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Abstract

Interoceptive sensibility (IS) is a novel therapeutic target in drug relapse
prevention. The beneficial mechanisms of exercise on methamphetamine
relapse remain unclear. This study assessed the effects of aerobic exercise on
cue-induced craving reactivity (including heart rate variability [HRV],
methamphetamine-craving, and methamphetamine-using), IS, and relapse
tendency in a methamphetamine-related virtual reality environment among
individuals with methamphetamine use disorders (MUD). We further
examined the role of craving reactivity and IS in aerobic exercise and relapse
tendency. Exercise (n =36) and control (n = 35) groups received eight weeks
of aerobic exercise or health education, respectively (5 times/week, 60
minutes/session). HRV,., methamphetamine-craving, methamphetamine-
using, IS, and relapse tendency were measured at pre-test and post-test on
the same day. The exercise group exhibited a larger decrease in craving
reactivity, IS, and relapse tendency from the pre-test to the post-test
compared to the control group. Craving reactivity and IS changes mediated
the relationship between exercise intervention and decreased relapse
tendency (8 = 1.505-2.009, 95% CI: 0.378-3.736). Aerobic exercise
improves relapse tendency in individuals with MUD. The underlying
mechanisms may include reduced cue-induced craving reactivity and IS.
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1. Introduction

Methamphetamine (METH), a highly addictive psychostimulant, is the
second most widely used class of illicit drugs worldwide (Chen et al., 2024; United
Nations Office on Drugs and Crime, 2024). One main challenge in treating METH
addiction is the high rate of relapse during abstinence (Tan et al., 2019; United
Nations Office on Drugs and Crime, 2024). When drug users are exposed to drug-
related cues, such as drugs, drug-use environments, and paraphernalia, an intense
desire for the drug could be induced (Tan et al., 2019; Wang, Liu, & Shen, 2019).
This reactivity to drug-related cues, including mental (e.g., craving and attention
bias), psychophysiological (e.g., heart rate variability [HR V], skin conductance, and
brain activity), and behavioral (e.g., the possibility of subsequent drug-using and
drug-seeking) responses, is usually described as craving and results in drug-seeking
and drug-taking behaviors, which can cause relapse (Chen et al., 2024; Sayette,
2016; Tan et al., 2019). For methamphetamine use disorder (MUD), craving is one
of the most important symptoms and serves to maintain this addictive behavior and
relapse (Wang et al., 2019). During abstinence from METH, craving is always
elicited by the METH-related cues (Hormes, 2017; Wang et al., 2019). Therefore,
reducing METH-related cue-induced craving reactivity may help prevent relapse in
individuals with MUD.

Despite amphetamine being the second most common illicit drug abused
worldwide (Chen et al., 2024; United Nations Office on Drugs and Crime, 2024), no
approved pharmacotherapies are available for amphetamine dependence (AshaRani
et al., 2020). Multiple systematic reviews of pharmacotherapies reveal that no
medication provides sufficient evidence to support its use in the routine clinical
management of amphetamine use disorder (AshaRani et al., 2020; Chan et al., 2019;
Lee, Jenner, Harney, & Cameron, 2018). In the absence of -effective
pharmacotherapy, psychotherapy is considered the first line of treatment, although
this approach lacks scientific evidence as a standalone treatment (Donovan & Wells,
2007) due to high relapse rates (AshaRani et al., 2020; McKetin et al., 2012).
Nevertheless, a previous study investigated the effectiveness of an 8-week brief
intervention compared with an 8-week psychoeducation program and showed that
both the brief intervention and psychoeducation are effective in reducing
methamphetamine use among individuals with MUD (Srisurapanont, Sombatmai, &
Boripuntakul, 2007). Besides psychotherapy, other non-pharmacological
interventions such as physical exercise and other programs targeting MUD have been
studied in recent years (AshaRani et al., 2020; Liu & Wang, 2021, 2023; Rawson et
al., 2015). Given the lack of evidence supporting the use of pharmacotherapies to
treat MUD, the efficacy of alternative treatments must be evaluated.
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Physical exercise is a promising, medication-free, and cost-effective adjunct
treatment for MUD (AshaRani et al., 2020; Lynch, Peterson, Sanchez, Abel, &
Smith, 2013). Studies have reported that exercise-based interventions may prevent
relapse of MUD not only through a direct pathway but also through indirect
pathways, such as the mediating roles of intrinsic restraint and yearning for drugs,
as well as by remodeling the reward pathway (Lynch et al., 2013; Morais, Pita,
Fontes-Ribeiro, & Pereira, 2018; Ouyang et al., 2020; Song et al., 2023).
Traditionally, drug-cue craving reactivity relies mostly on pictures or videos
presenting drugs and drug-associated paraphernalia. However, these methods
typically elicit modest subjective craving (Avants, Margolin, Kosten, & Cooney,
1995), less effectively inducing a reliable physiological reactivity (Dudish-Poulsen
& Hatsukami, 1997; Ooteman, Koeter, Verheul, Schippers, & van den Brink, 2006).
Therefore, researchers have developed METH-related virtual reality (VR) social
environments, which offer unique advantages due to their full immersion experience
and realism (Culbertson et al., 2010; Tan et al., 2019) and are sufficient to elicit more
reliable cravings and corresponding physiological reactivity than traditional methods
(Wang, Shen, & Wu, 2018; Wang et al., 2019). Exploring the effects of physical
exercise on METH-cue craving reactivity in VR cue-exposure environments may
have significant practical and clinical implications for evaluating the effectiveness
of exercise strategies.

