and relief+habit participants who completed the fMRI session.

RRHDS-defined relief/habit drinkers reported higher craving on the OCDS than reward
drinkers [=-3.60; p<0.0001]. The same pattern emerged for the PACS [£-3.06; p=0.003],
ADS [£-2.60; p=0.011], and all subscales of the OCDS [Resistance/Control Impairment
(RCI) £=-3.42, p<0.001; Obsession £=—2.918; p=0.004; Interference =-3.478; p<0.001.].
The groups did not differ significantly on the CIWA-Ar measure of withdrawal. See Table 1
for complete results for clinical variables.

Among the 45 participants who completed the fMRI task, reward and relief/habit groups
differed on the OCDS RCI subscale [£=-2.05; p=0.04]. Unlike the broader sample, the two
groups did not differ significantly on the PACS, ADS, total OCDS score, or the other OCDS
subscales. See Table 2 for complete results.

Comparison of Reward and Relief Drinking Assessments

RRHDS-defined reward and relief+habit groups differed significantly from each other on
both the Reinforcement [£2.06; p=0.04] and Normalizing [£=-2.94; p=0.004] subscales of
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the RHDQ (Figure 1a). When relief and habit drinkers were separated, the three groups
differed significantly only on the Normalizing subscale [F= 4.49; p=0.01] (Figure 1b).

Neuroimaging Results

Reward and relief+habit groups differed in activation within the DS only, such that the relief
+habit group showed higher cue-elicited DS activation [reward mean = —0.0001+0.14; relief
+habit mean = 0.09+0.13; £=0.04] (Figure 2a). As all fMRI participants were in a
medication trial, medication and interaction effects were examined to evaluate if medication
influenced this result. A main effect of medication was not seen (p>0.34), but a medication x
group interaction effect was present (p<0.05). An exploratory analysis estimated the models
separately within each medication group. This analysis indicated that the difference in DS
cue-elicited activation was driven by the placebo group [placebo reward mean = —0.02+0.13,;
placebo relief+habit mean= 0.15+0.13; p=0.002] (Figure 2b), as there was no significant
difference in the group receiving active medication [ibudilast reward mean = 0.03+0.16;
ibudilast relief+habit mean= 0.04+0.12; p=0.45] (Figure 2c). No significant differences were
found in VS activation between groups.

Cue-elicited VS activation was significantly negatively correlated with a continuous measure
of relief on the RRHDS (Question 3: “How often do you drink alcohol because it reduces
negative feelings (e.g. makes you feel bad, sad, or nervous)?”, rated on a 1-7 Likert scale)
[R2=0.32; p=0.03] (Figure 3). Due to responses on the continuous scale being moderately
right-skewed (skewness=0.592), the continuous data was transformed on a log scale. As with
the previous result, medication and interaction effects were examined to evaluate if
medication influenced this result. Neither a main effect of medication (p>0.12) or a
medication x group interaction effect (©>0.15) were present. The other two continuous
RRHDS items (Questions 2 or 4) were not significantly correlated with VS or DS activation
(0>0.09); nor were there any correlations between VS or DS cue-reactivity and RHDQ
scores (p>0.41).

Discussion

This study sought to elucidate clinical and neural correlates of reward and relief drinking,
captured through recently developed self-report instruments. Results replicated original
findings regarding the score distributions and internal consistency of the RHDQ (Adams et
al., 2016). Group differences between reward and relief/habit drinkers on alcohol measures
including the PACS, ADS, and OCDS were also replicated in this independent sample
(Grodin et al., 2019), such that relief/habit drinkers reported significantly higher scores than
reward drinkers on these measures, with relief drinkers scoring highest when separated into
three groups.

As hypothesized, characterizations based on the RRHDS and RHDQ largely aligned, such
that RRHDS-designated reward drinkers scored significantly higher than relief/habit
drinkers on the Reinforcement subscale of the RHDQ, whereas relief/habit drinkers scored
significantly higher than reward drinkers on the Normalizing subscale. Further analysis
separating relief from habit drinkers found that the three groups all significantly differed
from each other only on the Normalizing subscale, suggesting that the difference seen in
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Reinforcement when the relief and habit groups were combined may be driven by habit
drinkers’ lower reinforcement scores.

