
Psychological and Endocannabinoid Responses to Aerobic 
Exercise in Substance Use Disorder Patients

Angelique G. Brellenthin, PhD1,2, Kevin M. Crombie, MS1, Cecilia J. Hillard, PhD3, Randall 
T. Brown, MD, PhD4, Kelli F. Koltyn, PhD1

1Department of Kinesiology, University of Wisconsin, Madison, WI

2Department of Kinesiology, Iowa State University, Ames, IA

3Department of Pharmacology and Toxicology, Medical College of Wisconsin, Milwaukee, WI

4Department of Family Medicine, University of Wisconsin, Madison, WI

Abstract

Background—Exercise has been examined as an adjunctive treatment for substance use 

disorders (SUDs), yet few exercise interventions have been conducted among patients undergoing 

intensive outpatient (IOP) treatment, who may be the most vulnerable to relapse and for whom 

exercise could provide the most benefits. This study examined the effects of aerobic exercise, in 

addition to IOP treatment, on psychological variables and endocannabinoids in individuals with 

SUDs.

Methods—Twenty-one SUD patients (mean age 35 years) were recruited from local IOPs. 

Participants were randomized to either treatment-as-usual (TAU, at their outpatient clinic) or TAU 

plus aerobic exercise training (EX). EX participants engaged in supervised, moderate-intensity 

exercise for 30 minutes, 3 times/week for 6 weeks. TAU participants came into the laboratory 

once per week for assessments and a 30-minute quiet rest session. Participants provided blood 

samples and completed questionnaires evaluating substance use, mood states, depression, anxiety, 

perceived stress, self-efficacy to abstain from substance use, and craving. Data were analyzed with 

Mann-Whitney U tests or mixed model ANOVAs to determine group differences in outcomes 

acutely and over 6 weeks.

Results—Over 6 weeks, there were reductions in perceived stress (p<0.01) and craving (p<0.05) 

for both groups. There were no group differences in abstinence rates or changes from baseline 

in self-efficacy, depression, or anxiety (p>0.05). Acutely, both exercise and quiet rest sessions 

led to reductions in craving, tension, depression, anger, confusion, and total mood disturbance 
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(all ps<0.05). In addition, the EX group experienced acute increases in vigor and circulating 

concentrations of the endocannabinoid, anandamide (p<0.01).

Conclusions—An adjunctive aerobic exercise program during SUD treatment was associated 

with similar reductions in perceived stress and drug craving as standard care. Thirty minutes of 

exercise or quiet rest led to acute improvements in mood, but exercise produced the additional 

benefit of increases in vigor and circulating anandamide.
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Introduction

In 2017, about 20 million people (7% of individuals ≥12 years old) were diagnosed with 

an alcohol- or illicit drug-related substance use disorder (SUD) in the past year,1 costing 

an estimated $600 billion.2 While early and successful treatment can help lower costs, 

only 4 million of the 20 million individuals with SUDs (20%) received any treatment.1 

Unfortunately, 40%−60% of those who receive treatment will relapse within one year.3 In 

order to be effective, treatment must be readily accessible, attend to multiple needs of the 

individual, address comorbid psychological concerns (e.g., stress reactivity, depression, and 

anxiety), and be multi-faceted, incorporating group and individual therapy in combination 

with other approaches such as pharmacotherapy.2 Because it is low cost, readily accessible, 

and does not come with a surrounding stigma or adverse side effects, exercise has been 

proposed as an adjunctive treatment to promote sustained abstinence among SUD patients.4

There is a well-documented inverse relationship between physical activity and illicit drug 

use or diagnosed SUDs in the general population;5,6 however, there have been mixed results 

on the effects of exercise programs in clinical samples. In general, exercise training can 

improve mood, lower craving, and yield abstinence rates that are superior to or at least 

comparable with other treatment strategies (e.g., cognitive behavioral therapy).7,8 There 

are many sources of heterogeneity across studies (e.g., exercise dose or duration, SUD 

type); however, the timing of exercise program initiation during the recovery process could 

greatly influence the results. For instance, several interventions have been conducted in 

tightly controlled inpatient settings during the first few weeks of initial abstinence but 

have not examined the effects of exercise after patients have re-entered their previous 

drug-related environments.9–11 Conversely, other exercise trials have been conducted in 

samples comprised of patients who are in different stages of their treatment (e.g., from 24­

hour inpatient care, to partial hospitalization, to 12-step programs, to individual outpatient 

counseling),12,13 making it difficult to interpret the effects of exercise on specific stages 

of treatment. Intensive Outpatient Programs (IOPs) are the second most common treatment 

approach after regular outpatient therapy.14 IOPs are intensive group and individual therapy 

programs (9–25 hours per week) for patients who do not need medical detoxification or 

24-hour care and supervision; however, there is limited research on the effects of exercise 

at this focused level of care. Examining the effects of exercise in an IOP-specific sample 

may better represent the therapeutic potential of exercise in a real world setting among 

individuals at high-risk for relapse and for whom exercise may provide the most benefits.
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SUDs have a well-characterized neurobiological progression,15 yet potential biological 

mechanisms underlying the effects of exercise on treatment outcomes remain relatively 

unexplored. The persistence of drug-seeking behaviors is thought to be a combination of a 

decline in normal reward functioning, leading to depression and anhedonia, and an increase 

in aversive “anti-reward” processes, leading to stress, anxiety, and physical symptoms.16 