Recently, interoception (i.e., receiving, processing, and integrating body-
relevant signals with external stimuli to affect ongoing motivated behavior) has been
recognized as another important process that contributes to the degree to which an
individual approaches or avoids drug abuse and relapse (Paulus & Stewart, 2014;
Reiner & Shaham, 2022). Long-term substance abuse has been found to negatively
impact the brain’s ability to process interoceptive information and impact the reward
system (Paulus, Tapert, & Schulteis, 2009), leading to decreased sensitivity to
natural rewards and increased sensitivity to drug stimuli (Herman, 2023; Volkow,
Michaelides, & Baler, 2019). A recent analysis provided evidence that individuals
with substance use disorder (SUD) show lower interoceptive accuracy and higher
interoceptive sensibility (IS) compared to healthy controls (Jakubczyk et al., 2019a).
In the context of SUD, higher IS has been associated with clinical correlates of
relapse, such as craving, withdrawal, tolerance, and reward processing (Bonaz et al.,
2021; Jakubczyk et al., 2019b; Reiner & Shaham, 2022). Therefore, reducing cue-
induced or context-induced high IS may represent novel therapeutic targets for the
treatment of drug relapse (Herman, 2023; Reiner & Shaham, 2022). Recent evidence
suggests that physical exercise may help people with SUD to better decode and
interpret bodily-related signals associated with transient states of homeostatic
imbalances that usually trigger consumption (Brevers et al., 2024). Nevertheless,
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evidence regarding the effectiveness of physical exercise on IS and the role of IS in
the relationship between physical exercise and relapse is currently very limited;
therefore, further research is needed to examine this (Brevers et al., 2024; Reiner &
Shaham, 2022).

This study aimed to compare the effects of physical exercise versus
psychoeducation on METH-cue craving reactivity (including HRV, METH-craving,
and METH-using), IS, and relapse tendency in a METH-related VR environment
among individuals with MUD. We further examined the role of craving reactivity
and IS in physical exercise and relapse tendency.

2. Methods

2.1 Participants

In total, 120 men with MUD from local residential illicit drug isolation and
treatment centers were recruited for this study. The participants met the Diagnostic
and Statistical Manual of Mental Disorders IV-revised diagnostic criteria, as
determined via the Mini-International Neuropsychiatric Interview (Liu & Wang,
2021). The inclusion criteria were (1) physician-administered physical
examination and collection of medical history with resting 12-lead
electrocardiography (ECG; Mortara, Milwaukee, WI, USA) to determine study
eligibility; (2) no history of neurological disease or physical disability; (3) no use
of medication affecting cardiovascular and cognitive function over the preceding
3 months; (4) no cognitive disorder or medical contraindications to exercise; (5)
sufficient capacity to provide informed consent and complete all assessment
instruments; and (6) normal color vision, normal or corrected-to-normal visual
acuity, and right-handedness. The exclusion criteria included the presence of
musculoskeletal conditions and unstable cardiovascular, pulmonary, or other
disorders. Finally, 82 participants who met the inclusion and exclusion criteria
were randomly divided into two groups (Figure 1). All participants were informed
that participation was voluntary, that they were free to withdraw at any time, and
that their personal information would be kept confidential. This study was
approved by the ethics committee of X Institutional Review Board, and written
informed consent was obtained from all participants.
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Assessed for eligibility
(n=120)

Not meeting inclusion criteria (n = 31)
Mixed drug users (n = 28)

Infectious disease (n= 1)
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Excluded (n=7)
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Randomization of 82
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-

Dropout (n = 6) [ Intervention

Data analysis (n = 36) Post-test Data analysis (n = 35)