Neuroimaging results indicated that, as hypothesized, relief/habit drinkers showed greater
DS activation to visual alcohol cues than reward drinkers. However, contrary to our
hypotheses, cue-elicited VS activation did not differ significantly between groups. A
possible interpretation of these results may be that among relief/habit drinkers, reward is not
lost; rather, a dimension of drinking for relief is gained or amplified. This finding aligns with
previous studies showing that positive, stimulatory response to alcohol, but not the negative,
sedative response, predicts the development of escalated drinking and AUD (King et al.,
2019, 2014, 2011). This hedonic response to alcohol, or “liking” as it is termed in the
incentive salience model (Robinson and Berridge, 1993), is thought to be associated with
reward, and serves as positive reinforcement under the allostatic model of addiction (Koob
and Schulkin, 2019). The interpretation that reward is not lost while relief is amplified is
also supported by a previous finding that alcohol-dependent participants did not show a
blunted stimulation response compared to heavy-drinking controls, but did show a higher
sedation response as alcohol administration began (Bujarski and Ray, 2014) — a result that is
distinct from what would be hypothesized simply due to tolerance syndrome, in which all
domains of subjective response are expected to be blunted (Morean and Corbin, 2008). It
should be noted that while previous studies (Bujarski and Ray, 2014; Schacht et al., 2013)
administered alcohol, the present study did not. Nevertheless, we reference those studies as
they capture drinking responses and motives in “real-time” through controlled alcohol
administration models.

This finding generally aligns with the allostatic and incentive salience models, but may
suggest that the current participants are still somewhat early in the process of transitioning
from positive reinforcement to negative reinforcement, or from liking to wanting/craving.
This may be a result of the current sample being a relatively high-functioning, outpatient
group that did not reach the most severe levels of AUD, with the vast majority of participants
categorized as reward drinkers. Future studies should examine ventral and dorsal striatal
cue-reactivity in participants with more severe AUD, whom might be farther along in the
transition to negative reinforcement and as such, more likely to be categorized as relief
drinkers. It is also important to note that while the RHDQ measure was developed in
treatment-seeking samples (Adams et al., 2016), the current study is comprised of non-
treatment seeking heavy drinkers. While the results of the current study largely replicated
the findings seen in treatment seekers, the two populations differ, with treatment-seekers
reporting a greater number of AUD symptoms, consuming more drinks per drinking day, and
having higher ADS and OCDS scores than non-treatment-seeking participants (Ray et al.,
2017). Thus, the findings identified in the current study, particularly with regards to neural
activation, should be tested in treatment seekers, who are more likely to reach more severe
levels of AUD. In the between-groups finding presented herein, exploratory follow-up
analyses found that the observed effects were largely driven by the placebo group, which
calls for further neuroimaging studies that do not involve a medication component.

Further neuroimaging results examining correlations between continuous measures of
reward, relief, and habit and neural alcohol cue-reactivity found that cue-elicited VS
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activation was significantly negatively correlated with the continuous measure of relief. This
finding was unexpected, as we would have hypothesized that there would be a positive
relationship between relief and DS cue-reactivity rather than the observed negative
correlation with VS cue-reactivity. Again, this may be a function of our outpatient sample
not reaching the most severe levels of AUD. Changes in reward and relief scores may be best
studied within-person and longitudinally.

