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A B S T R A C T   

Background: Methamphetamine (MA) dependent individuals who want to break free of their drug habit or guard 
against a relapse often find it hard to overcome cravings induced by drug-related cues they are bound to 
encounter. The purpose of this study was to investigate the effects of acute virtual reality (VR) enhanced physical 
exercise on cue-induced cravings in MA-dependent individuals. 
Methods: Thirty MA-dependent individuals performed a drug-cue reactivity task both before and after a 10 min 
VR-enhanced competitive cycling exercise. Functional near-infrared spectroscopy (fNIRS) was recorded during 
the pre- and post-exercise drug-cue reactivity tasks. 
Results: MA dependent individuals show higher hemodynamic responses in prefrontal cortex (PFC) to drug- 
related cues than to neutral cues. After acute exercise, hemodynamic responses in PFC, including bilateral 
dorsolateral prefrontal cortex and orbitofrontal cortex, were attenuated under the same drug-related cues 
exposure. Acute exercise also affected the functional connectivity between PFC and motor cortex in response to 
drug-related cues versus neutral cues. 
Conclusions: These results suggest that a single session of VR-enhanced competitive cycling exercise facilitates 
MA-dependent individuals’ self-control over their cue-induced cravings by modulating cortical activations and 
brain functional networks.   

1. Introduction 

Methamphetamine (MA) is a powerful and addictive psychostimu-
lant. At this point there is no approved pharmacological treatments for 
MA addiction [1]. The success of any other treatment is invariably in 
jeopardy when abstaining patients experience powerful cravings that 
are triggered by drug-related cues similar to the cravings for other 
addictive drugs, such as methamphetamine, nicotine or heroin [2–4]. A 
growing body of studies have been investigated the effect of acute 
physical exercise on the control of MA cravings [5–9]. Exercise has been 
proposed as a treatment for drug addiction at different phases of the 
addition process including the initiation of use, the transition to addic-
tion, withdrawal, and relapse. Individuals in recovery turn to exercise as 
either a substitute for drug use or to help maintain abstinence [10]. It 
appears that acute exercise is also an effective intervention to control 
craving and cognitive process in MA-dependent individuals [6,7]. Ex-
ercise programs have had positive clinical outcomes, such as a lessening 

of self-reported craving, improved emotions, and enhanced cognitive 
functions [6,11]. In addition, virtual reality (VR) has been proposed as a 
way to improve exercise enjoyment [12]. Previous studies have shown 
that VR-enhanced exercise training can improve physical performance, 
emotion regulation, and exercise engagement [13,14]. In the present 
study, we designed a VR-enhanced competitive cycling exercise pro-
gram in the hopes of increasing the chances of long-term exercise 
adherence and to provide a sense of challenge and regulated competi-
tion, which may result in a more enjoyable exercise experience for the 
MA-dependent individuals. 

A growing number of neuroimaging studies and meta-analyses con-
cerning addiction have revealed cue-related responses in several brain 
areas, including frontal orbitofrontal cortex (OFC), dorsolateral pre-
frontal cortex (DLPFC), visual, and parietal cortical and subcortical 
areas [15]. More recently, preclinical and clinical studies have started to 
clarify the role of the prefrontal cortex (PFC) in addiction [16,17]. The 
PFC is of particular interest because of its key role in top-down 
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regulation and executive functions underlying drug addiction [18]. 
Previous functional magnetic resonance imaging (fMRI) studies have 
shown that several PFC regions, such as OFC, DLPFC, and anterior 
cingulate cortex (ACC), are activated in response to the presentation of 
drug-related cues relative to neutral cues in cigarette smokers [19] and 
abstinent alcoholics [20,21]. The DLPFC response to drug cues was 
positively correlated with craving, and the information about drug 
availability was encoded in the DLPFC during self-control of cigarette 
craving [16,22]. Functional near-infrared spectroscopy (fNIRS) studies 
have also suggested abnormal activation of the PFC, OPC, and ACC 
among long-term MA users [23,24]. 

