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Abstract

Although regular physical exercise has multiple positive benefits for the general pop-

ulation, excessive exercise may lead to exercise dependence (EXD), which is harmful

to one's physical and mental health. Increasing evidence suggests that stress is a

potential risk factor for the onset and development of EXD. However, little is known

about the neural substrates of EXD and the underlying neuropsychological mecha-

nism by which stress affects EXD. Herein, we investigate these issues in 86 individ-

uals who exercise regularly by estimating their cortical gray matter volume (GMV)

utilizing a voxel-based morphometry method based on structural magnetic resonance

imaging. Whole-brain correlation analyses and prediction analyses showed negative

relationships between EXD and GMV of the right orbitofrontal cortex (OFC), left sub-

genual cingulate gyrus (sgCG), and left inferior parietal lobe (IPL). Furthermore, medi-

ation analyses found that the GMV of the right OFC was an important mediator

between stress and EXD. Importantly, these results remained significant even when

adjusting for sex, age, body mass index, family socioeconomic status, general intelli-

gence and total intracranial volume, as well as depression and anxiety. Collectively,

the results of the present study provide crucial evidence of the neuroanatomical

basis of EXD and reveal a potential neuropsychological pathway in predicting EXD in

which GMV mediates the relationship between stress and EXD.
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1 | INTRODUCTION

Regular physical exercise has multiple positive benefits in both mental

and physical aspects (Biddle, 2016; Morgan, 1985). However, exces-

sive physical exercise can lead to other problems known as exercise

dependence (EXD) or exercise addiction (Landolfi, 2013). EXD is a

desire for physical activity in leisure time, which leads to uncontrolla-

ble excessive exercise behavior and is manifested by physical and/or

psychological symptoms (de Coverley Veale, 1987; Hausenblas &

Symons Downs, 2002). Similar to other addicts, dependent exercisers

experience withdrawal symptoms, including increased anxiety, depres-

sion, and impaired sleep (Lichtenstein, Christiansen, Bilenberg, &Feifei Zhang and Song Wang contributed equally to this work.
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Støving, 2014; Lichtenstein, Nielsen, Gudex, Hinze, &

Jørgensen, 2018). In addition, there is great evidence that EXD leads

to bodily pain, such as muscle injury, and worsening relationships with

family and colleagues (Landolfi, 2013; Lichtenstein et al., 2014).

Although EXD is not currently listed as an addiction disorder in the

Diagnostic and Statistical Manual of Mental Diseases (DSM)-5 and

there are no specific criteria for diagnosis (American Psychiatric

Association, 2013), a large number of behavioral studies have classi-

fied EXD as a kind of behavioral addiction (Hausenblas & Symons

Downs, 2002; Landolfi, 2013). The most commonly used measure-

ment of EXD is the Exercise Dependence Scale-Revised (EDS-R),

which is used to evaluate the symptoms and risk of EXD in subjects

who participated in routine exercise (Downs, Hausenblas, &

Nigg, 2004). It has been reported that the prevalence of risk for EXD

is 3–7% in regular exercisers and university students and 6–9% in ath-

letes (Marques et al., 2019). EDS-R is based on the diagnostic criteria

of substance addiction in the DSM and has good recognition ability

for this abnormal behavior pattern (Hausenblas & Symons

Downs, 2002), yet it is worth noting that the EDS-R has no diagnostic

effect (Griffiths, Szabo, & Terry, 2005). Due to the high prevalence

and physical and psychological harmfulness of EXD, the main purpose

of the present study was to explore the relationship between symp-

toms of EXD and the brain structure using the EDS-R.

Although behavioral studies on EXD have gained considerable

attention in recent years (Hausenblas, Schreiber, & Smoliga, 2017;

Landolfi, 2013), to the best of our knowledge, no study has directly

investigated the neural substrates of EXD. However, a battery of pre-

vious studies has examined the relationship between the brain and

EXD-related constructs. Many studies have indicated that the effects

of exercise are largely related to the neurobiology of the reward-

related system, which includes learning, motivation, emotion, and

decision-making (Sutherland, McHugh, Pariyadath, & Stein, 2012),

and different functions are closely related to different brain regions.

