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Abstract

Background: Pain may serve as an antecedent for alcohol use, increasing risk for hazardous
drinking and associated consequences. Delayed onset muscle soreness (DOMS) induction
produces clinically relevant but time-limited musculoskeletal pain. This study was conducted to
determine whether DOMS induction on the dominant elbow flexors influenced alcohol demand
using the Alcohol Purchase Task (APT). We hypothesized DOMS would increase alcohol demand
relative to a sham control. Based on existing studies of pain self-medication, we expected DOMS-
related increases in alcohol demand would be greatest in men.

Methods: Participants (N = 53; 57 % women) were randomly assigned to a DOMS (eccentric
exercise) or sham condition (concentric exercise). Participants completed the APT pre-exercise
and 48 -hs post-exercise. Repeated measures GLM was used to characterize group by sex by time
interactions on APT indices, including intensity, breakpoint, essential value (EV), Omax, and Ppmax

Results: The DOMS procedure significantly increased pain ratings at the elbow flexors. Men
had significantly higher demand intensity than women across groups and time points. Significant
interactive effects were detected for breakpoint and EV. From pre- to post-test, breakpoint
significantly increased in men in the DOMS group. However, breakpoint and EV significantly
decreased in women in the DOMS group.
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Conclusions: Increased alcohol demand in men in the DOMS group was consistent with
epidemiological data suggesting men are at higher risk for self-medicating pain with alcohol than
women. However, decreased demand in women was unexpected. Taken together, results indicate
DOMS induction may be a useful means to characterize pain as an antecedent for alcohol use.
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1. Introduction

Pain is the most common reason individuals seek medical treatment. People with acute pain
frequently engage in pain self-management, including use of over-the-counter analgesics
(Moore et al., 2015). However, exceedance of dosing guidelines is common, likely due

to attempts to achieve adequate relief (Hommez et al., 2018). Likewise, chronic pain has
detrimental effects on quality of life for nearly 100 million American sufferers and is
extremely costly, with associated expenditures reaching $635 billion per year in the United
States (Institute of Medicine, 2011). Existing treatments for chronic pain such as opioid
analgesics, are relatively ineffective (Noble et al., 2010), rarely meet patients’ own criteria
for successful treatment (Robinson et al., 2005), and are associated with significant risk (i.e.,
opioid use disorder) (Molkow and Collins, 2017). Therefore, patients may seek alternative,
maladaptive methods for pain relief, including self-medication with alcohol.

A large majority (86 %) of US adults consume alcohol at some point in their lives
(Substance Abuse and Mental Health Services Administration, 2017) and ~56 % have >

1 alcoholic drink per month (Schiller et al., 2012). Stress, alcohol withdrawal symptoms, and
pain can initiate urge or craving for alcohol consumption (American Psychiatric Association,
2013). Indeed, epidemiological data suggest that nearly 25 % of individuals suffering

from orofacial or musculoskeletal pain at least occasionally self-medicate their pain with
alcohol (Riley and King, 2009). A meta-analysis of the effects of acute alcohol intake on
experimental pain in healthy participants found that alcohol produces significant reductions
in pain intensity, as well as elevations in pain threshold and pain tolerance (Thompson et al.,
2017). Critically, meta-regression analyses indicated these were dose-dependent, suggesting
patients who self-medicate are likely to exceed moderate drinking guidelines, increasing risk
of alcohol-related consequences including increased pain sensitivity, hyperalgesia associated
with alcohol withdrawal (National Institute on Alcohol Abuse and Alcoholism, 2013),
development of Alcohol Use Disorder (AUD), and harmful drug/alcohol interactions.

Theoretical models regarding reciprocal alcohol-pain interactions indicate this pattern can
result in a feed-forward cycle associated with increased risk for AUD in people with chronic
pain, and chronic pain in people with AUD (Ditre et al., 2020; Egli et al., 2012). This
cyclical association is supported by data indicating greater pain-related physical impairment
is associated with significantly increased risk for AUD (McDermott et al., 2018). In
addition, 43 % percent of problem drinkers and 75 % of those with AUD report co-morbid
moderate to severe pain (Brennan et al., 2005; Brennan and Soohoo, 2013; Larson et al.,
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2007). Taken together, individuals that use alcohol to cope with pain risk a vicious cycle of
increased alcohol use resulting in pain relief acutely but hazardous drinking and exacerbated
pain over an extended period.

Observational and cross-sectional studies support the notion that pain is associated with
increased alcohol consumption. For example, people with chronic pain and higher ratings

of pain unpleasantness report greater motivation to consume alcohol (Lawton and Simpson,
2009). Conversely, individuals with AUD and co-morbid chronic pain have reported pain

as a primary reason for initiating alcohol misuse (Sheu et al., 2008). In a recent study,
individuals seeking treatment for AUD indicated pain contributes significantly to their use of
alcohol and other substances (Boissoneault et al., 2019). To our knowledge, only one study
has directly investigated pain as an antecedent for alcohol use, finding that thermal pain
induction in a laboratory setting increased reports of desire to consume alcohol (Moskal et
al., 2018).