Figure 1. CONSORT diagram presenting the participant flow in the study

2.2 METH-related VR environment

We used the METH-related virtual social environment developed and tested
in previous research and promoted in drug rehabilitation centers to elicit subjective
psychological and physiological reactivity (Wang et al., 2018, 2019). The video
depicts a real-life story of individuals who are using METH together and who invite
the observers to take METH. Specifically, the video is divided into six scenes (Figure
2) (Wang et al., 2018; Wang et al., 2019). During the first scene (~60 s), the
participants saw a black screen and heard voices luring them to take drugs (sounds
likely to invite the participants to take METH, i.e., auditory cues with social
interaction). In the second scene (~60 s), the participants viewed a person playing
with “ice” and drug paraphernalia (i.e., drugs and drug-associated paraphernalia).
During the third scene (~180 s), the participants experienced themselves in a room
(with a first-person perspective), in which they could see six people using METH
together (i.e., METH-use environment). During the fourth scene (~60 s), the
participants viewed close-up scenes highlighting the facial expressions of all six
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people using METH (i.e., facial expression information). During the fifth scene (~60
s), the participants viewed close-up scenes highlighting the specific way that METH
was being used (i.e., action cues). During the sixth scene (~60 s), the prepared drug
and related paraphernalia were presented in a man’s hand and moved toward the
participants. This scene gave the participants the impression that they were being
invited to use METH (i.e., “psychological interaction” with the observers). All the
audio tracks were processed using Nuendo to create 5.1 analog sound channels. The
VR video was rendered onto a spheroid to create a subject-centric immersive
experience, and the viewing angle was pre-determined for specific scenes requiring
close-ups (Wang et al., 2018, 2019).

Scene 1: auditory cues
with social interaction

Scene 2: drugs and drug-
associated paraphernalia

Scene 6: “psychological
interaction” with the observers

Figure 2. Diagram of the METH-related VR environment

2.3 Procedure and outcome measures

All outcome measures were assessed in a quiet room at a stable temperature
(23-25 °C). The participants were asked to avoid strenuous exercise for 48 hours
before the test. The participants’ demographic characteristics, drug-use history, and
HR Vyaseiine Were assessed at baseline. A researcher-developed questionnaire was used
to assess age, education, and drug-use history (including duration of drug use,
frequency, and total amount of METH used). Height, weight, and body mass index
were measured using an electronic weight tester in the National Physical Fitness
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Monitor (Beijing, China). Before testing the HRVyageline, all participants rested
comfortably in a chair for at least 5 minutes. They were then introduced to the
equipment (i.e., HRV recording device and headphones) and assisted with putting
on the equipment. After the participants felt comfortable with all the settings, they
were asked to remain seated without speaking or moving. When the test began, the
participants were instructed to breathe rhythmically at the same frequency to record
an 8-minute HR Vigseline (Liu & Wang, 2021). Meanwhile, a heart rate monitor (Polar
FS2C, Polar Electro, Oy, Kempele, Finland) was used to measure the resting HR.

HRV.., METH-craving, METH-using, IS, and relapse tendency, in turn,
were measured at pre-test and post-test on the same day. During the formal
experiment, all participants were assisted with putting on the equipment (i.e., HRV
recording device, VR helmet, and headphones). After the participants felt
comfortable with all the settings, they were asked to remain seated without speaking
or moving and breathe rhythmically at the same frequency. An 8-minute period of
the resting condition continuous HRV signals (i.e., HR Viefore video) Was recorded.
Then, the participants were required to view an 8-minute METH-cue VR video with
concurrent recording of HRV signals (i.e., HRV guring video) (Wang et al., 2018; Wang
et al., 2019). Immediately after the VR video finished, the participants self-reported
METH-craving, METH-using, IS, and relapse tendency in turn. Unlike subjective
reports, HRV is an objectively recorded natural physiological response that does not
involve learning or practice effects but is highly influenced by the testing
environment. Therefore, we calculated HRV .. parameters (i.e., HR'V during video minus
HRViefore video) fOr statistical analysis.

2.3.1 METH-cue VR-induced HRYV reactivity

As per the previously established method, HRV was measured using a
wearable HR monitor and a chest belt (RS800CX Polar Electro Oy, Kempele,
Finland) with a sampling rate of 1,000 Hz for subsequent analyses of HRV
(Eggenberger et al., 2020; Williams et al., 2017). We calculated HRV parameters,
including time-domain (i.e., standard deviation of normal-to-normal intervals
[SDNN], root mean square differences of the standard deviation [RMSSD],
percentage of beats that changed more than 50 ms from the previous beat [pNN50]),
and frequency-domain (i.e., low-frequency [LF], high-frequency [HF], and low-
frequency to high-frequency ratio [LF/HF]; using autoregressive estimates) (Dolezal
et al., 2014; Gamelin, Berthoin, Sayah, Libersa, & Bosquet, 2007; Liu & Wang,
2021).

2.3.2 METH-cue VR-induced subjective METH-craving

A visual analogue scale (VAS) (Mottola, 1993) regarding subjective craving
assessed the participants’ METH-craving. The participants were asked: “How much
do you crave METH/ice right now?” (possible scores ranged from 0-10, “0”
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indicating “no craving at all” and “10” indicating “extremely strong craving”). The
VAS consisted of an 11-point scale, which has good reliability and validity. A higher
score indicates greater METH-craving.

2.3.3 The possibility of METH-using immediately after exposure to VR cues

A VAS regarding the possibility of METH-using was used to assess the
participants’ METH-using: “If you had access to METH/ice right now, how likely
would you be to use it right away?” (possible scores ranged from 0-10; “0”
indicating “certainly not” and “10” indicating “certainly’’) (Wang et al., 2019).