Measuring cue-induced brain activations with non-invasive and 
portable neuroimaging techniques, such as fNIRS, provides a promising 
tool for the understanding of the neurobiological mechanisms of cue- 
induced craving, treatment development, as well as for the assessment 
of treatment effectiveness. As an invasive way of measuring the changes 
in the concentration of oxygenated hemoglobin (oxy-Hb) and deoxy-
genated hemoglobin (deoxy-Hb), fNIRS is used to quantify the effects of 
exercise on cerebral oxygenation and hemodynamics [25]. The method 
has been used to investigate the positive effect of exercise on brain 
function in the case of MA dependent individuals [26–28]. The purpose 
of the present study was to examine the effects of acute VR-enhanced 
exercise on cue-induced craving among MA-dependent individuals. 
Our hypothesis was that MA-dependent individuals would show 
enhanced hemodynamic responses in the PFC to the drug-related cues 
relative to the neutral cues, and the VR enhanced exercise intervention 
would reduce the drug-cue conditioned responses in the PFC. We tested 
this hypothesis using a within-subject design of drug-cue paradigm and 
fNIRS measurements before and after acute bouts of VR-enhanced ex-
ercise. This pilot project investigates cortical hemodynamic fluctuations 
during exposure to drug-related cues in order to establish an exercise 
program preventing drug dependency relapses in clinical populations. 
Identification of craving-related neutral correlates and effective regu-
lation of craving through exercise are needed to advance MA addiction 
exercise treatment. 

2. Materials and methods 

2.1. Participants 

Thirty male MA-dependent participants (32.4 ± 3.7 years of age, 
176.5 ± 6.2 cm height, and 79.1 ± 6.8 kg weight) were recruited from 
the compulsory isolation drug rehabilitation center of Shandong Prov-
ince, China. The physical characteristics of the participants are shown in 
Table 1. The average duration of abstinence is 13.4 ± 3.6 months. They 
have met the criteria of DSM-IV for MA dependence, and they have no 
history of neurological, psychiatric, and musculoskeletal diagnosis. The 
study was approved by the ethics committee of Shandong University of 
Sports (Ethics Approval Number: 2019006). The study conformed to the 
ethical requirements of the latest version of the Helsinki Declaration. 
Prior informed written consent was obtained from each participant. 

2.2. Procedures 

2.2.1. Drug-cue reactivity task 
A block design drug-cue paradigm was used in the present study. The 

advantage of blocked designs is that they offer greater sensitivity and 
thus a greater chance of detecting the effects of interest, particularly in 
brain regions in which these effects may be more subtle. To accommo-
date the typically delayed variations in MA- cravings, we used a 24-sec-
ond block design. Each 24-second block is made up of 4 individual 
images (either drug-cues or neutral images), each displayed for 
approximately 6 s. The drug cue blocks are specific to MA (i.e., MA 
crystal, plastic bottle, and tinfoil, etc.). The neutral control blocks are 
non-drug-related cues such as everyday objects or scenes. Then a 15-s 
rest was given to the participants with a crosshair on the computer 
screen. A total of 24 drug-cue pictures and 24 neutral images were 
presented during the fNIRS recording. The order of the blocks and the 
images within each blocks were randomized. The study design and 
procedures are shown in Fig. 1. 

2.2.2. Virtual reality enhanced exercise intervention 
VR-enhance competitive cycling was used as an exercise interven-

tion. Two participants were asked to compete with each other as fast as 
they comfortably could at 1.5kp workload for 10 min after a warm-up 
cycling session on the cycle ergometers (EB200, Huixiang Fitness 
Equipment Inc., Shandong, China). The two participants were situated 
in virtual surroundings (120-inch screen) and were represented by vir-
tual selves able to interact and compete with each other (VRoad, ilodo 
Inc., Beijing, China). Participants can check the performance of their 
virtual selves in the VR environment. Heart rate (HR) was monitored by 
a Polar H10 monitor (Polar Electro, Inc., Finland) during exercise and 
rest. One hour rest period was given each participant to ensure their 
heart rate return to baseline before they performed the second round of 
drug-cue reactivity task. 