There are likely several interacting factors responsible for the effects of exercise on drug­

related behaviors;17 however, the activation of the endocannabinoid (eCB) system that 

occurs with exercise is promising due to its ability to influence neurobiological systems 

(e.g., dopaminergic) involved in addiction, reward, and relapse processes.18,19

The eCB system is a widely-distributed neuromodulatory network that regulates 

synaptic excitability and neurotransmitter release. The system’s two primary endogenous 

ligands, called “endocannabinoids” (eCBs) N-arachidonoylethanolamine (AEA) and 2­

arachidonoylglycerol (2-AG), are heavily represented in regions of the brain associated with 

reward processing, decision-making and impulse control, and stress reactivity (for extensive 

review, see Hillard20). Recent studies have found that the eCB system is downregulated 

in SUD patients,21,22 which may contribute to increased mood disturbance and heightened 

stress reactivity.23,24 Pharmacologically targeting the eCB system has led to improved SUD 

treatment outcomes in both preclinical and clinical studies.25–27 Correspondingly, exercise 

may be a non-pharmacological method of augmenting the eCB system, as it has been found 

to reliably increase circulating levels of eCBs in heathy individuals.28–30 It is unknown if 

exercise can activate the eCB system in SUD patients; however, if eCB activation occurs, 

it could offer insight into the mood improvements, better stress management, or attenuated 

withdrawal symptoms observed in previous exercise trials.25,27

Therefore, the purpose of this study was to determine the effects of acute (single session) 

and chronic (6 weeks) aerobic exercise, as an adjunctive to IOP treatment-as-usual, 

on a variety of psychological outcomes and eCBs. Specifically, our primary hypothesis 

was that the addition of 6 weeks of aerobic exercise to standard IOP treatment would 

improve continuous abstinence rates, depression, anxiety, self-efficacy, and perceived stress 

compared to IOP treatment alone (treatment-as-usual control group). As a secondary 

objective, we further hypothesized that 30 minutes of exercise would cause acute 

improvements in mood states, reductions in craving, and elevations in circulating AEA and 

2-AG compared to a quiet rest session.

Materials and Methods

Participants

Participants were recruited from IOPs at five local agencies. The IOPs in this study ranged 

from 10–16 hours/week for 4–8 weeks and focused primarily on skill building, goal setting, 

problem solving, and stress management. Inclusion criteria for the study included: a) ability 

to read and write in English sufficient to provide consent and complete study questionnaires, 

b) diagnosis of any SUD meeting IOP level of care, and c) currently physically inactive, 

not participating in any formal/structured exercise program. Exclusion criteria included: 

a) severe depression, psychotic, or bipolar disorders, b) cardiac disease or other medical 

condition making exercise unsafe, c) cancer, autoimmune, or other chronic conditions, d) 

Brellenthin et al. Page 3

Subst Abus. Author manuscript; available in PMC 2022 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



pregnancy or plans to become pregnant, and e) concurrent methadone treatment. Participants 

provided written informed consent, and this study was approved by the local institutional 

review board. The trial is registered on ClinicalTrials.gov (NCT02570360).

Procedures

During a baseline study visit, participants completed questionnaires on demographics, 

substance use history (Timeline Follow Back),31 and severity (Severity of Dependence 

Scale).32 Participants also provided information on depression (Patient Health 

Questionnaire-9)33 and anxiety (Generalized Anxiety Disorder-7 item),34 self-efficacy to 

abstain (Situational Confidence Questionnaire),35 and stress (Perceived Stress Scale)36 both 

at baseline and 6 weeks. At the end of the baseline visit, they were randomized to either 

6 weeks of treatment-as-usual (TAU; control) or TAU plus exercise (EX). Six weeks was 

selected as the duration from both a practical and translational perspective since 6 weeks 

was the average length of the five local IOP treatment programs, and all participants 

were concurrently attending their IOP during their study participation. The randomization 

sequence was generated by the study coordinator using a free online service. Randomization 

followed a stratified block design using sequences of permuted blocks of equal length 

containing the treatment assignments. The pre-defined strata were based on the participant’s 

treatment clinic (e.g., 1 of the 5 local IOPs).

Treatment-As-Usual Protocol (TAU; control group)—After their baseline visit, 

participants attended their IOP treatment as usual but also came into the laboratory for 

once-weekly, 60-minute sessions for 6 weeks to complete questionnaires. Study visits were 

scheduled so that they occurred at the same time of day. At the beginning of each visit, they 

reported their substance use over the past 7 days. They also completed questionnaires related 

to substance-specific cravings37–40 and mood (Profile of Mood States)41 before and after 30 

minutes of quiet rest each week in order to examine acute changes in these outcomes. Quiet 

rest sessions took place in a sound-dampened chamber. Participants were not allowed to use 

electronic or mobile devices but were provided standard reading materials (e.g., magazines 

on current events and pop culture) to enhance adherence to the study protocol.