2.3.4 IS immediately after exposure to VR cues

The Private Body Consciousness Subscale (PBCS) (Miller, Murphy, &
Buss, 1981) from the Body Consciousness Questionnaire consists of 5 items
reflecting the tendency to focus on internal body sensations. Specifically, it assesses
awareness of internal bodily tensions, dry mouth/throat, heart beating, hunger, and
body temperature (e.g., “I am sensitive to internal body tensions,” “I’m very aware
of changes in my body temperature”) (Jakubczyk et al., 2019a). Items were rated for
the extent to which they are characteristic of the respondent on a 5-point scale,
ranging from 0 (extremely uncharacteristic) to 4 (extremely characteristic). Overall
scores were computed as the mean of all items so that higher scores indicated greater
IS. The PBCS has good reliability and validity in clinical samples (Mehling et al.,
2009; Todd et al., 2022). Cronbach’s alpha of the PBCS in this study was 0.79.

2.3.5 Relapse tendency immediately after exposure to VR cues

The Inclination of Relapse Scale of Drug Rehabilitated Addicts (Song et al.,
2023; Wang, 2001) was used to assess the participants’ subjective relapse tendency.
The scale consists of 18 items, each rated on a 6-point Likert scale. Higher scores
indicate a greater tendency to relapse. Cronbach’s alpha of the scale in this study was
0.82.

2.4 Intervention

2.4.1 Physical exercise

The exercise group engaged in a treadmill aerobics program 5 times per
week, 60 minutes per session, for 8 weeks. The exercise phase consisted of walking
or jogging on a treadmill for 5 minutes (warm-up phase). After the warm-up phase,
the participants gradually increased the treadmill speed and slope to reach 60—80%
maximum HR (defined as 206.9 - 0.67xage) within 5 minutes under the guidance of
a trainer (Liu & Wang, 2023). The participants then maintained this intensity for
40 minutes. If a participant was unable to complete 40 continuous minutes, rest
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periods were introduced until the participant accumulated a total of 40 minutes at
this intensity (Dolezal et al., 2014; Liu & Wang, 2021). Finally, the participants
performed 10 minutes of cool-down activities. The participants wore an HR monitor
(Polar FS2C, Polar Electro, Oy, Kempele, Finland) connected to a system monitoring
HR in real-time. At least three well-trained, experienced coaches guided each
exercise process.

2.4.2 Psychoeducation

The psychoeducation group received an 8-week structured psychoeducation
program (5 times per week, 60 minutes per session for 8§ weeks) with three trained
and experienced psychological health educators. The courses included education on
health screening, healthy diet, stress reduction, healthy relationships, and healthy
lifestyles.

2.5 Data processing

In line with previous studies, the Polar Pro-Trainer 5 software (RS800CX
Polar Electro Oy, Kempele, Finland) was used to transmit the recorded data to the
computer (Eggenberger et al., 2020; Liu & Wang, 2021; Williams et al., 2017). The
first 30 recorded seconds were deleted to reduce initial motion artifacts, and the
subsequent data were used for analysis. Artifacts were processed in two different
ways: (1) interpolation of artifacts using Kubios HRV analysis software (version 2.2,
Kubios Oy, Kuopio, Finland; settings: custom=0.2, interpolation rate=4 Hz); and (2)
deletion of artifacts using MATLAB software (version R2016b, MathWorks Inc.,
Natick, MA, USA). R-R intervals <200 ms, >2,000 ms, or >20% interval-to-interval
deviation were removed. Finally, using the aforementioned method, artifact
examination with MATLAB software yielded a mean of 6.93% (+3.14%) artifacts
per R-R interval recording. R—R interval time series with >80% non-artifact R—R
intervals were used for further analyses (Peltola, 2012), while time series below this
value (and the associated HRV indices) were replaced with the group mean value
(Liu & Wang, 2021).

2.6 Statistical analyses

An a priori power analysis was conducted using G*Power (version 3.1) for
a 2 (group: exercise vs. psychoeducation) x 2 (time: pre-test vs. post-test) repeated-
measures ANOVA (within—between interaction). Based on prior studies of exercise
interventions suggesting small-to-moderate effects on cue-induced craving reactivity
(Liu & Wang, 2023; Peng, Chen, Su, Tao, & Wang, 2021; Shen, Du, Fan, Dai, &
Wei, 2023; Wang, Zhu, Zhou, & Chang, 2017), we assumed a conservative effect
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size (Cohen’s f=0.25), with o = .05 and power (1 — ) = .90. The analysis indicated
that a minimum of 23 participants per group was required to detect the Group x Time
interaction. The current study exceeded this requirement (exercise group: n = 36;
psychoeducation group: n = 35).

All data were analyzed using SPSS 20.0 (IBM Corp., Armonk, NY, USA).
Descriptive statistics were first computed for participant demographic
characteristics, drug-use history, and HR Vipaseiine. Data were expressed as means and
standard deviations (SDs). The independent samples #-tests or chi-square tests were
conducted to compare differences between the two groups in demographic
characteristics, drug use history, and HR Viasiine at baseline. A repeated-measures
ANOVA was used to examine variable changes between the pre- and post-tests.
Group was the between-subjects factor, and time point was the within-subjects
factor. Further post-hoc multiple comparisons were conducted using the Bonferroni
correction.