Sex differences have been noted in the literature regarding alcohol-related expectancies of
pain relief and the neurobehavioral consequences of alcohol consumption (Horn-Hoffman
et al., 2015). In fact, men are more likely to drink than women, drink more often, in larger
quantities, and report more alcohol-related consequences (Wilsnack et al., 2000). Other sex
differences are important to consider: 1) sex is an important moderator of clinical pain and
evidence suggests women are more likely to experience chronic pain than men (Bartley
and Palit, 2016); 2) men are more likely to endorse self-medicating pain than women
(Riley and King, 2009); and 3) women tend to experience alcohol-related consequences to
a greater extent than men (i.e., later initiation of regular drinking but a faster progression to
dependence and treatment (Lewis & Nixon, 2014). Taken together, it is essential to consider
sex as a moderator for alcohol consumption in the context of pain.

Typical laboratory pain induction methods, including thermal pain, electric shock, and cold-
pressor, may be suboptimal for studies of pain as an antecedent for alcohol use because
they are very temporally limited and do not produce prolonged functional limitations
characteristic of clinically relevant pain. We believe these issues can be overcome by
inducing delayed onset muscle soreness (DOMS) in the laboratory setting. Eccentric
(elbow straightening/biceps lengthening) action causes mechanical disruption of muscle
tissue, along with pain, edema, and temporary weakness (Friden et al., 1983; Nosaka and
Clarkson, 1995; Clarkson and Hubal, 2002). Collectively, these post-exertion symptoms

are known as DOMS. Pain from DOMS peaks 36-48 hours after exercise and typically
resolves within a week (Clarkson and Tremblay, 1988). DOMS offers an excellent model
for musculoskeletal pain as an antecedent for alcohol use because, unlike typical laboratory-
based pain inductions, it produces relatively long-lasting pain associated with disability and
functional limitations.

Furthermore, because musculoskeletal pain is the most common form of chronic pain
(Institute of Medicine, 2011), DOMS-associated changes in desire to consume alcohol
have high ecological validity. Use of DOMS induction also provides greater experimental
control over the mechanism and injury site that cannot be obtained when recruiting patients
with pre-existing clinical pain conditions. In this initial study, we used DOMS induction
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in the dominant elbow flexor muscles to model musculoskeletal pain as an antecedent of
subsequent alcohol use characterized by a well-validated behavioral economic task: the
Alcohol Purchase Task (APT; e.g. Murphy and MacKillop, 2006; Amlung et al., 2012; see
Kaplan et al., 2018 for a systematic review).

Purchase tasks provide efficient approaches for measuring the reinforcing efficacy of a
given substance. The basis of a purchase task is to collect information regarding how much
of a given substance an individual would purchase at increasing price points. Measuring
demand and its influencing variables may elucidate mechanisms underlying maladaptive
decision making about substance use and the characterization of potential risk factors for
substance use disorders. Outside of hypothetical purchase tasks, demand for a substance can
be directly measured through operant procedures that allow participants to earn access to the
drug by performing effortful tasks (Bickel et al., 1991). However, hypothetical purchasing
tasks allow for less burdensome and more rapid assessments of demand while showing good
reliability and strong correspondence to actual drug use (Petry and Bickel, 1998). The APT
is sensitive to various manipulations, including changes in demand associated with alcohol-
related cues (MacK:illop et al., 2010), alcohol priming (Amlung et al., 2015), stress (Amlung
and MacKillop, 2014), the presence or absence of next-day responsibilities (Gilbert et al.,
2014), and others (Kaplan et al., 2018). Therefore, we aim to establish musculoskeletal

pain via DOMS as a clinically relevant model of chronic pain and investigate the potential
changes in alcohol demand stemming from this pain induction.

The current study comprises an initial test of a novel methodological approach for
improving understanding of pain-alcohol interactions, consisting of experimentally induced
musculoskeletal pain and subsequent assessment of alcohol demand using the APT. We
hypothesized that DOMS induction would be associated with increases in alcohol demand.
Given evidence that men are more likely to report self-medicating pain with alcohol than
women (Riley and King, 2009), we hypothesized that DOMS-related increases in alcohol
demand would be greater in men than women.

2. Method

2.1. Participants

Participants were recruited from the north central Florida area using flyers. Interested
individuals contacted the laboratory and were informed of the basic inclusion criteria,
including (a) being between the ages of 21 and 65; (b) consuming at least one alcoholic
beverage per week, on average, for the past 6 months; (c) being a non-smoker, as previous
research indicates nicotine has acute analgesic effects (Ditre et al., 2016) and pharmacologic
interactions between nicotine and alcohol may modify alcohol demand indices and typical
use (Amlung et al., 2017); (d) being in good physical health; (e) not participating in a
biceps-specific conditioning program in the past 6 months (e.g., bicep curls, pull-ups,
Olympic weightlifting, etc.); (f) not reporting any wrist/hand, elbow, or shoulder pain in
the last 3 months; (g) having no history of kidney dysfunction, muscle damage, major
psychiatric disorder, or any chronic medical condition that may affect pain perception; (h)
not consuming any drugs that may affect pain perception or hydration status 24 h before
participation in a testing session; and (i) no use of caffeine 4 or fewer hours before a
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testing session. Recent abstinence from substance use (including caffeine) was confirmed
via participant self-report. The University of Florida Institutional Review Board approved
the present study, and all participants provided written informed consent prior to data
collection.