The orbitofrontal cortex (OFC) and anterior cingulate cortex (ACC) are

mainly involved in reward-related executive control, motivation, and

decision-making (Boecker et al., 2008; Goldstein & Volkow, 2002)

and the striatum is related to learning in the rewarding process

(O'Doherty et al., 2004). In addition, the amygdala, thalamus, and

other brain regions are the key components in regulating the reward-

ing process (Haber & Knutson, 2010). Amygdala is mainly involved in

negative emotion processing and can promote reward behavior by

eliminating fear memory (Zhang, Kim, & Tonegawa, 2020). Thalamus

is an important component of arousal, which is related to reward

expectation (Anders, Lotze, Erb, Grodd, & Birbaumer, 2004; Le, Zhang,

Zhornitsky, Wang, & Li, 2020). On the one hand, these regions have

been reported in exercise studies. During cycling exercise, compared

with the rest, the activation of cognitive-related areas, including the

ACC and OFC, showed reduced activation during the entire exercise

state (Fontes et al., 2020). In addition, another running study found

that the excitability of subjects increased significantly after running,

but the availability of opioid receptors in the prefrontal cortex (PFC)

decreased, indicating that the increase in pleasure level correlated

negatively with opioid binding in the PFC/OFC and ACC (Boecker

et al., 2008). A population-based study also reported that increased

gray matter volume (GMV) of the ACC and hippocampus is associated

with exercise (Jochem et al., 2017). However, the effect was different

in the elderly and young (Hamer, Sharma, & Batty, 2018). Exercise has

protective effects on the PFC in elderly individuals (Northey

et al., 2020) and negative effects on the ACC and the PFC in young

adults (Ruotsalainen et al., 2019; Tarkka et al., 2019). In conclusion, a

large number of studies have shown that exercise may cause struc-

tural changes in the PFC, leading to the weakening of prefrontal top-

down executive control (Miller & Cohen, 2001) in which inhibitory

control is suspended and stimulus-driven behavior is emphasized. On

the other hand, evidence from studies on addiction suggests that the

structure and function of reward-related regions (e.g., the ACC, OFC,

thalamus, and amygdala) are crucial for the onset and development of

addiction behavior (Hammond, Allick, Rahman, & Nanavati, 2019; Qin

et al., 2020; Tuulari et al., 2018; Zhou et al., 2019). Specifically, a

recent meta-analysis of behavior addiction reported GMV atrophy in

reward-related regions such as the ACC and OFC (Qin et al., 2020).

Meanwhile, a systematic review reported that brain activation of the

ACC and inferior frontal gyrus is related to addictive disorders

(Hammond et al., 2019). Based on the above findings, EXD may be

linked with reward-related regions, such as the OFC, ACC, amygdala,

thalamus, and striatum. Given that no studies have examined the

structural brain correlates of EXD, the first goal of the present study

was to explore the association of EXD symptoms with gray matter

structures among a sample of regularly exercised healthy adults based

on structural magnetic resonance imaging (sMRI).

Considering the harmful influence of EXD on a person's physical

and mental health (de Coverley Veale, 1987; Hausenblas & Symons

Downs, 2002; Lichtenstein et al., 2014; Lichtenstein et al., 2018), it is

important to determine reliable psychosocial predictors of EXD to for-

mulate corresponding prevention strategies and intervention mea-

sures to reduce EXD. Evidence from extensive studies suggests that

stress may be one of the psychosocial factors affecting the onset and

development of EXD (Lichtenstein et al., 2018). According to previous

reports, individuals experiencing EXD often see exercise as a positive

way to relieve stress (Schuch et al., 2019; Szabo, 1995); as this is

effective, they rely on exercise to release stress every time and will

constantly increase their exercise to obtain greater pleasure

(Landolfi, 2013), which may lead to uncontrolled exercise addiction

(de Coverley Veale, 1987; Ruisoto & Contador, 2019). This process

may in some way support the idea that stress plays a role in develop-

ing addictions (Ruisoto & Contador, 2019) and in addiction relapse

(Sharp, 2017; Sinha & Jastreboff, 2013). There is evidence of signifi-

cantly higher emotional stress in high-risk exercise addiction partici-

pants compared with low-risk participants (Lichtenstein et al., 2018).