2.3. fNIRS measurement 

A multichannel fNIRS system (Nirsmart; Danyang Huichuang Medi-
cal Equipment Co., Ltd., Beijing, China) using two infrared wavelengths 
of 760 and 850 nm was used to monitor cortical hemodynamic changes 
in response to the drug cue reactivity tasks. The sampling frequency was 
10 Hz. 42 channels were configured by using 19 transmitting and 16 
receiving probes at an inter-probe distance of 3 cm. Fig. 2 shows the 
configuration of the optical probes covering the prefrontal and motor 
cortex. 

fNIRS data were processed based on the modified Beer–Lambert law 
[29]. Since the Oxy-Hb signal shows a higher signal-to-noise ratio [30], 
only the oxy-Hb was analysed in the present study. The fNIRS data was 
registered within the Montreal Neurological Institute (MNI) standard 
brain space by using the ICBM152 brain template [31]. 8 regions of 
interest corresponding to the 42 channels were represented by 
combining 1 to 4 neighboring channels (Fig. 2). 

2.4. fNIRS signal processing 

2.4.1. Brain activation analysis 
During the drug-cue paradigm, the SPM-fNIRS toolbox was used to 

analyse the changes of oxy-Hb concentration over time [32,33]. The 
moving standard deviation method and spline interpolation was used to 
remove the movement artefacts. Physical noises, such as respiration and 
cardiac pulsation, were reduced by a band-stop filter with stop band 
frequencies of 0.12–0.35 Hz and 0.7–2.0 Hz, respectively. In the first 
level, the general linear model (GLM) analysis was used to estimate the 
cue-induced effects for each participant from the channel-specific fNIRS 
response. In the second-level analysis, the group effects were estimated 
using the summary-statistics approach (SPM 12; https://www.fil.ion. 
ucl.ac.uk/spm) [34]. 

2.4.2. Analysis of functional connectivity 
For each drug-cue and neutral-cue block pre- and post-exercise, the 

individual block time-courses were concatenated and the Pearson 

Table 1 
Physical characteristics of participants (mean ± SD).  

Characteristics Mean ± SD 

Age (years) 32.3 ± 3.8 
Height (cm) 176.2 ± 6.0 
Weight (kg) 78.9 ± 6.5 
BMI (kg/m2) 25.4 ± 1.7 
Education (years) 10.8 ± 3.0  
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correlation coefficient was computed between the 42 pairs of channels. 
A Fisher’s Z-transformation was applied. For each channel-pair, a paired 
t-test (drug cues > neutral cues) was computed across participants. Then 
the 42 channels were grouped into 8 regions of interest. For each region- 
pair, a one-sample t-test was performed on the channel-wise t-statistic. A 
FDR correction was applied to the region-wise p-values to control for 
multiple comparisons. The p-value threshold was set at p < 0.05. 

3. Results 

3.1. Cue induced activations in MA dependent individuals 

The SPM12 results showed that different brain regions were acti-
vated depending on the type of cue (drug-related or neutral) shown to 
the participants (Fig. 3). The bilateral OFC and DLPFC were activated 
under drug-cue exposure, with the right OFC and DLPFC showing 
increased activation. 

3.2. The effect of exercise on cue-induced activations in MA dependent 
individuals 

Fig. 4 shows the influence of exercise on cue-induced activations in 
MA- dependent individuals. Before the exercise intervention, MA 
dependent individuals show activations in the bilateral DLPFC and OFC 
in response to drug-related and neutral cues (p < 0.05) (Fig. 4A). 
However, bilateral DLPFC and left OFC activations were not elicited by 
drug-related cues after 10 min VR enhanced cycling exercise (Fig. 4B). 
Acute exercise decreased cue-induced craving associated with brain 
activation in the DLPFC and OFC. 