Exercise Protocol (EX)—Like the TAU group, the EX group attended their IOP 

treatment-as-usual and attended three adjunctive, supervised exercise sessions per week (18 

sessions) after their baseline visit. Exercise sessions were scheduled at the same time of day 

whenever possible to promote adherence to the protocol and minimize time-of-day effects 

on the outcomes. Once per week at the beginning of their visit, they reported their substance 

use over the past 7 days. They also completed questionnaires related to cravings and mood 

states before and after exercise once per week in order to examine the acute effects of 

exercise on these outcomes. They did not complete mood or cravings questionnaires the 

other 2 visits per week.

Exercise was predominantly incline walking performed on a private treadmill in the 

laboratory and consisted of a 5-minute warm-up followed by 30 minutes at a moderate­

to-vigorous intensity (70–75% age-predicted maximum heart rate; 12–15 Borg’s rating of 

perceived exertion [RPE]42) followed by a 5-minute cool down. Exercise intensity was 
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increased gradually over the first three weeks from 65%−70% heart rate max (12–14 

RPE) to 75% heart rate max (RPE 14–15) the final three weeks. This exercise intensity 

was selected as it has been shown to reliably activate the eCB system. 29,30 All sessions 

were monitored by bachelors or masters-level kinesiology research assistants who were 

trained in the study protocol and supervised by the study coordinator. Social interaction was 

minimized during exercise except during warm-up and cool-down times.

Quantification of Endocannabinoids—Using standard procedures, blood was 

collected from a superficial arm vein from all participants within 5 minutes before and 

after exercise or quiet rest on the first and last study visits (i.e., baseline and week 6). 

AEA and 2-AG were quantified using selective ion monitoring, isotope-dilution, liquid 

chromatography/mass spectrometry (LC/MS/MS) as described previously.43

Baseline Measures

Timeline Follow Back—The Timeline Follow Back is a calendar-based, self-report 

survey used to recall previous days of substance use. It has demonstrated high test-retest 

reliability (Intraclass correlation coefficients (ICCs) = 0.70–0.94) and has been validated 

against objective measures of substance use (e.g., urine metabolite screen).31 It was 

administered during the baseline assessment and was used to assess substance use over 

the past 3 months.

Severity of Dependence Scale (SDS)—Substance use severity at baseline was 

determined using the SDS.44 It is a 5-item, Likert-type scale asking participants about their 

perceptions, patterns, and emotions surrounding their substance use in the month prior to 

entering treatment. It demonstrates high test-retest reliability for a variety of drugs (all ICCs 

≥0.73), and scores on the SDS have been strongly correlated with drug use in the past month 

(all ps<0.001). 32

Primary outcomes: Effects of the 6-week intervention on continuous abstinence, 
depression, anxiety, self-efficacy, and perceived stress

Continuous Abstinence—Self-report of substance use was completed on a weekly basis 

prior to exercise or quiet rest. Participants were asked whether they used any substance 

(e.g., tobacco, alcohol, cannabis/synthetic cannabis, cocaine, methamphetamine, ecstasy, 

psychedelics [LSD, psilocybin mushrooms], heroin, opiates/pain killers, benzodiazepines, 

other) during the past week. If they indicated use, they were asked how many days out of the 

previous 7 days they used a particular substance. The number of participants in each group 

who were continuously abstinent or not since the start of the study were used in analyses 

(since all participants were supposed to completely abstain from substance use as part of 

IOP treatment).

Patient Health Questionnaire (PHQ-9) and Generalize Anxiety Disorder Survey 
(GAD-7)—The PHQ-9 and GAD-7 were used to severity of depression and anxiety and 

baseline and 6-week follow-up. Scores of 0–4 indicate no anxiety/depression, 5–9 indicate 

mild, 10–14 indicate moderate, and above 15 on each scale indicates severe depression or 

anxiety symptoms.33,34
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Situational Confidence Questionnaire (SCQ)—The SCQ was completed at baseline 

and 6-week follow-up to assess participants’ self-efficacy in their ability to avoid drinking 

heavily and/or using drugs in a variety of situations. The SCQ was developed to assess 

an individual’s perceived self-efficacy in abstaining from substance use across 8 categories 

of high-risk situations. Scores on the SCQ have been positively associated with successful 

treatment outcomes.35

Perceived Stress Scale (PSS)—The PSS was completed at baseline and 6 weeks. The 

PSS is a widely used, general stress questionnaire that has been applied in a variety of 

study populations. The PSS assesses feelings of unpredictability or uncontrollability in life 

over the past month. It demonstrates high test-retest reliability (ICC=0.85) and has been 

correlated with other similar measures.45

Secondary outcomes: Within-session changes in craving and mood

Craving Questionnaires-Short Forms—The craving questionnaires are 10–14 item, 

validated measures that assess substance craving across four dimensions: 1) compulsivity

—lack of control using substances, 2) emotionality—using substances to control mood 

outcomes, 3) expectancy—anticipation of positive results from substances, and 4) 

purposefulness—using substances for intended outcomes. The four dimensions have 

demonstrated good inter-item correlation (Cronbach’s α = 0.61–0.90) and have been 

associated with current craving intensity as measured by visual analog scales (all 

ps<0.01).37–40 The questionnaires for each class of substance are structured similarly to be 

used for comparison purposes. The study included craving questionnaires for marijuana,39 

alcohol,37 stimulants,40 and heroin/opiates.38 Participants completed questionnaires that 

referred to their specific substance(s) of abuse. For participants with multiple SUDs, the 

substance with the highest craving scores was used in analyses. Craving was assessed before 

and after EX/TAU sessions once per week.