On the other hand, numerous studies have suggested that stress

affects brain regions in the reward pathway to promote addictive

behaviors (Sinha & Jastreboff, 2013). The stress response is initiated

through the amygdala and regulated through negative feedback from

glucocorticoids to the hippocampus, OFC, and medial PFC,

(McEwen, 2007) and these regions regulate reward processes (Dias-

Ferreira et al., 2009). Given these findings, the second goal of the
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present study was to elucidate the potential neuropsychological

mechanism of how stress affects EXD through gray matter structures.

To achieve these goals, each participant underwent sMRI scan-

ning and completed standard measurements of EXD and stress. In this

study, the voxel-based morphometry (VBM) approach was employed

to estimate cortical GMV (Ashburner & Friston, 2000). As a well-

validated method, the VBM approach has been widely used to exam-

ine the structural neural markers of individual differences in cognition,

personality, and social behaviors (Pan et al., 2021; Wang et al., 2017;

Wang, Zhao, et al., 2018). First, whole-brain correlation analyses and

prediction analyses were performed to identify the brain regions

linked with EXD. In light of previous findings on the neural bases of

EXD-related constructs (Boecker et al., 2008; Esch & Stefano, 2010;

Fontes et al., 2020; Hammond et al., 2019; Qin et al., 2020; Tuulari

et al., 2018; Zhou et al., 2019), we hypothesized that the GMV in

reward-related regions (e.g., OFC, ACC, amygdala, thalamus, and stria-

tum) is related to EXD. Second, correlation analyses and mediation

analyses were conducted to probe the relations among stress, EXD,

and GMV. Given the effects of stress on the brain (Boecker

et al., 2008; Dias-Ferreira et al., 2009; McEwen, 2007; Sinha &

Jastreboff, 2013) and EXD (Lichtenstein et al., 2018; Ruisoto &

Contador, 2019; Schuch et al., 2019; Szabo, 1995), we further specu-

lated that some brain regions related to EXD are linked to stress and

that there is a mediation mechanism in which stress affects EXD

through GMV. Finally, supplemental analyses with depression and

anxiety as additional covariates were performed to assess the speci-

ficity of the findings.

2 | METHODS

2.1 | Participants and procedures

This study was approved by the Ethics Committee of the West China

Hospital of Sichuan University. All participants were recruited through

electronic advertising in universities and gymnasiums. Each subject

provided written informed consent. The inclusion criteria were as fol-

lows: participating in regular exercise (exercise at least twice a week

for at least 30 min each time for a minimum of 3 months; Nomura,

Ishiguro, Ohira, & Ikeda, 2018; O'Donovan, Lee, Hamer, &

Stamatakis, 2017) considered to have the symptoms of EXD according

to the EDS-R score; (Downs et al., 2004; Hausenblas & Downs, 2002)

being right-handed; being a native Mandarin Chinese speaker; and

being between 18 and 50 years of age. The exclusion criteria were as

follows: eating disorders, such as anorexia nervosa or bulimia nervosa;

a history of physical or psychiatric disorders; a history of current or

ongoing serious medical problems; claustrophobia; and any contraindi-

cations for MRI scan. Power analysis using G-Power software (Faul,

Erdfelder, Lang, & Buchner, 2007) showed that at least 84 participants

were needed to detect medium-sized effects (r = .3, α = .05,

1 � β = .80) for correlation-based analysis (King, 2019; Kong, Zhao,

You, & Xiang, 2019). Thus, a total of 86 adult participants were finally

recruited in the present study (46 males, mean age = 22.3 ± 3.6 years,

range 18–41 years). First, behavioral assessment for the risk of EXD

and the levels of stress, depression, and anxiety, and demographic

information such as family socioeconomic status (SES), general intelli-

gence, handedness, age, sex, height, and weight were evaluated by

self-reported measurements. Body mass index (BMI) was calculated

from self-reported height and weight according to the Adolphe

Quetelet formula: body weight (kg)/height (m2). Then, each subject

underwent MRI scanning, which was completed by a professional

radiologist.