2.2. Procedure

Participants were randomly assigned to one of two groups: 1) DOMS or 2) Sham

DOMS (control group). Participants attended two laboratory sessions separated by 48

h. A within-subjects design was used to facilitate measurement of pain-related changes

in alcohol demand, controlling for individual differences in biopsychosocial factors that
may influence drinking behavior in the context of musculoskeletal pain. During the first
session, participants’ demographic information, health status, pain-related expectancies,
and alcohol-use histories were assessed via self-report measures. Quantity-frequency index
(QFI), representing average daily alcohol consumption over the 6 months prior to screening,
was estimated using an alcohol use questionnaire derived from Cahalan et al. (1969)

in units of o0z. absolute ethanol consumed per day (one standard drink corresponds to
approximately 0.6 oz. of absolute ethanol). Maximum alcohol consumption in a single

day (MaxQ) during the 6 months prior to screening was also estimated in terms of o0z.
absolute ethanol. For both measures, participants were provided standard drink definitions
(Saunders et al., 1993) and asked to describe their typical and maximal alcohol consumption
in as much detail as possible. Individuals also completed a battery of questionnaires to
assess state anxiety (Spielberger State-Trait Anxiety Inventory [STAI]; Spielberger, 1983),
depressive symptomatology (Beck Depression Inventory-11 [BDI-I1]; Beck et al., 1996),
and problematic drinking behaviors (Alcohol Use Disorders Identification Test [AUDIT];
Saunders et al., 1993). Participants then completed a maximum voluntary contraction
(MVC) assessment, and a DOMS (eccentric exercise) or sham DOMSs (concentric exercise)
induction procedure at their dominant elbow flexor muscles according to their group
assignment. At Session 2, participants in both groups completed follow-up assessments

of pain experience and demand for alcohol. Participants returned to the lab for the 48

-h follow-up visit at the same time of day as the first session (always after noon) and
completed the APT in the same exam room with the same experimenter. These procedures
controlled for effects of time-of-day, environmental context, and cue exposure on alcohol
demand. Five days after the second session, participants in both groups received a follow-up
email to assess alcohol consumption during each of the five days following their second
session. The study timeline is illustrated in Fig. 1. Participants received $50 for completing
Session 1 and another $50 after completing Session 2. Participants who completed screening
questionnaires but did not meet inclusion criteria were paid $15.

2.3. Isometric biceps strength testing and DOMS-inducing exercise protocol

The exercise protocol was similar to that employed in our previous work (Sevel et al.,
2019). Using a Biodex System Isokinetic Dynamometer (Biodex Medical Systems, Shirley,
NY), each participant performed an isometric strength test to measure maximum voluntary
contraction (MVC) of the dominant elbow flexors. To perform the MVC test, participants
were seated within the testing apparatus and were prompted to move through their available
range of mation in elbow flexion and extension. The device was then locked into a position
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halfway between the participant’s full range of motion. The participant was instructed to
hold onto the grip handle of the machine and build maximal force by pulling the grip
handle toward the body. After five seconds, the participant was instructed to relax. This
test was repeated three times. A participant’s MVC was the average of the three trials.
After performing the isometric strength test, participants rested for 60 s before completing
the randomly assigned exercise protocol: DOMS or Sham DOMS. The DOMS Group
participants performed three sets of 15 eccentric (elbow straightening/biceps lengthening)
repetitions of the machine arm moving at a speed of 60°/S. Starting with elbow bent,
participants were instructed to resist the machine arm movement until their elbow was
fully straightened. After each set of 15 eccentric repetitions, participants rested in a neutral
position for 60 s. Consistent with previous work in our laboratory (Sevel et al., 2019),

three sets of repetitions were used to ensure participants experienced sufficient soreness

to effectively evaluate hypotheses. Sham DOMS Group participants performed a single set
of 15 concentric (elbow flexion/biceps shortening) repetitions at a resistance set to 30 %

of their MVVC. The Sham DOMS exercise condition, which was intended to control for
effects of experimenter contact, performing exercise, and repeated APT administration, was
designed to be of low intensity and therefore unlikely to cause any significant soreness. For
consistency, the DOMS group also completed the MV C assessment. However, the eccentric
exercise was not dependent on participants’ MVC strength. Throughout the strength testing
and exercise protocol, a member of the study team encouraged participants to maintain
maximal effort.