Profile of Mood States (POMS)—The POMS is a 65-item questionnaire that was 

administered in order to examine the mood states of the participants before and after 

EX/TAU sessions once per week. Six mood states are evaluated using the POMS: tension, 

depression, anger, vigor, fatigue, and confusion, with internal consistencies of each mood 

state ranging from α = 0.84–0.95. The POMS has been shown repeatedly to be a valid and 

sensitive measure of general mood.41

Statistical Analyses

Independent samples t-tests were used to assess group differences in baseline characteristics 

between the EX and TAU groups. A chi-square analysis was used to determine whether there 

were group differences in the number of participants in each group who were continuously 

abstinent from week 1 to week 6. A series of 2 (group) X 2 (time: baseline or 6-weeks) 

mixed models analysis of variance (ANOVA) (or Mann-Whitney U for nonparametric 

alternative) were used for the primary outcomes of depression, anxiety, stress, and self­

efficacy. A series of 2 (group) X 2 (time: pre- or post-exercise or quiet rest) ANOVAs 

were used for the secondary outcomes of mood, craving, AEA, and 2-AG. Homogeneity 

of variances (i.e., Levene’s test) and normality (i.e., Shapiro-Wilk test) of the data were 

Brellenthin et al. Page 6

Subst Abus. Author manuscript; available in PMC 2022 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



assessed for each ANOVA. Non-normally distributed data were first log-transformed prior to 

parametric tests. Data that remained non-normal after log-transformation were assessed non­

parametrically using the Mann-Whitney U test with group (EX or TAU) as the independent 

variable and the change score of the outcome as the dependent variable. Cohen’s effect sizes 

r are approximated for Mann-Whitney U tests, where r=0.1 is considered a small effect, 

r=0.3 a medium effect, and r=0.5 a large effect.46

Intention-to-treat analyses were used for the baseline and 6-week follow-up outcomes 

(e.g., depression, anxiety, stress, and self-efficacy). For participants who did not complete 

6-week follow-up testing, their baseline observations were carried forward. Where possible, 

intention-to-treat was also used for the secondary within-session analyses for those who 

had within-session data available (i.e., we did not impute data for participants who had 

no within-session data since they dropped out right after their baseline visit), and for any 

participants who dropped out during the study, their last within-session observations were 

carried forward. After imputing missing data, the main analyses (i.e., Mann-Whitney U 

or ANOVA) were conducted. If the main analyses indicated significant results for any 

outcome, analyses were re-run omitting all participants with missing data to determine the 

sensitivity of the tests. If the results changed between the analyses using imputed data and 

the analyses that omitted participants with missing data (i.e., going from significant to not 

significant), both results were reported. Overall significance was defined as α=0.05, and 

simple effects were calculated after observing significant interactions, and were adjusted 

for multiple comparisons using the Bonferroni method. Mean change values (M), 95% 

confidence intervals, p-values, and effect sizes (partial η2) are reported, where an effect size 

of η2=0.01 is considered a small effect; 0.06 a medium effect, and 0.14 a large effect.46 

Analyses were conducted using IBM SPSS Version 25.0 (IBM, Armonk, New York).

Results

Participant Characteristics

A total of 47 individuals were screened for eligibility. Of these, 26 were excluded, and 

21 participants provided informed consent and were randomized to treatment arms. Three 

individuals, all assigned to adjunctive EX, did not attend more than their baseline visit and 

were not included in within-session (i.e., acute change) analyses since they had no baseline 

within-session exercise data. See Figure 1 for the CONSORT diagram.

Table 1 lists the baseline sample characteristics for each study group. Participants were 

mostly white and college-educated young adults. There were no group differences in type, 

severity of, polysubstance use, or in any other measures at baseline. There were also no 

significant differences in substance use history and severity, self-efficacy, perceived stress, 

depression, or anxiety between the three individuals who did not return after the baseline 

session compared with the other 18 study participants.

Retention and Adherence

Participants assigned to the TAU completed on average 5 out of 6 sessions (83%) of their 

scheduled visits. One participant in the TAU group was lost to follow-up in the 4th week. 
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The eight participants who began exercise completed on average 15 out of 18 sessions 

(83%) of their scheduled exercise visits. Other than the three participants randomized to 

EX who attended only the baseline session, only one participant in the EX group was 

lost to follow-up in the second week of exercise. EX participants exercised within the 

moderate-to-vigorous intensity range as assessed by both percent of age-predicted maximum 

heart rate (M=71.9, SD=10) and ratings of perceived exertion (M=13.2, SD=0.9). Exercise 

performance data can been found in supplementary table 1.