2.2 | Behavioral measures

2.2.1 | EDS-R

We adopted the EDS-R (Downs et al., 2004) to measure an individ-

ual's risk of being addicted to exercise. The EDS-R is a multi-

dimensional measurement with 21 items across 7 aspects,

including tolerance, withdrawal, intention, lack of control, exercise

time, reduction in other activities, and continuance (Downs

et al., 2004; Hausenblas & Downs, 2002). The participants were

asked to indicate how each item reflected their current sports

beliefs and behaviors in the past 3 months, with a 6-point Likert

scale ranging from 1 (never) to 6 (always). The total score of all

items represents the EDS-R score, and a higher score indicates a

stronger prevalence of EXD symptoms. Previous studies have rev-

ealed that the EDS-R shows acceptable internal reliability

(Cronbach's α ranged from .78 to .92) and test–retest reliability

(R = .95, 7 days; Downs et al., 2004; Weik & Hale, 2009). The Chi-

nese version of the EDS has shown adequate reliability and validity

among regularly exercised Chinese residents (Lu et al., 2012). In

the present sample, the Cronbach's α for the EDS-R was .83, indi-

cating adequate internal reliability.

2.2.2 | Depression, anxiety, and stress scale (DASS)

The DASS is a widely used instrument for assessing the severity of

three negative emotional syndromes in clinical and nonclinical samples

and shows a high distinction among depression, anxiety, and stress

(Lovibond & Lovibond, 1995; Norton, 2007). We used the stress sub-

scale of the DASS (Lovibond & Lovibond, 1995) to evaluate the stress

symptoms of the participants. According to previous studies, anxiety

and depression are not only associated with EXD (Lichtenstein

et al., 2014; Lichtenstein et al., 2018), but also have a significant effect

on gray matter structure (Chen et al., 2020; Prange et al., 2019). To

test the specificity of the association between stress, EXD, and GMV,

we used the other two subscales of the DASS to evaluate the levels

of depression and anxiety. The DASS is a 4-point Likert-type self-

report questionnaire with response options ranging from 0 (not at all)

to 3 (applied very much). The scores of each subscale were obtained

by calculating the responses to the corresponding items, and higher

scores indicate more negative experiences in the past week. The
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Chinese version of the DASS has been proven to have satisfactory

psychometric properties among different populations (Chan

et al., 2012; Jiang et al., 2020). In the present study, the internal reli-

ability of the DASS was adequate, with a Cronbach's α = .84.

2.2.3 | Family SES scale

Considering the potential effects of SES on gray matter structures

(Brito & Noble, 2014; Yaple & Yu, 2020), we adopted the subjec-

tive SES scale to eliminate the possible impact of family SES on the

association between EXD and GMV. Family SES evaluates the SES

of participants' parents in terms of education, occupational pres-

tige, and income (Adler, Epel, Castellazzo, & Ickovics, 2000). The

scale includes a 10-step ladder chart, and the subjects are asked to

indicate the overall level of SES of their parents in the local society,

ranging from 1 (bottom) to 10 (top) (Adler et al., 2000). There is

increasing evidence showing that the SES scale is a better predic-

tor of health-related outcomes than objective measures (Cundiff &

Matthews, 2017). The scale has also been widely used in the Chi-

nese population (Hu, Adler, Goldman, Weinstein, & Seeman, 2005;

Kong, Wang, Hu, & Liu, 2015).

2.2.4 | Brief Raven's advanced progressive
matrix (RAPM)

Numerous studies have proven that general intelligence is associ-

ated with gray matter structures (Basten, Hilger, &

Fiebach, 2015). To exclude the possible influence of general intel-

ligence on the relation between GMV and EXD, we used a brief-

RAPM (Bors & Stokes, 1998) with 12 nonverbal items to evaluate

general intelligence. Participants were shown a matrix of pictures

with missing parts, asked to select the missing parts from eight

options and to complete all tests within 15 min (Bors &

Stokes, 1998). The total number of correct answers was used as

the general intelligence score for each participant. In the present

sample, the Cronbach's α of the RAPM was .78, indicating ade-

quate internal reliability.