The current study creates subtypes based on reward (reinforcement) and relief
(normalizing); however, previous work focusing on precision medicine (Mann et al., 2018)
differentiates high reward/low relief individuals from those who are high relief/low reward,
high in both, or low in both. While the RRHDS was developed with the aim of
characterizing participants’ primary motivations for drinking, the continuous 1-7 Likert
scales (questions 2—4) can be dichotomized (i.e., “high” reward or relief = 4 or higher; “low”
= 3 or lower). Using these designations, in the current sample of 184 participants, 83 (45%)
were characterized as high reward/high relief, 86 (47%) as high reward/low relief, 7 (4%) as
low reward/high relief, and 8 (4%) as low reward/low relief. As previously discussed, our
high-functioning outpatient sample did not reach the most severe levels of AUD, so these
categorizations are unsurprising. Additionally, few individuals were low on both reward and
relief, despite higher prevalence in this category within treatment-seeking samples. It may be
a limitation of the RRHDS measure that does not provide an opportunity for individuals to
be low in both dimensions, as it emphasizes participants’ highest dimension. Future studies
should examine these further subtypes in a sample with more severe AUD, which may yield
more participants with low reward scores.

These results should be considered in light of the study’s strengths and limitations. Strengths
include the integration of two novel measures of drinking motivation, as well as the
combination of clinical phenotyping and neuroimaging (FMRI) methodologies. A notable
limitation is that participants in the fMRI analysis were originally from a larger medication
study and were scanned after one week on medication. Medication effects were not the focus
of the present study and was controlled for in all analyses presented; however, exploratory
analyses of interaction effects indicated that group differences in striatal cue-reactivity were
driven by the placebo group. In light of this limitation, it is critical that these results be
replicated in independent samples, including studies that do not have a medication
component. An additional limitation was the moderate sample size within the neuroimaging
group, which limited our ability to probe the neural differences in differences between
reward and relief/habit drinkers (e.g., through whole-brain analyses). On balance, these
results represent a first step towards characterizing the underlying neural correlates of
neuroscience-informed drinking phenotypes in a clinical sample. The study is also limited
by the reliability of assessments used, as the RRHDS has been shown to have strong test-
retest reliability for reward drinkers, but to be less reliable for relief drinkers (Grodin et al.,
2019) and the RHDQ had low reliability on the reinforcement subscale both in its original
development (Adams et al., 2016) and in our sample. Additionally, the current sample is
relatively young, with average age at least ten years younger than in comparable studies
(Mann et al., 2018; Ooteman et al., 2006; Witkiewitz et al., 2019). While age did not
distinguish between reward and relief within the current sample, in samples with a higher
representation of older adults, age may differentiate these two groups. Specifically, relief
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drinkers may be older than reward drinkers, which is also associated with longer drinking
history and potential for higher severity. Furthermore, the small neuroimaging sample size
limited our ability to further probe additional factors such as sex differences. While the
current sample did not show sex differences in reward/relief categorization, future studies
may explore sex differences within a sample with a wider range of AUD severity, as men
and women have been shown to drink for different reasons (Peltier et al., 2019) and sex
differences have also been implicated in differential cue-reactivity signatures in smoking
studies (Cosgrove et al., 2014). Finally, the disproportionate ratios of reward drinkers to
relief and habit drinkers in both the fMRI sample and the larger behavioral sample
necessitated the combining of relief and habit drinkers with regards to neuroimaging
analyses. Nonetheless, the decision to combine these groups was informed both by previous
research (Grodin et al., 2019; Mann et al., 2018; Roos et al., 2017) and by the lack of
significant differences between groups on clinical measures within the fMRI sample.

In conclusion, this study reports on the neural and clinical characterization of heterogenous
AUD subtypes based on motivations for drinking, as assessed by the RHDQ and the UCLA
RRHDS. The overall agreement between these two measures suggests a consistent
differentiation between reward-driven and relief-driven alcohol use, providing indirect
support for the allostatic and incentive salience models of addiction (Koob and Schulkin,
2019; Robinson and Berridge, 1993). The present study also elucidates neural mechanisms
(i.e. cue-elicited striatal cue-activation) underlying these AUD subgroups. The clinical and
neural correlates of reward and relief/habit drinking found in this study may present a path
towards the refinement of these neuroscience-informed phenotypes with the ultimate goal of
informing personalized treatments for AUD.
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a) RHDQ Reinforcement and Normalizing Subscales by Reward vs. b) RHDQ Reinforcement and Normalizing Subscales by Reward vs. Relief vs.
Habit (3-Group Comparison)

Relief+Habit (2-Group Comparison)
12

* *

T :

RHDQ Score
o

| :

Reinforcement Normalizing

W Reward Group
Relief & Habit Group

Figure 1.