2.4. Alcohol purchase task (APT)

When completing the APT, participants were provided with a standard instruction set like
those employed in previous studies (e.g., Murphy and Mackillop, 2006):

In the questionnaire that follows we would like you to pretend to purchase and consume
alcohol. Imagine that you could drink right now. The following questions ask how many
drinks you would purchase at various prices. The available drinks are standard size beers (12
0z.), wine (5 0z.), shots of hard liquor/distilled spirits (1.5 0z.), or mixed drinks containing
one shot of liquor/distilled spirits. You do not have access to any other alcohol than what is
available for purchase here and assume you have the same income/savings that you do now.
Also, assume that the alcohol you are about to purchase is for your consumption only and
you would consume every drink you request. Everything you buy is, therefore, for your own
personal use right now. Please respond to these questions honestly. Remember: - Imagine
that you could drink right now. - You have no access to alcohol other than what is available
for purchase here. - Everything you buy is for your own personal use right now. There are no
“right” or “wrong” responses. Please answer all questions honestly, thoughtfully, and to the
best of your understanding, as if you were actually in this situation.

Participants reported the number of drinks they would consume at each price point ($0.00,
$0.05, $0.10, $0.25, $0.50, $1.00, $1.50 $2.00, $3.00, $4.00, $5.00, $6.00, $8.00, $10.00,
$15.00, $20.00, $30.00). These data were used to derive several measures of relative
reinforcing efficacy (RRE) including: demand intensity (number of drinks consumed when
drinks are free), Omax (Maximum expenditure, or the highest amount spent on alcohol), Pmax
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(price where demand becomes elastic, or the price at which O is reached), breakpoint
(price when consumption reaches zero), and essential value (inversely proportional to
elasticity; Acuff and Murphy, 2017; Hursh and Silberberg, 2008; Koffarnus et al., 2015).
Elasticity is described as the point at which demand becomes sensitive to changes in price,
or elastic, and has been traditionally derived using an exponential equation. We used the
exponentiated demand equation (Koffarnus et al., 2015), which modified the Hursh and
Silberberg (2008) equation to allow zero consumption in the curve fit (Koffarnus et al.,
2015). The exponentiated demand equation can be written as:

0= 0" 10k(e—aQOC _ 1)

where Qs the consumption of the commaodity at cost C, Qpis derived demand intensity or
the consumption of the commodity when it costs nothing, kis a constant calculated using the
range of consumption, and & is demand elasticity. This equation was fit to the experimental
data using least squares regression in Microsoft Excel. Using the resulting values from this
equation, we can calculate essential value (EV) using the following equation (Hursh, 2014):

EV = 1/(100*a* k1'5)

The APT was administered twice: once in Session 1, prior to DOMS induction, and once
during Session 2 in order to assess pain induced changes in alcohol demand.

2.4.1. DOMS-related pain measures—Consistent with our previous work (Sevel et
al., 2019), participants in both the DOMS Group and Sham DOMS Group completed two
assessments to evaluate pain associated with the exercise protocol during both sessions: (1)
Spontaneous Pain: The Pain Experience Visual Analog Scale (PEVAS) consists of seven 100
mm lines. Each assesses a different component of the pain experience: depression, anxiety,
frustration, fear, anger, pain intensity, and pain unpleasantness. Each VVAS has one anchor on
each end and ranges from ‘None’ to “Worst imaginable.” Participants rated each by placing
a single mark on each VAS (e.g. “What is your current level of pain intensity?”; Price et

al., 1983). (2) Pain with Movement: Using the same VAS anchors, participants rated pain
during elbow extension and elbow flexion (e.g. “What is the intensity of your pain when you
straighten your elbow?”).

2.5. Analysis strategy

Data were analyzed using IBM SPSS 25. We examined the APT responses to identify any
non-systematic data in which a participant reported they would purchase a greater number
of drinks at a higher price point than lower price points. This resulted in the removal of

one participant’s data from the analysis. No outliers (defined as +/- 3 standard deviations
from the mean) were identified in APT indices. Similarly, no biologically implausible
responses on the APT were noted. We first computed zero-order Pearson’s r correlations
between pre-exercise APT measures, post-exercise APT measures, QFI, and MaxQ in order
to determine correlations of (a) each APT index with itself across repeated administrations,
(b) each APT index with QFI and MaxQ, and (c) each APT index with other APT indices.
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Then, hypotheses related to changes in alcohol demand post DOMS induction were assessed
using a 2 (group: DOMS vs Sham DOMS) x 2 (sex: men vs. women) X 2 (time: Visit 1 vs
Visit 2) mixed analysis of variance (ANOVA). Separate analyses were conducted for demand
intensity, breakpoint, EV, Pmax, and Omax-

3. Results

3.1. Participant demographics

Participants (N = 53) averaged 26.28 years of age (SD = 9.908) and 16.32 years of education
(SD = 2.128). Of the participants, 83 % (n = 44) identified as White, 3.8 % (n = 2) identified
as Black or African American, 7.5 % (n = 4) identified as Asian or Pacific Islander, and 5.7
% (n = 3) identified as another race or multiple races. A subset of participants (17 %; n =

9) identified as Hispanic or Latinx. BDI-Il and STAI-trait total mean scores were 4.02 (SD
= 4.448) and 32.74 (SD = 8.629) respectively. Participants reported consuming 0.843 (SD
=.758) oz. of absolute EtOH per day on average (quantity-frequency index, or QFI; ~1.4
standard drinks) during the 6 months prior to assessment and a maximum of 5.343 (SD =
2.698) oz. of absolute EtOH within a single 24 -h period (maximum quantity, or MaxQ; ~8.9
standard drinks). The mean AUDIT score was 6.81 (SD = 3.976). A breakdown of these
measures by group and sex is listed in Table 1.