3.3. The effect of exercise on functional connectivity in MA dependent 
individuals 

Fig. 5 shows significant changes in functional connectivity in 
response to drug cues relative to neutral cues before and after exercise 
intervention (p < 0.05, FDR corrected). There were more significant 

Fig. 1. Study design. Each participant underwent two sessions of the drug-cue reactivity task during fNIRS measurement with VR cycling competition and rest 
between these two sessions. 

Fig. 2. The spatial configurations of fNIRS channels used in the present study. 19 transmitting and 16 receiving probes arranged alternately at an inter-probe 
distance of 3 cm, resulting in 42 channels per set. Estimated fNIRS channel locations only used for data analysis are exhibited in MNI space. Six sub-regions of 
the prefrontal cortex and motor cortex are indicated with colours. FPA: frontopolar area; OFC: orbitofrontal cortex; S1: primary somatosensory cortex; DLPFC: 
dorsolateral prefrontal cortex;VLPFC: ventrolateral prefrontal cortex; FEF:frontal eye field；PM:pre-motor cortex；SMA:supplementary motor cortex；M1: primary 
motor cortex. 
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Fig. 3. Drug and neutral cues induced brain activations in the dorsolateral prefrontal cortex (DLPFC) and orbitofrontal cortex (OFC) regions in MA dependent 
individuals (p < 0.05). (A) Enhanced hemodynamic responses in bilateral OFC and DLPFC to drug-related cues relative to baseline (drug cue - baseline contrast). (B) 
Enhanced hemodynamic responses in right OFC to neutral cues relative to baseline (neutral cue -baseline contrast). 

Fig. 4. The influence of exercise on cue-induced activations in MA dependent individuals. (A) Brain activations in the bilateral dorsolateral prefrontal cortex (DLPFC) 
and orbitofrontal cortex (OFC) regions triggered by drug cues versus neutral cues, before VR-enhanced cycling exercise (drug cue - neutral cue contrast). (B) Brain 
activations in left primary motor cortex and right OFC triggered by drug cues versus neutral cues, after VR enhanced cycling exercise (drug cue - neutral cue contrast). 

Fig. 5. The influence of exercise on cue-induced functional connectivity in MA dependent individuals. Red lines show increased connectivity, and blue lines show 
decreased connectivity (p < 0.05, FDR corrected). (A) Significant changes in functional connectivity in response to drug cues relative to neutral cues before exercise 
(drug cue > neutral cue). (B) Significant changes in functional connectivity in response to drug cues relative to neutral cues after VR enhanced cycling exercise (drug 
cue > neutral cue). FPA: frontopolar area; OFC: orbitofrontal cortex; S1: primary somatosensory cortex; DLPFC: dorsolateral prefrontal cortex;VLPFC: ventrolateral 
prefrontal cortex; FEF:frontal eye field；PM:pre-motor cortex；SMA:supplementary motor cortex；M1: primary motor cortex. 
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increases in functional connectivity between prefrontal and motor cor-
tex under drug-cue exposure after VR-enhanced cycling exercise (paired 
t-test, p < 0.05) (Fig. 5B). Specifically, left ventrolateral prefrontal 
cortex (VLPFC, a key region in processing a “stop” signal under drug cue 
exposure) showed significantly increased connectivity to the right 
DLPFC, right S1, and right FEF, and the right VLPFC showed signifi-
cantly increased connectivity to the left DLPFC, right M1, and left pre-
motor cortex during the post-exercise drug-cue reactivity task compared 
to the pre-exercise drug-cue reactivity task. 

4. Discussion 

In the present study, we used a within-subject design to compared 
PFC and motor cortex activation and connectivity in response to drug- 
related cues following acute exercise intervention in the same subject. 
The main findings of the present studies supported our hypothesis. The 
drug-cue induced brain activations are located in the PFC, including 
bilateral OFC and DLPFC in the MA-dependent individuals. Acute ex-
ercise decreases brain activation in the DLPFC and OFC under the drug 
cue exposure. Acute exercise also affected the functional connectivity 
between PFC and motor cortex in response to drug-related cues relative 
to neural cues. 