Reinforcement

*

Normalizing

® Reward Group
Relief Group
m Habit Group

RHDQ Reinforcement and Normalizing scores by reward / relief drinkers. a) Two-group
comparison between reward (blue) and relief+habit (yellow) drinking groups; b) Three-
group comparison between reward (blue), relief (yellow), and habit (green) drinking groups.
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b) Ventral/Dorsal Striatal Reactivity to Visual Alcohol

a) Ventral/Dorsal Striatal Reactivity to Visual Alcohol Cues by Reward / Relief+Habit Group Cues by Reward / Relief+Habit Group in Placebo Only
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Figure 2.
Dorsal and ventral striatal cue-reactivity in reward (blue) vs. relief+habit (yellow) drinkers.

a) all fMRI participants; b) placebo group only; ¢) ibudilast group only.
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a) Striatal Cue-Reactivity vs. RRHDS Continuous Relief Scale
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Figure 3.
Ventral (blue) and dorsal (orange) striatal cue-reactivity vs. RRHDS continuous relief scale.
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Clinical characteristics of reward, relief, habit, and relief+habit groupings within the entire sample. 2-group
comparison refers to reward group vs. relief+habit combined group; 3-group comparison refers to reward vs.
relief vs. habit groups. + indicates standard deviation.

Relief
Measure Total Reward . _ o . 2-group 3-group
(Cronbach’sa) | (n=184) (n=122) Relief (n=28) | Habit (n=34) Erniaegl)t comparison comparison
61/123 X?=0.46 X?=1.75
Sex FIM 33/67% 43/79 35/65% | 10/18 36/64% | 8/26 24/76% | 18/44 29/71% 1=0.496 0=0.417
£=0.835 F=0.544
Age 31.98+8.69 32.3449.16 32.11+8.53 30.59+6.98 31.274£7.70 £=0.405 £=0.581
Smoker 87 55 14 18 32 X?=0.47 X?=0.76
47% 45% 50% 53% 52% p=0.495 =0.685
THC+ 55 33 7 15 22 X?=1.02 X?=4.07
30% 27% 25% 44% 35% p=0.312 p=0.131
Total Drinking £=-3.559 F=8.175
Days 19.05+7.53 17.6947.40 19.75+7.00 23.39+6.84 21.7247.10 p<0.001 p<0.001
. £=-1.954 F=3.793
Drinks / Day 3.57+2.98 3.25+2.75 3.48+2.33 4.84+3.92 4.22+3.33 £=0.054 p=0.024
. =-1.954 F=3.793
Drinks/ Week 25.06+20.91 22.77+19.27 24.42+16.31 33.89+27.45 | 29.55+23.33 £=0.054 p=0.024
Drinks/ =-0.420 F=0.508
Drinking Day 5.51+3.26 5.43+3.22 5.24+2.65 6.00+3.87 5.65+3.36 0=0.675 £=0.603
CIWA-Ar £=-0.228 F=0.132
(0=0.484) 0.98+2.18 0.95+2.07 0.89+1.89 1.15+2.79 1.03+2.41 £=0819 =0877
AUDIT £=-2.836 F=4.256
(2=0.822) 15.62+7.27 14.52+6.89 17.865.61 17.71+8.95 17.77+7.57 p=0.005 p=0.016
OCDS =-3.597 F=10.22
(2=0.920) 17.83+9.81 15.95+8.95 24.68+8.99 18.94+10.92 | 21.53+10.42 p<0.001 p<0.001
OCDS RCI _ -
Factor 1083+4.78 | 10.00£4.67 | 13.643+3.73 | 11.5045.05 | 12.468+459 | 3422 F=1.513
- p<0.001 p<0.001
(a=0.786)
OCDS
Obsession £=-2.918 F=9.429
Factor 5.33+3.85 4.7243.53 8.07+3.83 5.26+4.09 6.53+4.19 p=0.004 p<0.001
(a=0.893)
OCDS
Interference =-3.478 F=9.136
Eactor 1.67+2.17 1.23+1.71 2.96+2.86 2.18+2.52 2.53+2.68 p<0.001 p<0.001
(a=0.811)
PACS £=-3.064 F=1.723
(=0.904) 12.41+6.86 11.30+6.47 16.54+6.25 13.00+7.49 14.60+7.12 p=0.003 p<0.001
- £=-2.599 F=4.049
ADS (a=0.853) 12.53+7.09 11.53+6.58 15.29+7.04 13.85+8.19 14.50+7.67 p=0.011 p=0.019
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Clinical characteristics of reward and relief+habit groupings within the subset of individuals who participated
in neuroimaging. * indicates standard deviation.