3.2. Effect of DOMS intervention

The Pain Experience Visual Analog Scale (PEVAS) showed no significant differences
between the DOMS and Sham group in reported mood at 48 -h follow-up (see Table 2).

In the spontaneous pain and pain with movement measures, compared to the Sham group,
the DOMS group reported significantly more pain intensity with extension (£31.6) = 7.445,
p <.0001; d = 2.06), with flexion (432.5) = 6.403, p <.0001; d = 1.77), and at rest (£28.4) =
3.556, p =.001; d =.99), as well as greater pain unpleasantness at rest (£27.8) = 3.102, p =
.004; d = .86) on a 100 point VAS. These effects are illustrated in Fig. 2.

3.3. Correlation of typical drinking behavior and APT indices

Correlations between pre-exercise APT indices, post-exercise APT indices, and QFI and
MaxQ are presented in Table 3. Each APT index was significantly correlated with itself from
pre- to post-exercise, and interrelations between APT indices were similar to those reported
by previous studies (MacKillop et al., 2009). Specifically, breakpoint, EV, Ppyax, and Omax
were significantly correlated with each other, but correlations of these variables with demand
intensity were either non-significant or significant, but statistically weak. Finally, demand
intensity correlated significantly with both QFI and MaxQ, while EV and Oy correlated
with MaxQ.

3.4. Effects of DOMS induction on alcohol demand

Differences in pre- to post-test APT measures are depicted in Fig. 3. Demand curves
indicating the average number of drinks purchased at each price point for men and women
in the DOMS and Sham DOMS groups are depicted in log-transformed (Fig. 4A and B) and
raw units (Fig. 4C and D). Alcohol demand indices are listed by group and sex in Table 4.
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3.4.1 Demand intensity (Fig. 3A): A main effect of sex on demand intensity (F 49
=6.73, p=.012, nzp =0.12) indicated men had significantly higher demand intensity
than women at both pre- and post-test, regardless of group assignment. Analyses indicated
no other significant main or interactive effects of time, group, or sex on demand intensity
of alcohol demand (F1 49 = 1.83, p >0.18, nzp =0.036). Because visual examination of
demand curves (Fig. 4a) suggested greater demand intensity at post- than pre-test in men
in the DOMS group, exploratory post-hoc dependent t-tests were conducted to determine
the effect of time on demand intensity in each combination of group and sex. However,
increases in demand intensity in men in the DOMS group from pre- to post-test were not
significant (p = .069, nzp = 0.066). This effect did not approach significance for any other
combination of sex and group (p >.65).

3.4.2 Breakpoint (Fig. 3B): A significant group X sex X time interaction was detected
for breakpoint (Fy 49 = 5.74, p = .02, nzp = 0.11), superseding a significant sex x time
interaction (F1 49 = 7.41, p = .009, nzp = 0.13). Decomposition indicated that, from pre- to
post-test, breakpoint significantly decreased in women in the DOMS group (p = .003, nzp =
0.169) and increased in men in the DOMS group (p = .05, nzp =.075). Time point did not
significantly affect breakpoint in women (p = .086, nzp = 0.059) or men in the Sham DOMS
group (p = .26, n“p = 0.026). No other main or interactive effects were noted (Fy 49 <3.60, p
>.064, n2p <0.068).

3.4.3 EV (Fig. 3C): A group X sex X time interaction (F1 49 = 4.12, p = .048, nzp =

.078) qualifying a main effect of time (Fy 49 = 13.18, p = .001, n“p = .212) was noted for

EV. Women in the DOMS group (p = .013, nzp =.12) and men in the Sham DOMS group

(p =.005, nzp = 0.149) showed significant drops in EV from pre- to post-test. However, no
effects were noted for men in the DOMS group (p = .67, an = 0.004) or women in the Sham
DOMS group (p = .21, 12, = 0.03).

3.4.4 Omax (Fig. 3D): A group X sex X time interaction (Fy 49 = 3.93, p =.05, 0%, =
.074) was observed for Onax, Which qualified a main effect of time such that demand tended
to decrease from pre- to post-test (F1 49 = 12.25, p = .001, nzp =.20). Decomposition of the
interaction indicated Oax decreased significantly between assessment points for women in
the DOMS group (p = .02, n?, = .10), but not men (p = 48, %, = .01). In addition, Opax Was
unchanged for women in the Sham DOMS group (p = .39, nzp =.02), but decreased in men
(p =.005, nzp =.15). 3.4.5 Pmax: No significant main or interactive effects of group, sex, or
time were noted for Pmax (Fy 49 <3.25, p >.078, nzp <.06).