Pearson correlation was performed to analyze the relationship between
changes (post-test — pre-test) for IS, METH-craving, METH-using, HRV,., and
relapse tendency. Furthermore, mediation analysis was conducted using the
PROCESS 3.5 macro developed by Hayes (2013). The significant indirect effect was
examined using bias-corrected confidence intervals derived from 5,000 bootstrap
samples (Shen et al., 2023). An effect was considered significant if its 95% bootstrap
confidence interval (CI) did not include zero (Shen et al., 2023). All statistical tests
were two-tailed. Statistical significance was indicated as p < .05. Effect sizes (1,°)
were also reported.

3. Results

3.1 Baseline characteristics

No significant differences between groups were found at baseline in
demographic characteristics, drug-use history, and HR Viaseiine (Table 1).

Table 1. Baseline characteristics

Variable Exercise group (n=36) Psychoeducation group (n=35)
Age (years) 3531+3.12 34.89+£4.60

Education (years)

Elementary school 1 (2.78%) 1 (2.86%)

Junior high school 4 (11.11%) 9 (25.71%)
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Variable Exercise group (n=36) Psychoeducation group (n=35)
Senior high school 27 (75.00%) 23 (65.71%)
College 4 (11.11%) 2 (5.71%)
Height (cm) 171.39 +£4.99 170.03 +5.28
Weight (kg) 72.14 +£7.57 70.86 + 6.32
BMI (kg/m?) 24.55+2.22 24.50 +1.80
HRest (bpm) 73.81 +£8.42 74.40 +7.41
Drug-use history

Duration of drug use (years) 13.64 £3.31 13.81 £2.67
Frequency (times/week) 6.03 +1.86 5.66 £1.75

Total amount of METH used (g) 2394.93 £612.78 2381.39 £464.99
Withdrawal duration (months) 8.56+3.12 9.03 £2.88

HR Vbaseline

SDNN 41.98 £0.36 42.85+0.27
RMSSD 31.68 £0.61 31.57+0.59
pNN50 13.59 +0.39 13.85+0.44

nLF 0.62 +0.03 0.61 £0.02

nHF 0.26 +0.03 0.27 £0.03
LF/HF ratio 4.00 +0.65 3.90 +0.57

Note. Values are mean * standard deviation. BMI, body mass index; bpm, beats per minute; HRest, resting
heart rate.

3.2 Changes in indices before and after intervention

No significant differences between groups were found at the pre-test for
all outcome measure scores. Repeated-measures ANOVA indicated significant
interactions between time and group in METH-craving [F(1,69)= 17.204, p < .001,
17,2 =0.200], IS [F(1,69)= 12.935, p = .001, 5,>= 0.158], and relapse tendency [F(1 69
= 8.027, p = .006, 77,> = 0.104] and significant main effects of group in METH-
craving [F(i,60)= 12.167, p = .001, 5,2 = 0.150] and IS [F(1.69)= 4.866, p = .031, 1,
= 0.066], but no significant main effect of group in relapse tendency. The exercise
group exhibited significantly lower scores on IS, METH-craving, and relapse
tendency than the psychoeducation group in the post-test (Figure 3). For the VAS
score on METH-using, there was a marginally significant interaction between time
and group [F(1.69)= 3.893, p = .052, 1,” = 0.053], and a significant main effect of
time [F.609)= 18.051, p < .001, 7,°> = 0.289], reflected by a significant decrease
from pre- to post-test in both groups. No significant main effect of group was found
in METH-using.
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Figure 3. Outcomes of self-reported scores (“indicates p < .05, ““indicates p < .01)

For HRV. parameters, there were significant interactions between time and
group in SDNN [F(1.69)= 6.470, p = .013, 17,>= 0.086], RMSSD [F1,69)= 11.603, p =
.001, 7,>= 0.144], and pNN50 [F(1,69)= 6.969, p = .01, 7,> = 0.092] and significant
main effects of group in SDNN [F(1.69)= 6.991, p =.010, 7,°= 0.092], RMSSD [F (1,69
= 17.154, p < .001, 77,>= 0.199], and pNN50 [F1,609)= 16.618, p <.001, 7,>= 0.194].
The exercise group exhibited a significantly larger decrease in time-domain HRV e
indices from pre- to post-test compared to the psychoeducation group (Table 2).
There were significant main effects of time in nLF [F(160)= 5.507, p = .022, 1,> =
0.074], nHF [F(1,69)= 19.192, p <.001, 17,>= 0.218], and LF/HF ratios [F(1,69)= 6.152,
p = .016, 5,> = 0.082], reflecting a significant change from pre- to post-test in both
groups. No significant main effect of group and no significant interaction between
group and time were found in the frequency-domain HRV,, indices.