Substance Use

Two individuals in the EX group and four in the TAU group reported abstaining from 

substance use the entire 6 weeks, and continuous abstinence rates were not different between 

groups (X2=1.22; p=0.27). The other six individuals in the EX group reported having used 

alcohol, cannabis, stimulants, or opioids an average of 31%, 31%, 27%, and 0% of days, 

respectively, over the 6 weeks, compared to baseline use rates of 48%, 50%, 60%, and 40% 

of days, respectively, over the past 3 months (from Timeline Follow Back). The other six 

individuals in the TAU group reported having used alcohol, cannabis, stimulant, or opioids 

an average of 31%, 14%, 17%, and 0% of days, respectively, over the 6 weeks, compared to 

baseline use rates of 44%, 48%, 33%, and 10% of days, respectively, over the past 3 months.

Changes in Self-Efficacy, Stress, Depression, and Anxiety Over 6 Weeks

Due to not meeting the normality assumption, changes in self-efficacy, depression, and 

anxiety from week 1 to week 6 were assessed with Mann-Whitney U tests. There were no 

group differences for changes in self-efficacy to abstain from drug use (ρ=0.35, r=0.21), 

depression (ρ=0.56, r=−0.14), or anxiety (ρ=0.81, r=0.06). Changes in perceived stress from 

week 1 to week 6 were assessed with ANOVA. There was a decrease in perceived stress 

(M=−5.60 [−8.47,−2.79], p=0.001, η2=0.48) but no group by time interaction. These results 

remained significant after removing those with missing data (M=−5.92 [−9.15,−2.69], 

p=0.002, η2=0.53). Results for psychological outcomes are depicted in Figure 2.

Acute Effects of Exercise or Quiet Rest on Mood and Craving

Within-session mood and craving outcomes were assessed with a 2 (group) x 2 time (pre- 

or post-exercise or quiet rest) ANOVA, averaging the pre- and post-session data across the 6 

weeks. Thirty minutes of exercise (EX) or quiet rest (TAU) led to acute decreases in tension, 

depression, anger, confusion, and total mood disturbance, and these changes remained 

significant after excluding those with missing data (all ps<0.01, Table 2). There was a 

group by time interaction for vigor (p<0.0001, η2=0.62), and simple effects indicated that 

vigor increased acutely in the EX group but not the TAU group (Table 2). The interaction 

remained significant when those with missing data were excluded from the analysis (MEX= 

6.07 [3.93, 8.21]; MTAU=−0.79 [−2.67, 1.11], p<0.001, η2=0.53 for interaction).

There was a main effect for time indicated decreased craving scores acutely (Table 2); 

however, when participants with missing data were excluded from analysis, the results 

were no longer significant (M=−0.25[−0.52, 0.01], p=0.06, η2=0.23). Pre-session craving 

scores were also assessed, comparing pre-session craving in week 1 to week 6, to determine 

the effects of the intervention on craving over time. Craving decreased with no difference 
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between groups from week 1 to week 6 (M=−0.74 [−1.45, −0.02], p=0.04, η2=0.23), but 

this became non-significant after removing those with missing data (M=−0.76 [−1.57, 0.05], 

p=0.06, η2=0.23),

Endocannabinoids

AEA and 2-AG data were log-transformed prior to 2 (group) by 2 (pre- or post-session) 

ANOVA analyses. There was a group by time interaction for AEA (p=0.002, Figure 3), 

and simple effects indicated that AEA increased acutely after exercise (MEX(log)=0.24 

[0.12, 0.37]) but not quiet rest (MTAU(log)=−0.04 [−0.15, 0.07]). The interaction remained 

significant after those with missing data were excluded from the analysis (MEX(log)=0.23 

[0.76, 0.38], MTAU(log)=−0.04 [−0.19, 0.11], p=0.02, η2=0.38 for interaction). There were no 

group differences or acute changes in 2-AG (Figure 3).

Discussion

Substance Use

There were no group differences in continuous abstinence rates over the 6 weeks. Frequency 

of use during the intervention compared to baseline use appeared to be lower in both groups, 

although baseline and intervention substance use were not statistically assessed due to the 

difference in measurement tool and time frame (i.e., over the past 90 days at baseline with 

the Timeline Follow Back compared to every 7 days during the intervention). The lower 

rates of substance use in both groups may suggest that the severity of their SUD decreased 

as a result of IOP treatment, regardless of adjunctive exercise. Similar exercise interventions 

(3 times per week for 4–8 weeks) in small samples of SUD outpatients (N = 17–24) and 

have also not found significant reductions in substance use over time.47,48 Longer and 

larger exercise trials (12 weeks, N=50–302) have also found no differences in substance use 

either over time or between supervised exercise and comparison programs.49,50 Conversely, 

others have shown reductions in substance use and improved abstinence with exercise,13,51 

though both of these studies lacked control groups. Despite this, exercise appears to impart 

some enduring benefits on substance use. A meta-analysis of abstinence rates among SUD 

populations (mostly tobacco) found that those in exercise groups had increased odds of 

remaining abstinent within a 3-month follow-up period compared to controls.7 Therefore, 

it is possible that the effects of exercise may produce long-term effects not observed in the 

current study.