4. Discussion

In this study, we sought to determine to what extent DOMS pain affects motivation to
consume alcohol, as reflected via alcohol demand indices measured using the APT. We were
successful in producing DOMS-related pain as reflected by significantly greater ratings of
pain upon extension, flexion, at rest, and pain intensity in the DOMS group compared to the
Sham DOMS group at 48 -h follow-up.
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We found similar correlations between APT indices and self-report measures of both
typical and maximal drinking as previous groups (e. g., MacKillop et al., 2009), providing
support and further evidence that APT metrics map onto clinically relevant measures of
drinking behavior. Consistent with hypotheses and epidemiologic data on self-medicating
pain with alcohol, DOMS induction resulted in sex-specific effects on breakpoint, EV, and
Omax- However, the scope and directionality of these effects were unexpected. Rather than
finding DOMS-related increases in alcohol demand in both men and women that were
exaggerated in men, we found that DOMS tended to increase alcohol demand in men but
robustly decreased demand in women. Specifically, the increase in breakpoint for men in
the DOMS group between time points suggests men may persist in alcohol-seeking behavior
at high prices when experiencing musculoskeletal pain, even though EV and Oy are not
significantly changed. In other words, although the overall value of alcohol was unchanged
(i.e., if there was a commaodity that would previously compete with alcohol, it will would
still compete, and vice versa), men are more likely to persist in drinking behavior if price
increases when in pain. On the other hand, results suggested that women are less likely to
drink in the context of acute musculoskeletal pain. EV of alcohol decreased, and women
indicated they were not willing to pay as much for alcohol (i.e., lower persistence) after
DOMS induction.

Taken together, our results have several important implications. First, we demonstrate

that APT demand metrics are sensitive to the effects of experimentally induced
musculoskeletal pain, suggesting behavioral economic approaches may be valuable for
improving mechanistic understanding of factors underlying pain as an antecedent for alcohol
use. They also highlight sex differences as a potential risk factor for self-medicating pain
with alcohol. Several risk factors for self-medicating pain with alcohol have been previously
identified, including younger age, male sex, higher SES, being White/Caucasian, greater
pain severity, longer pain duration, depression, and use of prescription analgesics (Riley and
King, 2009). Our data provide additional evidence that men may be at differential risk for
self-medicating pain using alcohol. Thus, in the context of significantly greater intensity of
alcohol demand in men than women, the interactive effects we detected suggest men in with
musculoskeletal pain may be at particular risk for development of negative alcohol-related
consequences or alcohol use disorder and imply this group may benefit especially from
clinical interventions intended to attenuate or prevent self-medication behavior.

By the same token, we were surprised to note that the DOMS-related pain we induced
appeared to increase elasticity of demand in women, consistent with a decrease in the
relative reinforcing efficacy of alcohol in the context of acute musculoskeletal pain.
Additional studies are needed to determine whether this finding is replicable across samples
taking to account potentially critical moderating variables including family history of
alcoholism, personal history of chronic heavy drinking, and personality factors. It is also
unclear whether these effects might differ in the context of chronic musculoskeletal pain, or
other types of pain (e.g., neuropathic or widespread pain).

Although the mechanism(s) underlying the sex-conditional effects of acute musculoskeletal
pain on alcohol demand are unclear, several possibilities are worthy of investigation. A
substantive literature indicates that men in Western cultures are less willing than women to
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report pain, and to seek medical care when they experience pain (Robinson et al., 2001).
Thus, it is possible that men may be more inclined to seek alternative methods for pain
relief, including self-management via alcohol consumption, than women. It is also possible
that men have weaker expectancies of alcohol-related adverse consequences than women,
stronger expectancies that alcohol will provide pain relief, or both. Future studies should
explore expectancy differences as a potential mechanism underlying sex differences in the
effect of pain on alcohol demand.

This study has several notable strengths, including use of a clinically relevant
musculoskeletal pain induction and inclusion of an appropriate control group (Sham
DOMS) for the effects of exercise and repeated administration of the APT. In addition,

our results demonstrate the utility of the APT and/or other hypothetical purchase tasks for
understanding mechanisms and moderators underlying pain as an antecedent for substance
use. Furthermore, although necessarily preliminary, given the relatively small sample size,
our results will help ensure future replications and extensions of this work have empirically
derived effect sizes on which to base their power analyses. Certain limitations of the study
also bear consideration.