Table 2. Parameters of HRV in different states at pre-test and post-test for the two groups

Pre-test Post-test

HR cue . HR cue
Group Before  During Cue- P v Before  During Cue- P v
video video induced "™ video video  induced between
Exercise 4198+ 4496+ 298+ 5586+ 4986+ -6.00+
0.84 0.90 0.19 0.73 0.61 0.31
SDNN pevchocducatio 4286% 4584 298+ NS 4338+ 3087+ 352+ <001
syehoecueation ¢3¢ 76 0.25 084  0.73 0.24
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Pre-test Post-test

Group Before During  Cue- I;RVCUC Before During  Cue- I;vauc
video  video  induced "™  video  video induced between
N O s i
RMSSD Psychoeducation 3157+ 3843+ 685+ B 3448+ 3461+ 0.13+ <001
0.52 0.50 0.18 0.60 0.69 0.26
Breise 0305 TR e oo osy o4
PNN30 psychocducation 1386 1833 447 NS 1824+ 1854+ 029+ 001
0.45 0.42 0.15 091 0.80 0.22
Exercise 060+ 056+ -0.04=+ 052+ 049+ -0.03+
oLF 0.08 0.10 0.03 NS 0.10 0.10 0.05 NS
Psychoeducation 061+ 056+ -0.05=+ 058+ 055+  -0.03+
0.09 0.09 0.01 0.09 0.09 0.02
Exercise 028+ 030+ 0.02 + 038+ 0.38+ 0.00 £
nHF 0.10 0.10 0.03 NS 0.10 0.10 0.05 NS
Psychoeducation 027+ 030+ 0.03 + 032+ 032+ 0.00 £
0.09 0.09 0.02 0.09 0.09 0.02
Exercise 401+ 383+ -0.17+ 340+ 336+ -0.05+
LF/HF 0.16 0.14 0.04 NS 0.17 0.15 0.35 NS
ratio Psychoeducation 397+ 375+ -022+ 397+ 393+  -0.04+
0.15 0.12 0.05 0.10 0.11 0.28

Note. Values are mean + standard deviation. LF, low-frequency component; LF/HF, low-frequency to high-
frequency ratio; nHF, high-frequency component; pNNS50, percentage of beats that changed more than 50 ms
from the previous beat; RMSSD, root mean square differences of the standard deviation; SDNN, standard
deviation of normal-to-normal intervals; NS, not significant.

3.3 Correlation analyses

METH-craving change correlated with changes in SDNN (» = 0.576, p <
.001) and RMSSD (r = 0.526, p = .001), indicating that greater decreases in
subjective drug craving in the METH-related virtual social environment were
associated with greater decreases in physiological responses after 8 weeks of acrobic
exercise intervention in the exercise group. In addition, changes in IS were positively
correlated with changes in METH-craving (» = 0.453, p = .005), SDNN (r = 0.439,
p = .007), and RMSSD (r = 0.343, p = .041). The results indicated that greater
decreases in IS were associated with larger declines in METH-related cue-induced
reactivity. Moreover, greater decreases in relapse tendency correlated with greater
declines in IS (» = 0.539, p = .001), METH-craving (r = 0.580, p < .001), and time-
domain HRV . reactivity (0.332 <r <0.594, p <.005).

3.4 Mediation analyses

Mediation effect analyses showed that changes in METH-craving (f =
2.009, 95% CI: 0.862-3.736), SDNN (f = 1.505, 95% CI: 0.378-3.256), and IS (8 =
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1.580, 95% CI: 0.380-3.551) mediated the relationship between the physical
exercise intervention and changes in relapse tendency.

4. Discussion

This study compared the effects of physical exercise versus psychoeducation
on METH-cue reactivity, IS, and relapse tendency in the VR cue-exposure
environment among individuals with MUD. We further examined the role of METH-
cue craving reactivity and IS in physical exercise and relapse tendency. As predicted,
compared with the psychoeducation intervention, the 8-week aerobic exercise
intervention produced greater reductions in craving reactivity (i.e., METH-craving
and time-domain HR V), IS, and relapse tendency from the pre-test to the post-test.
METH-cue craving reactivity and IS mediated the relationship between physical
exercise and relapse tendency. This suggests that the decreased METH-cue craving
reactivity and IS in the VR cue-exposure environment might contribute to the effects
of physical exercise on relapse tendency. To our knowledge, this is the first study to
provide evidence that IS may be one of the mechanisms underlying the effect of
physical exercise on the risk of relapse.