4.1. Cue induced activations in MA dependent individuals 

The sight of drug cues can trigger craving. Visual drug cues are 
widely employed in experiments, since they are easy to use, relatively 
cheap, and can be used repeatedly [35]. Previous studies have suggested 
neuroimaging recordings are more sensitive in detecting group differ-
ences in conditioned responses to the drug-related cues, since no dif-
ferences in arousal ratings and skin conductance responses to the drug- 
related cues were found between addicted and non-addicted individuals 
[21]. Therefore, self-reported rate of craving was not reported in the 
present study. Our study is based on recent models of neural represen-
tation of cue-induced craving, and we particularly focus on the DLPFC 
and OFC regions, which are closely associated with the cue reactivity 
among addictive individuals [16,18]. We observed enhanced hemody-
namic responses in bilateral DLPFC and OFC to drug related cues relative 
to neutral cues in the MA dependent individuals, which is in line with 
previous studies reporting cue-related activations in the DLPFC and OFC 
in cocaine [36], cigarette [22 37,19], and alcohol dependent individuals 
[20,21]. 

Activation of the prefrontal cortex (PFC) in response to relevant cues 
has been frequently reported in behavioral addictions, because PFC roles 
are most pertinent to addiction [18]. Drug-addicted individuals show 
hypoactivity in PFC when they are tested in in the stage of withdrawal 
[38]. However, drug-related cues that elicit cravings may reactivate the 
PFC. The activation of PFC regions have been also reported to contribute 
to the craving in online gaming addiction and gambling, similar to that 
of the cue-induced craving in substance dependence. Participants with 
online gaming addiction viewing pictures of the games showed BOLD 
activations in OFC and DLPFC [39]. Pathological gambling participants 
watching gambling videos showed significantly greater activity in 
DLPFC compared with healthy control [40]. These patterns are consis-
tent with the OFC’s role in processing relative reward [41], and with the 
DLPFC’s role in reward, motivation and decision-making [22]. 

4.2. The effect of exercise on cue-induced activations in MA dependent 
individuals 

Exercise has been proposed as a novel treatment for individuals with 
substance use disorder undergoing treatment at different stages of 
addiction rehabilitation [10,42]. Previous research has shown that both 
acute and long-term exercise can reduce self-reported cravings in 
response to drug-related cues in MA-dependent individuals [8,9]. Our 
study provides further neurobiological evidence supporting exercise 

therapy to control craving in MA-dependent individuals. We observed 
that acute VR-enhanced competitive cycling exercise attenuated the 
hemodynamic response in PFC, including bilateral DLPFC and OFC, 
during drug-related cue exposure. Previous fMRI studies on smokers 
show that acute exercise reduced self-reported craving, which correlated 
with reduced BOLD responses in DLPFC [43,44]. Since increased craving 
is associated with recruitment of the DLPFC [45], the post-exercise 
decrease of cue-related activation in the DLPFC may suggest a protec-
tive effect of acute exercise against cue-induced cravings. Indeed, by 
using transcranial magnetic stimulation (TMS), Hayashi and coworkers 
found that in smokers, the inactivation of DLPFC prevents the increase of 
craving during exposure to the cues [22]. Furthermore, the OFC has 
been considered as a target for drug abuse [46]. Previous studies on 
smokers have suggested that exercise can reduce the motivational drive 
(via OFC) toward smoking, that OFC become hypoactive following ex-
ercise under the exposure of the same cues in smokers [44]. 