Measure fMRI Total (n=45) | fMRI Reward (n=27) | fMRI Relief+Habit (n=18) | 2-group comparison
e s o
Age 32.5¢8.59 32.48£8.81 32.56+8.51 ;‘0‘_’9%
Smoker ég% ég% go% /)7(:-’(:)%50](?4
Hex 20% 5296 295 Zf(:)%;g
Total Drinking Days 20.53+6.58 17.78+5.73 24.67+5.63 ;53_6%916
Drinks / Day 3.92+3.14 3.46+3.04 4.62+3.25 ;—01223%1
Drinks/ Week 27.51£22.00 24.27+21.29 32.38+22.77 ;tz::_o%ézs%l
Drinks/Drinking Day 5.65+3.37 5.73+3.56 5.52+3.14 /’;%%0359
CIWA-Ar 0.58+1.41 0.89+1.71 0.110.47 ;13::2020213
AUDIT 16.53+6.21 15.005.36 18.836.81 ;‘0?6%‘338
ocDs 18.6+9.02 16.56+8.21 21.67+9.53 ;‘0%(-)87%1
OCDS RClI Factor 11.30+4.60 10.15+4.36 12.49+4.57 ;52.691%9
OCDS Obsession Factor | 5.69+3.65 5.15+3.60 6.50+3.67 #1220
p=0.230
OCDS Interference Factor | 1.64+1.79 1.26+153 2.2242.02 F=-1.721
p=0.096
PACS 12.006.31 11.07+6.31 13.39+46.23 /’;‘0223125
ADS 12.20+6.56 11.8147.22 12784558 /’;‘0%51%3
IBUD o u 2 ;;2(:)% o
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Table 3.

Correlation matrix of all assessments conducted. Reported values are R2.

Page 19

1 2 3 4 5 6 7 8 9
1. RHDQ Reinforcing -
2. RHDQ Normalizing 0.119 wEA
3. RRHDS Reward 0171 | 0.003 -
4. RRHDS Relief 0.142 AR 0.258 **% 1 0.003 -
5. RRHDS Habit 0.010 0.244 *** 1 0.002 0.063 il IS
6. CIWA-Ar 0.015 0234 | 0004 | gos1** | 0045 | -
7.AUDIT 0,095 | 0.457™ | 0.004 | 0176 | 0.143™ | 0290 | -
8.0CDS 0.061 | 0.418™ | 0.000 | 9221 | 0.167™ | 0.251™** | 0.554 ™ | -
9. PACS 0.098 ™ | 0.402™ | 0.016 | 0.286™ | 0.179™ | 0.220™ | 0.464 | 0.686™* | -
10. ADS 0.073 | 0313 | 0.002 | 0,179 | 0.117™ | 0.145™ | 0.608" | 0.462™ | 0.410™**
* =
p<0.05,
A=
p<0.01,
Aokk—
p<0.001.
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