First, we did not find significantly elevated measures of negative affect in the DOMS group
compared to the Sham DOMS group. Given evidence indicating negative affect may mediate
the effect of pain on subsequent substance use (Witkiewitz et al., 2015; Moskal et al., 2018),
it is possible that even greater effects on alcohol demand could be observed if subsequent
studies take advantage of DOMS interventions producing significant elevations in negative
affect. Although the lack of elevated negative affect we observed may reflect a limitation of
DOMS as a clinical pain analog, including additional repetitions of eccentric contractions
during DOMS induction (resulting in greater pain severity) or targeting postural muscles
more consistently activated in day-to-day activities may better model the experience of
clinical pain. It is also possible that the pattern of sex-specific effects we observed may
differ in the context of elevated negative affect. In our recently proposed theoretical model
regarding psychosocial factors underlying pain as an antecedent for substance use (Ferguson
et al., 2020), we note current evidence suggests pain-related negative affect is likely a critical
mediator of this pathway, regardless whether pain is chronic or acute. However, given

that the negative biopsychosocial context of chronic pain is more likely to be associated
with significant pain-related negative affect than acute pain, it would be useful for future
studies to examine the impact of chronic pain on alcohol demand (e.g., low back pain or
osteoarthritis).

Given the current study sample is not a clinical population, it is also worth noting that

our findings may not generalize to certain important groups, including individuals who
regularly engage in heavy alcohol consumption or those with chronic pain conditions. It is
also possible that income, which was not assessed in this study, may moderate the effect
of pain on alcohol demand. However, years of education, which serves as a proxy for
socioeconomic status, did not meaningfully alter the pattern of results when included as a
covariate (results not shown). As the majority of participants had completed some college
or attained a bachelor’s degree, it is possible that these results would not generalize to
populations with lower educational attainment. Similarly, although the age of participants
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ranged from 21 to 63, most of the study population (91 %) were between the ages of 21 and
35. Inclusion of age as a covariate in analyses did not change our results. However, both pain
prevalence and drinking patterns may change with advancing age and future studies focusing
on older adults may be beneficial.

An individual’s consumption of alcohol may differ from the responses to a hypothetical
purchase task given that numerous factors may influence the actual consumption of alcohol
above and beyond motivation to drink. Additional research is needed to determine whether
changes in alcohol demand associated with the DOMS induction procedure correspond with
actual intake. Furthermore, although inclusion of typical daily drinking as a covariate in
mixed models did not alter the pattern of sex-specific effects of DOMS on alcohol demand
we observed (results not shown), future studies should examine other biopsychosocial
factors that may explain individual differences in the effect of pain on alcohol demand

and subsequent consumption, including pain-related attitudes (e.g., fear of pain, pain
catastrophizing) and impulsivity (e.g., negative urgency; Ferguson et al., 2020).

Abstinence from recent substance use prior to laboratory sessions, which could influence
APT responses, was confirmed via participant self-report. Although we do not have reason
to disbelieve participants’ assurances of abstinence, objective confirmation using urine
toxicology screens and breath alcohol testing may benefit future studies.

Finally, we did not assess the effects of pain on demand for substances other than alcohol

in this study (e.g., cannabis or opioids). Given rapid sociocultural shifts in the perception of
cannabis as an effective analgesic and public health concerns regarding opioid addiction and
overdose, future studies should consider these substances as well.

5. Conclusions

In summary, results demonstrate that behavioral economic measures of alcohol

demand are responsive to experimentally induced musculoskeletal pain and provide
preliminary evidence that behavioral economic approaches may provide critical insight to
biopsychosacial factors underlying motivation to consume alcohol in the context of pain.
These data also provide further evidence that men experiencing pain may be at differential
risk for engaging in hazardous drinking behaviors and development of alcohol use disorder.
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Public health significance statements

This study found that experimentally induced musculoskeletal pain had sex-specific
effects on alcohol demand, increasing demand in men and decreasing demand in women.
Results suggest men in pain may be at differential risk for engaging in hazardous
drinking and highlight the need for additional studies examining pain as an antecedent for
alcohol use.
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p <.0001, Cohen's d = 1.77

DOMS

p =.004, Cohen's d = .86

DOMS

Eccentric exercise associated with the DOMS induction significantly increased pain
intensity with Extension (A), Flexion (B), at Rest (C), and pain unpleasantness at rest (D)
compared to the Sham DOMS condition. Error bars depict standard deviation.
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Fig. 3.

Ef%ects of the exercise intervention on Intensity (A), Breakpoint (B), and Essential Value (C)
by sex and group depicting using difference scores. A) No significant main or interactive
effects of group, sex, or time were noted for demand intensity. B) Breakpoint significantly
decreased from pre- to post-test for women in the DOMS group (p = .003) and significantly
increased in men in the DOMS group (p = .05). No significant changes in breakpoint

for women (p = .086) and men (p = .26) in the Sham DOMS group were noted. C) EV
decreased significantly from pre- to post-test in women in the DOMS group (p = .013), but
not men (p = .67). Men in the Sham group also showed a significant drop in EV from pre-
to post-test (p =.005). D) Like EV, Onax decreased significantly from pre- to post-test in
women in the DOMS group (p = .023), but not men (p = .48). Men in the Sham group

also showed a significant drop in Opax from pre- to post-test (p = .005). Error bars depict
standard deviation. *: denotes a significant change from pre- to post-test (p <.05).
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Fig. 4.
Average number of hypothetical standard drinks purchased at each price point in the DOMS