It is well-known that one main challenge in treating MUD is the high rate of
relapse during abstinence (Reiner & Shaham, 2022). Cue-induced craving is widely
regarded as a primary target in relapse prevention (Wang et al., 2019). The METH-
VR model serves as a powerful clinical and research tool for manipulating acute
craving in METH abusers (Culbertson et al., 2010). Studies have shown that craving
has different forms, including mental, psychophysiological, and behavioral (Chen et
al., 2024; Sayette, 2016; Tan et al., 2019). To comprehensively assess the effects of
physical exercise on the improvement of acute craving induced by a METH-related
VR social environment, we measured different forms of METH-cue craving
reactivity. Our results showed that compared with the psychoeducation group, the
VAS score for METH-craving in the exercise group significantly decreased after 8
weeks of aerobic exercise intervention. This suggests that physical exercise may
effectively attenuate subjective craving in individuals with MUD. The METH-
craving results obtained from METH-related VR cue exposure in this study agree
with those reported using traditional exposure methods in previous studies (Huang,
Zheng, Gao, Hu, & Yuan, 2019; Liu & Wang, 2023; Wang et al., 2017). However,
we did not find a significant beneficial effect of physical exercise on the VAS score
of METH-using. This may be attributed to the strict restrictions on drug use in the
detoxification environment, which make it impossible to obtain drugs during the
confinement period, resulting in low self-reported pre- and post-test scores for both
groups. Additionally, a floor effect for VAS scores of METH-using may, in part, be
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responsible for the relatively small differences between groups, as speculated by
previous studies (Wang et al., 2019).

The HRV . results showed that, compared with participants receiving the
psychoeducation intervention, those receiving the aerobic exercise intervention
exhibited a larger decrease in time-domain HRV,,. indices when exposed to VR
cues. This suggests that the exercise group had a lower level of physiological arousal
when exposed to METH-related VR cues. These results are consistent with the
observations of previous studies in the resting state (Cabral et al., 2018; Dolezal et
al., 2014; Liu & Wang, 2021), namely, that acrobic exercise contributes to the
homeostasis of the autonomic nervous system in individuals with MUD. Moreover,
changes in time-domain HR V... and METH-craving were positively correlated. As
different manifestations of METH-cue reactivity, the reduction in METH-craving
and HRV .. components may be the mental and psychophysiological representation
of decreased cue-related craving. This further supports that an 8-week aerobic
exercise intervention may be a useful strategy in suppressing METH-cue reactivity
in a VR cue-exposure environment in individuals with MUD.

In addition, reduced subjective craving and autonomic arousal upon
exposure to substance-related cues help individuals with SUD experience fewer
subjectively abnormal bodily sensations, which may ultimately reduce urges and the
risk of relapse (Sharpe, Tarrier, Schotte, & Spence, 1995). In the present study, our
findings revealed significant reductions in relapse tendency after physical exercise,
which is consistent with the findings of previous studies (Lynch et al., 2013; Morais
et al.,, 2018; Song et al., 2023). We also found that the change in METH-cue
reactivity (i.e., METH-craving and SDNN.,) mediated the relationship between
physical exercise and decreased relapse tendency. This suggests that reducing
METH-cue craving reactivity might contribute to the effects of physical exercise in
preventing relapse in individuals with MUD, which is also consistent with previous
research (Song et al., 2023). However, no significant improvement was found in the
frequency-domain HRV.,. parameters in association with physical exercise. Several
physiological studies have shown that many physiological parameters (e.g.,
respiratory rhythm) can influence frequency-domain HRV indices, and these
confounders might lead to large individual differences (Billman, 2013; Billman,
Huikuri, Sacha, & Trimmel, 2015; Shaffer & Ginsberg, 2017; Wang et al., 2019).
We speculate that this may have masked the beneficial effects of exercise
interventions on frequency-domain HRV .

A novel finding of this study was the beneficial effect of physical exercise
on IS and the significant positive correlation between the altered IS scores and the
change in METH-related cue-induced reactivity resulting from the exercise
intervention. This is consistent with prior work demonstrating that body-oriented
therapy may help decrease craving and improve interoception (Price et al., 2019a,
2019b). More intriguingly, we found that IS mediated the relationship between
aerobic exercise intervention and relapse tendency, suggesting that the improved IS
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in METH-related cue exposure may be one of the potential pathways underlying the
effect of physical exercise on the risk of relapse. Several studies have shown that
physical exercise may help people with SUD better decode and interpret bodily-
related signals associated with transient homeostatic imbalances that usually trigger
consumption (Brevers et al., 2024). For example, the inflow of active inference
mechanisms triggered by exercise should allow one to strategically regulate the pace
and intensity of effort throughout the exercise session, which may lead to better
awareness of stimuli arising within the body and help maintain bodily homeostasis
(Brevers et al., 2024; Osypiuk et al., 2020).

Moreover, by training individuals to formulate prospective, momentary, and
retrospective judgments toward physical states, exercise would allow individuals
with SUD to explore and resolve homeostatic imbalances while adopting healthy
behaviors (Brevers et al., 2024). Exercise may also help individuals discriminate
between sensations triggered by physical exercise and those triggered by reward-
seeking and consumption (Brevers et al., 2024). Vicarious reward processing might
be linked to people’s sensitivity to internal body states and could facilitate a tendency
to act pro-socially (Herman, 2023). This preliminary study supports the notion that
individuals with MUD may benefit from interventions focused on redirecting
interoceptive input toward competitive natural reinforcers like physical exercise
(Jakubczyk et al., 2019a).