4.3. The effect of exercise on cue-induced brain networks in MA 
dependent individuals 

Exercise positively impacts brain function. The motor cortex is one of 
the brain regions to be influenced by the beneficial effects of exercise 
[47]. We observed an increased hemodynamic response in the premotor 
cortex under drug-cue exposure after 10 min VR-enhanced cycling ex-
ercise. In addition, we found an increased functional connectivity be-
tween PFC and motor cortex following exercise under the drug-cue 
exposure. The PFC is a core region in cognitive control, decision making, 
and linking cognition to action [48]. The cortico-cortical connection 
between PFC and motor cortex transfers crucial executive information to 
motor control [49]. Clinical and neuroimaging studies have suggested 
that the anatomical and functional connectivity between these two 
cortices plays an importance role in inhibitory stimulus control [50]. 
The exercise-induced increases in functional connectivity between the 
PFC and motor cortex under drug-cue exposure may suggest a promising 
role of physical exercise in promoting greater executive control of MA- 
dependent individuals’ compulsive behavior. 

From a brain functional network perspective, the VLPFC is a key 
region of inhibitory control and emotion regulation. It has been pro-
posed that VLPFC plays a key role in processing a “stop” signal against 
addiction, by which excessive or inappropriate drug-taking behavior is 
stopped [16,18]. DLPFC, on the hand, might be responsible for pro-
cessing a “go” signal in addiction. We observed an increased functional 
connectivity between VLPFC and DLPFC following exercise under drug- 
cue exposure (Fig. 5B), whereas no functional connectivity between 
DLPFC and VLPFC was observed before exercise under the same drug- 
cue exposure (Fig. 5A). We also observed an increased functional con-
nectivity between right DLPFC and right OFC following exercise during 
the drug-cue reactivity task. Signals occurring in moments of craving are 
mainly processed by OFC and respond to input from DLPFC [22]. Pre-
vious studies that applied transcranial direct current stimulation (tDCS) 
to the DLPFC in smokers found an increased functional connectivity 
between DLPFC and OFC [51]. The DLPFC is a core region of the exec-
utive control network (ECN) and top-down regulation of emotion of 
craving. Previous high-frequency TMS over DLPFC studies have also 
shown that targeted modulation of DLPFC activation and related func-
tional networks correlated with craving reduction [52]. Exercise may 
facilitate cognitive effort and inhibitory control through the interaction 
between DLPFC and VLPFC under the drug-cue exposure in MA- 
dependent individuals. 

4.4. Study limitations 

Some limitations of the present study should be mentioned. Firstly, 
fNIRS can be measured only on the cortical surface to a depth of 2–3 cm. 
Therefore, we selected the PFC and motor cortex to assess the effects of 
acute exercise on drug-cue induced craving in MA-dependent 
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individuals. However, other regions, such as the superior parietal cortex, 
insula, and thalamus are also involved in processing cue-induced 
craving, which cannot be reliably measured by the fNIRS technique. 
Secondly, a healthy control group could further explore the impact of 
MA-addiction on cue-related brain functional responses. Thirdly, we 
investigated the acute effects of the competitive cycling exercise on 
addiction among MA-dependent individuals. However, the beneficial 
effects of exercise on addiction depend on the level/type/timing of ex-
ercise exposure. Long-term exercise effects on the drug-cue induced 
craving should also be investigated to validate exercise therapy for the 
MA-dependent individuals. 

5. Conclusion 

In the present study, we provide further evidence that acute VR- 
enhanced competitive cycling exercise could attenuate drug-related 
craving during a drug-cue reactivity task. We observed enhanced he-
modynamic responses in bilateral DLPFC and OFC to drug related cues 
versus neutral cues in MA-dependent individuals. In contrast, the he-
modynamic responses in DLPFC and OFC were significantly reduced 
following exercise under the same drug-cue exposure. Moreover, 
following exercise, increased functional connectivity between PFC and 
motor cortex, in particular, increased functional connectivity of DLPFC/ 
OFC and DLPFC/ VLPFC was observed. Physical exercise, by reducing 
PFC activity and by strengthening the functional connectivity between 
the PFC and the motor cortex, thus appears to facilitate inhibitory and 
executive control over MA-craving. 
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