Psychological Outcomes

Self-efficacy is the belief in one’s ability to succeed (abstain in this case) in specific 

situations.52 In general, self-efficacy has been found to be significantly associated with 

reduced substance use and increased abstinence durations.53,54 Because most participants 

were not successfully abstaining throughout the intervention, it is not surprising that there 

were minimal improvements in self-efficacy in both groups. There were also no changes 

in depression or anxiety scores over the 6 weeks. This could be a floor effect since 

baseline values for these measures for both groups were relatively mild, and the majority of 

participants were already taking antidepressants or anxiolytics.
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Perceived stress scores at baseline were more than a standard deviation higher than 

published normative values.45 This aligns with the “anti-reward” theory of drug withdrawal 

and relapse, which states that withdrawal symptoms such as anhedonia, craving, and 

heightened stress derive from a combination of attenuated reward processing and 

exacerbated hypothalamic-pituitary-adrenal axis activity, which together promote an 

aversive state.55 Fortunately, 6-week stress scores (M=15.5, SD=6.9) were comparable to 

age-based normative values (M=13.0, SD=6.2) at the end of the intervention for both 

groups,45 suggesting that IOP treatment may help alleviate stress and that an adjunctive 

exercise program does not contribute to stress for SUD patients.

In general, indices of negative mood states (e.g., tension, depression, etc.) in this sample 

were slightly greater than, but not significantly different from, adult normative values.56 

However, the current sample had considerably lower vigor scores (M=8.4, SD=4.2) 

compared to adult normative values (M=19.4, SD=6.7).56 Therefore, the finding of increased 

vigor after exercise but not after quiet rest could be particularly important for promoting 

enhanced mental well-being among SUD patients. Another study has noted large effect sizes 

for enhancements in positive mood after exercise in polysubstance use disorder inpatients 

with some of the effects lasting several hours after exercise.57 Acute reductions in tension, 

depression, anger, confusion, and total mood disturbance occurred after both exercise 

and quiet rest. Other studies have found similar improvements in mood states after both 

moderate-intensity exercise and reading.58 Though the duration of mood improvements after 

exercise or quiet rest was not assessed in this study, other investigations have found that 

mood improvements after exercise tend to last longer than those after quiet rest.59

Craving

There were significant decreases in craving over the course of the intervention, although 

these results should be interpreted cautiously since they became non-significant after 

excluding those with missing data. These results suggest that IOP care, with or without 

an added exercise component, reduces craving over time. These results are in agreement 

with the broader treatment literature showing there are significant decreases in craving 

during the first several weeks of recovery, whether or not adjunctive therapies are utilized 

(e.g., pharmacotherapies).60,61 The addition of adjunctive treatments tends to reduce craving 

more quickly and provides longer-lasting craving reductions than outpatient therapy with 

a placebo treatment.25,61 Thirty minutes of aerobic exercise or quiet rest also led to acute 

reductions in craving. Acute exercise has been shown to reduce craving for many substances 

including tobacco,62 cannabis,51 and alcohol,63 but other studies have noted negligible, or in 

some cases, increases in craving after acute exercise for polysubstance use.57 Interestingly, 

thirty minutes of quiet rest also led to acute reductions in craving, which is contrary to other 

studies.47,62 However, most investigations utilized a single session of passive sitting without 

reading materials, mobile devices, or any other distractions.64 Another study investigated 

the effects of repeated quiet rest sessions compared with exercise training, and they found 

that there were no changes in cocaine craving among control participants who sat quietly 

without reading materials, mobile devices, or other distractions for 30 minutes, 3 times 

per week for 4 weeks.47 In the present study, TAU participants were not allowed to use 

electronic devices, but they were provided with standardized reading materials. There 
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is evidence indicating that reading can lead to mood improvements that are similar to 

moderate-intensity exercise,58 so it is possible that the simple act of reading or not being 

connected to technology may have led to acute improvements in mood and craving. Though 

providing reading materials could be considered a limitation, it was thought that not giving 

TAU participants access to reading materials over 6 weeks would not only lead to poorer 

adherence but would also be less comparable to the EX group wherein participants were also 

allowed to listen to music. There are currently few studies with mixed findings on whether 

listening to music during exercise has additional, positive effects on mood,65,66 but it is 

thought that music may lead to greater exercise adherence.67

Endocannabinoids

There were acute increases in circulating AEA concentrations following exercise. These 

results indicate that the eCB system can be activated by exercise in both SUD patients and 

healthy adults.28,29,68 In healthy adults, increased AEA after exercise has been associated 

with a variety of beneficial psychological outcomes including positive affect and vigor and 

could be one indicator of appropriate adaptation to an acute physical stressor.30,69 Activation 

of AEA by exercise may also be an important step to restoring the eCB system, which is 

often downregulated with chronic heavy drug use, although much research is needed.21,22 A 

blunted AEA response may be an indicator of an insufficient or maladaptive stress response. 