The present study is the first to find that physical exercise may decrease
relapse tendency in individuals with MUD through improved IS, indicating that IS
may be one of the potential mechanisms underlying the reduction in relapse tendency
induced by physical exercise. Previous research has revealed that physical activity
can affect the relapse tendency of individuals with MUD undergoing compulsory
detoxification not only through a direct pathway but also through indirect pathways,
such as the mediating roles of intrinsic restraint and yearning for drugs (Lynch et al.,
2013; Morais et al., 2018; Ouyang et al., 2020; Song et al., 2023); the current study
expanded on these findings.

In addition, regarding the efficacy of physical exercise in improving IS and
cue-induced reactivity, previous studies provide some evidence at the neural
mechanism level. Research suggests that the insular cortex is the central hub for
processing interoception, and insular dysfunction has been reported in several
addictive disorders (Bonson et al., 2002; Engelmann et al., 2012; Goudriaan, de
Ruiter, van den Brink, Oosterlaan, & Veltman, 2010; Paulus & Stewart, 2014;
Prisciandaro, Myrick, Henderson, McRae-Clark, & Brady, 2013). An animal study
demonstrating the causal role of the insula in nicotine-induced cue approach
behavior (Scott & Hiroi, 2011) supports the central role of this structure in IS and
cue reactivity processing. Intense physical exercise has been shown to cause changes
in insular activity and potentially decrease the heightened internal response to stimuli
related to drug use (Herman, 2023; Paulus, Stewart, & Haase, 2013). Therefore, in
this preliminary study, we hypothesize that insular modulation may be the
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underlying neural mechanism by which physical exercise improves IS and cue-
induced reactivity, leading to a greater reduction in relapse tendency in individuals
with MUD. However, we did not provide any evidence regarding the neural
mechanisms by which physical exercise improves IS and cue-induced reactivity;
instead, we offered directions for future research. More interventional trials are
needed to test this hypothesis.

The current study has several strengths. It has provided evidence supporting
the notion that physical exercise may be a useful strategy for suppressing VR cue-
induced craving reactivity, IS, and relapse tendency in individuals with MUD, with
physical exercise showing superior results compared to psychoeducation. In addition
to craving reactivity, this study provided new evidence that IS may also be one of
the underlying mechanisms by which physical exercise reduces relapse tendency.
Second, this preliminary study aimed to understand the interoceptive mechanisms
driving drug relapse and may lead to an enhanced understanding of relapse
mechanisms, as well as to new treatment strategies for METH addiction. The
relationship between interoception and addiction may apply not only to substance
dependence but also to behavioral addictions (Herman, 2023). This study also has
important implications for the clinical treatment of drug addiction, behavioral
addictions, psychiatric disorders, and non-pharmacological therapy. Furthermore,
we used one of the most ecologically valid drug-related cue-induced methods, which
can more reliably detect subjective cravings and physiological reactivity and may
have a greater impact on the participants’ perceptions of their own bodily signals.

It should be noted that, although positive results have been found, these
findings should be interpreted and applied with caution. As IS assessment is based
on subjective self-reported acute responses, further studies are needed to develop
new methods for studying how individuals with addiction who receive exercise
interventions perceive the process and perceive internal bodily sensations, such as
utilizing structural and functional neuroimaging to explore relevant neural
mechanisms. Second, interoception consists of interoceptive accuracy, IS, and
interoceptive awareness (Garfinkel & Critchley, 2013). Whether interoceptive
accuracy and awareness alterations are associated with physical exercise-induced
changes in METH-cue reactivity and relapse tendency remains unknown. Third, due
to the repetitive nature of measuring acute craving and IS, scales with more items
might be optimal and could provide more useful information (Culbertson et al., 2010;
Wang et al., 2019). Fourth, the relatively small sample size used in this study may
have been insufficient to detect small effects, particularly for frequency-domain
HRYV indices that are sensitive to physiological influences; therefore, the results
should be interpreted with caution. Future studies with larger samples, improved
psychoeducation, expanded measurement of key physiological confounders (e.g.,
respiration), and designs that minimize floor effects in behavioral outcomes are
needed to test the robustness of these findings. Finally, there may be gender
differences between interoception (Prentice & Murphy, 2022); however, our sample
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was composed exclusively of males, which may limit our ability to generalize the
results of the current study to females with MUD. Future studies should include both
male and female participants to enhance comparability and generalizability. Overall,
evidence regarding the relationship between interoception and drug relapse and the
effects of exercise interventions on IS remains limited. Therefore, more research
aimed at understanding interoceptive mechanisms driving drug relapse is needed,
which may lead to a better understanding of the mechanisms of relapse and new
treatment strategies for drug addiction.

5. Conclusion

Physical exercise may improve METH-cue craving reactivity, IS, and
relapse tendency in association with VR cue exposure in individuals with MUD,
yielding greater improvements than psychoeducation. In the current study, reduced
relapse tendency attributable to physical exercise was positively correlated with
changes in METH-cue craving reactivity and IS. In addition to drug craving, IS may
have a mediating effect on the relationship between physical exercise and relapse
tendency, indicating that IS may be one of the potential mechanisms underlying the
decrease in relapse tendency induced by physical exercise.
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