Group and Sham DOMS Group separated by sex and depicted on a log-log scale (A and B,
respectively) and in raw units (C and D, respectively). Error bars depict standard error of

the mean. The curves represent the exponentiated demand equation fitted to the experimental
data (Koffarnus et al., 2015; adapted from Hursh and Silberberg, 2008).
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Table 1
Participant demographic characteristics.
DOMS Sham DOMS
Men Women Men Women
Mean (SD)  Mean (SD)  Mean (SD) Mean (SD)
n=12 n=14 n=11 n=16

Age (years)
Education (years)
BDI-II (total)

STAI (trait total)
QFI (oz. EtOH/day)
MaxQ (oz. EtOH)
AUDIT (total)

23.92(3.29) 22.42 (2.44)
16.58 (1.88)  16.14 (1.75)
2.42(2.88)  4.71(4.70)
31.00 (7.46) 34.86 (8.09)
1.31(0.99)  0.52(0.25)
6.54 (3.06)  4.87 (2.66)
8.92(5.67)  6.14(2.38)

31.64 (13.85)  27.75 (12.56)
17.45(2.98)  15.50 (1.67)
5.18 (5.51) 3.81 (4.43)
3291(9.87)  32.06 (9.41)
1.00 (1.00) 0.66 (0.46)
5.91 (2.83) 447 (2.11)
6.64 (4.32) 5.94 (2.98)
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PEVAS Mood Measures at 48 -h Follow-up.

Table 2

DOMS Sham DOMS t(df=51) p-value Cohen’sd
Mean (SD) Mean (SD)
n=26 n=27
Depression  9.06 (12.58)  6.44 (13.40) .73 AT 0.20
Anxiety 17.56 (18.28) 11.48 (14.22) 1.35 18 0.37
Frustration  15.27 (24.47) 8.93(12.04) 111 27 0.33
Fear 5.29 (9.01) 3.56 (8.03) 74 46 0.20
Anger 10.15 (20.93)  2.41 (4.96) 1.84 .08 0.51

Drug Alcohol Depend. Author manuscript; available in PMC 2022 March 10.

Page 22



Page 23

Stennett et al.

'G0'>d=
M
10°>d=
KK
- 0O LTOV zop- L0V LT PV G Te8 B 09T k005 Oxen
- €0  €80- 060 AN C R © S 41 745 1807 wxlSE 140
~ eft8 L, 00T 989 vy Ge6 | 9er | €Z6 085 BSE 1504 Q)
- L0 e 809° 0GT— L. EC8 VS0 LS 2 045 ez - 1504 g
- L8989 v 06 T9E | €Z6 L0885 . 65E 150d A3
150d
- 160 T0S 919 6S§ e 00 geT iodyjeaig
- w807 ygo- 20V 00" xx'68" 3504 Ausueul
- ,.89¢ 086 e OlS 688 ald g
- *¥ vae *¥ 889’ 0co’ ald men_
- w009, 088 ald A3
- G/0° aldulodyealg
- ald Asuaju|
150d 150d 1s0d 1s0d ald ald ald ald
OxeiN 140 Yo ™4 1s0d A3 iod-yeasg  Aususu) Yo g aud A3 Julod-eaug  Ansuaul s9|qeLIen

Author Manuscript

€ 9lqeL

Author Manuscript

‘OXe\ pue ‘|40 ‘sad1pul puews 1dV O Uolle|a1I0)

Author Manuscript Author Manuscript

Drug Alcohol Depend. Author manuscript; available in PMC 2022 March 10.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Stennett et al.

Table 4
APT Demand Indices.

DOMS Sham DOMS

Men Women Men Women

Mean (SD) Mean (SD) Mean (SD) Mean (SD)

n=12 n=14 n=11 n=16
Breakpoint Pre  11.67 (4.87)  17.29(8.62)  17.00(6.90)  16.66 (9.42)
Breakpoint Post  14.83 (7.49)  12.64 (6.57)  15.09(8.02)  14.25(8.64)
Intensity Pre 7.08(3.63)  521(219)  7.55(3.72) 5.50 (2.00)
Intensity Post ~ 7.92 (4.54) 5.07 (1.73) 7.55 (3.93) 5.69 (2.70)
Prnax Pre 417 (1.79) 6.46 (3.64) 9.22 (7.89) 7.34 (7.51)
Pnax POSt 5.21 (3.74) 5.32 (2.66) 7.18 (4.58) 5.56 (3.70)
Omax Pre 15.50 (10.59) 17.68 (11.51) 25.09 (20.71)  15.94 (8.88)
Opmax POSt 14.42 (727) 1439 (9.64)  20.41(17.28)  14.81(9.27)
EV Pre 0.51 (0.37) 0.63 (0.46) 0.81 (0.65) 0.58 (0.36)
EV Post 0.49 (0.30) 0.51 (0.38) 0.66 (0.49) 0.52 (0.35)
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