For instance, circulating AEA concentrations were inversely associated with motion sickness 

severity during a stress-evoking parabolic flight protocol.70 Other research has found that 

reductions in circulating AEA align with worsening psychological outcomes during a period 

of exercise deprivation in participants characterized as “exercise dependent.”71 Conversely, 

exercise had no effect on circulating 2-AG concentrations. In response to a physical and 

psychological stress, 2-AG typically increases, suggesting it is part of the adaptive response 

to stress.70,72,73 Therefore, lack of an acute 2-AG response to exercise could indicate 

dysfunction in the eCB system among SUD patients and may contribute to aberrant acute 

stress responses in SUD patients.24 Supporting this idea, Crombie et al74 also found that 

2-AG increased after 30 minutes of exercise in healthy controls but not in patients with 

post-traumatic stress disorder, which is another patient population with inadequate stress 

adaptation and noted eCB dysfunction.

Limitations

The main limitation of this study is the small sample size, which could have contributed to 

non-significant outcomes. Furthermore, the small sample size precluded subgroup analyses 

by demographic variables that have been shown to affect exercise-related SUD treatment 

outcomes such as sex or racial and ethnic background.75,76 In light of the small sample, 

effect sizes for the treatment effects of EX and TAU were calculated for the main outcomes. 

Large effect sizes (η2≥0.14) were observed for those outcomes that already demonstrated 

significant results (e.g., changes in stress, acute changes in mood states, craving, and AEA). 

Despite being a small sample, the characteristics of the participants in the current study 

were representative of the larger SUD outpatient population. For instance, according to an 

analysis of 269,783 SUD outpatients, the primary substances of abuse were alcohol (48%), 

cannabis (26%), stimulants (13%), or opioids (13%); and approximately half of outpatients 

(47%) reported using at least two or more substances.77 In the present study, the majority 
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of participants in this study were in treatment for alcohol use, followed by cannabis use, 

and then stimulant or opioid use; and 57% (12 participants) reported receiving treatment for 

two or more substances. The overall continuous abstinence rate of 29% (6 participants) is 

also similar to the conservative estimate produced by a meta-analysis of 21 SUD treatment 

trials, which found that approximately 32% of individuals who receive treatment achieve 

complete abstinence (follow-up periods ranged from 6 months to >5 years). Retention in 

this study, 71% (15 participants), was higher than the typical 52% completion rate for 

outpatient treatment.77 This could indicate that participation in an additional intervention 

led to improved treatment retention or that highly motivated individuals were more likely to 

volunteer for a research study alongside IOP treatment. In addition, 57% (12 participants) 

were taking prescription medications for comorbid depression and/or anxiety, which is 

similar to epidemiological reports indicating a 53% psychiatric comorbidity rate among 

those with SUDs.78 Thus, even though the sample was small, the results are generalizable 

and useful to estimate sample sizes for future trials.

Other limitations of this study include only having one post-session assessment time, 

which occurred immediately after exercise or quiet rest. It is possible that the effects of 

exercise on mood or craving may have lasted longer than the effects of quiet rest, which 

could have implications for SUD patients as they return to their normal daily routines 

and previous drug cues after an exercise session. For example, Ellingsen et al. (2018) 

reported improvements in mood and positive affect up to 4 hours post-exercise in a small 

sample of polysubstance use disorder patients, but depending on the exercise modality, 

they also observed increases in craving several hours later as well.57 Another limitation 

is that extra-intervention physical activity was not measured objectively before or during 

the study. Only 5% of Americans meet minimum physical activity recommendations when 

assessed objectively,79 and physical activity among SUD patients tends to be lower than 

what is observed in the general public.6 The screening criteria for this study included no 

current participation in a structured exercise program. Correspondingly, the “physically 

active” category (Figure 1) contained the majority of excluded individuals, meaning many 

individuals were honest about their current activity levels and were perhaps uncomfortable 

with the prospect of being randomized to the TAU (no exercise) group. Thus, it is likely 

that our enrolled participants were not physically active prior to the study. Physical activity 

or sedentary behavior throughout the 6-week study was also not assessed, so it is possible 

that a change in these behaviors (e.g., less extended screen time) also affected certain 

outcomes.80,81 There was no assessment of diet in this study, and food intake patterns 

may change dramatically during initial SUD treatment and could potentially affect mood or 

craving outcomes. 82

In conclusion, the results from this study add to the growing body of literature indicating 

that adjunctive exercise may provide benefits to individuals currently in treatment for SUDs. 

Patients enrolled in an IOP were able to adhere to an exercise program on top of their 

time-intensive treatment programs. Importantly, adding exercise to standard care did not 

negatively influence the positive effects of IOP on mood, stress, and craving. In addition to 

its other well-established health benefits, exercise provided the further benefit of increasing 

vigor and AEA, both of which tend to be lower among SUD patients.22 Given the complex 

issues surrounding recruitment and retention of this clinical population, large, multisite, and 
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highly collaborative clinical exercise trials are needed to determine the efficacy of exercise 

and its potential underlying mechanisms across a variety of SUD populations and disease 

severities.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: CONSORT Diagram
EX=exercise group; TAU= treatment-as-usual group; IOP=Intensive Outpatient Program
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Figure 2: Means and standard errors for psychological outcomes at baseline and 6 weeks
A) Average self-efficacy to abstain from drug or alcohol use scores from the Situational 

Confidence Questionnaire (SCQ; range 0–100); B) Average perceived stress scores from 

the Perceived Stress Scale (PSS; range 0–30). C) Average depression scores from the 

Patient Health Questionnaire-9 (PHQ-9; range 0–27); D) Average anxiety scores from the 

Generalized Anxiety Disorder-7 item (GAD-7; range 0–21); *indicates significant main 

effect for time (p < 0.001); EX=exercise group; TAU= treatment-as-usual group
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Figure 3: AEA and 2-AG before and after 30 minutes of exercise or quiet rest
Means and standard error bars for circulating anandamide (AEA) and 2­

arachidonoylglycerol (2-AG) concentrations in pmol/mL before (pre) and after (post) 

exercise (for EX group) or quiet rest (for TAU group) averaged across baseline and 6 weeks. 

Data were log-transformed prior to analyses although raw data are presented here. *indicates 

a significant increase in AEA after exercise (p < 0.001)
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Table 1:

Baseline characteristics of the EX and TAU groups

EX (n = 11) TAU (n = 10)

Sex (male, female) 6m, 5f 6m, 4f

Age (years) 35.1 (10.2) 35.0 (7.1)

Body mass index (kg/m2) 30.2 (5.9) 29.1 (5.7)

Race/ethnicity (n)

 White 7 9

 Black or African American 2 0

 Hispanic or Latino 1 0

 More than one race/ethnicity 1 1

Marital Status (n)

 Single 9 7

 Married 2 2

 Divorced 0 1

Education (n)

 ≤12 years 1 2

 >12–16 years 8 7

 >16 years 2 1

Alcohol use disorder (n) 8 8

 SDS score 9 (4.2) 8.0 (4.2)

 Days used in past 90 days 43.4 (19.1) 40.3 (27.4)

Cannabis use disorder (n) 6 4

 SDS score 4.0 (2.8) 6.8 (6.0)

 Days used in past 90 days 44.5 (25.9) 42.5 (22.5)

Stimulant use disorder (n) 5 3

 SDS score 8.8 (3.0) 9.3 (0.6)

 Days used in past 90 days 24.2 (8.6) 29.7 (12.9)

Opioid use disorder (n) 2 2

 SDS score 12.0 (0.0) 6.5 (6.4)

 Days used in past 90 days 35.5 (7.8) 9.0 (9.9)

Polysubstance Use Disorder 6 6

Psychiatric Medication Use (n)

 No Medications 4 3

 Antidepressants 5 6

 Anxiolytics 3 3

 Alcohol Inhibitors 2 0

 Opioid Partial Agonists 1 0

Data are presented as mean (standard deviation) unless otherwise noted. There were no significant baseline differences between EX and TAU 
groups. SDS=Severity of Dependence Scale.
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Table 2:

Mood states and craving change scores from before and after 30 minutes of exercise or quiet rest

Mean change (95% CI) p-value for acute time effect η2 for acute time effect

Tension

 EX −2.81 (−5.66, 0.03)
0.001 0.54

 TAU −5.00 (−7.54, −1.21)

Depression

 EX −3.38 (−7.39, 0.64)
0.005 0.39

 TAU −4.8 (−8.39, −1.21)

Anger

 EX −2.06 (−4.76, 0.64)
0.009 0.36

 TAU −3.05 (−5.47, −0.63)

Vigor *

 EX 5.69 (3.75, 7.63)
0.001 0.51

 TAU −0.65 (−2.39, 1.09)

Fatigue

 EX −1.06 (−3.48, 1.36)
0.107 0.15

 TAU −1.55 (−3.71, 0.61)

Confusion

 EX −2.75 (−4.98, −0.52)
0.005 0.40

 TAU −1.85 (−3.84, 0.14)

Total Mood Disturbance

 EX −17.75 (−31.36, −4.14)
0.001 0.48

 TAU −15.60 (−27.77, −3.43)

Craving

 EX −0.34 (−0.71, −0.02)
0.030 0.26

 TAU −0.15 (−0.46, 0.16)

Data presented are mean change scores (95% confidence intervals) from pre- to post- exercise (EX) or quiet rest (TAU) averaged across 

measurement times. Effect sizes (partial η2) are reported, where an effect size of η2=0.01 is considered a small effect; 0.06 a medium effect, and 
0.14 a large effect. Mood states are the score of each subscale from the Profile of Mood States. Total mood disturbance was calculated by summing 
the scores from the negative mood states, subtracting the vigor score, and adding 100 to account for negative values. Craving is the average craving 
score (range 1–7) for their specific substance of abuse. For participants with polysubstance use disorders, the substance with the highest craving 
score was used.

*
indicates a significant group by time interaction (p < 0.0001) for vigor. There were no other significant interactions.
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