2.3 | MRI data acquisition and preprocessing

2.3.1 | Data acquisition

The MRI scan was performed using a Siemens 3.0 Tesla system (Tim

Trio, Siemens Healthineers, Erlangen, Germany) with an eight-channel

head coil at West China Hospital of Sichuan University, Chengdu,

China. High-resolution T1-weighted anatomical images were obtained

using a rapid gradient-echo planar imaging sequence with acquisition

parameters of repetition time = 1.96 s, echo time = 2.26 ms, flip

angle = 90�, contiguous slices = 176 with a thickness of 1 mm each,

matrix = 256 � 256, and field of view = 240 mm � 240 mm.

2.3.2 | Data preprocessing

Image analysis was performed in MATLAB (r2013b) using an auto-

mated Computational Anatomy Toolbox (CAT12, http://dbm.

neuro.uni-jena.de/cat12/) based on Statistical Parametric Mapping

(SPM12, Welcome Department of Imaging Neuroscience, London,

UK). First, for better registration, we manually reoriented the

image to the anterior commissure in SPM12. Second, the high-

resolution structure images were segmented into gray matter,

white matter, cerebrospinal fluid, bone, nonbrain soft tissue, and

background using ICBM Tissue Probabilistic Atlases provided by

SPM12. Third, we used Diffeomorphic Anatomical Registration

Through Exponentiated Lie algebra (DARTEL) in SPM12 to perform

morphological and anatomical registration, normalization, and

modulation analysis (Ashburner, 2007). All gray matter images

were aligned and resampled to 1.5 � 1.5 � 1.5 mm3 and then nor-

malized to Montreal Neurological Institute (MNI152) space. The

inverse Jacobian matrix of local transformation was used to modu-

late the segmented gray matter to retain the volume measurement.

Fourth, the normalized and modulated data were smoothed with a

6-mm full width at half maximum Gaussian kernel. The resulting

images representing the GMV were used in the subsequent

analyses.

2.4 | Statistical analyses

2.4.1 | GMV-behavior correlation analyses

A whole-brain correlation analysis was performed to explore the

brain areas in which GMV was associated with EXD, using age, sex,

BMI, general intelligence, family SES and total intracranial volume

(TIV) (including gray matter, white matter, and cerebrospinal fluid

volumes) as the controlling variables. A mask with an absolute

threshold of 0.2 was used to eliminate the edge effect near the

gray matter and white matter boundaries (Wang, Dai, et al., 2018).

The Gaussian random field approach, which was successfully used

in the VBM study (Andrea, Cathy, Karl, & John, 2005; Wang

et al., 2020), was used to determine the regions of significance

(Worsley, Evans, Marrett, & Neelin, 1992), with a threshold of

p <.001 at the voxel level and p <.05 at the cluster level. This

approach provided significant clusters of voxels at the family-wise

error rate of p <.05 (for a p-voxel threshold <.001). The above ana-

lyses were carried out in SPM12.

2.4.2 | Prediction analyses

To examine the robustness of the association between EXD and

the identified meaningful GMV, we performed prediction ana-

lyses using a balanced fourfold cross-validation procedure that

was carried out using a machine learning method (Kong

et al., 2015; Supekar et al., 2013; Wang, Dai, et al., 2018; Wang
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et al., 2019). To conduct the prediction analysis, we extract the

GMV of the significant regions obtained from the whole brain

correlation analysis first. We used these regions as masks and

extracted the value of the total volume of all voxels in the mask

in SPM12 software. Then, we randomly divided the data into four

subsets to ensure that there was no significant difference in the

distribution of these variables between subsets. Next, we used

the data of the three subsets to establish a linear regression

model and used the model to predict the unused data subset. The

parameter r(predicted,observation) referred to the correlation

between the actual observation data and the prediction data and

was obtained after all data subsets had been predicted. Finally,

the nonparametric testing method with 5,000 iterations was con-

ducted to examine the significance of r(predicted,observation) (Kong

et al., 2015; Supekar et al., 2013). This analysis was performed

while controlling for age, sex, BMI, general intelligence, family

SES, and TIV.

2.4.3 | Mediation analyses

To explore the indirect effect of GMV on the relationship between

stress and EXD, SPSS macro PROCESS (including bootstrapping

method) was used for mediating analyses (Hayes, 2013). In the pre-

sent analysis, the stress score was an independent variable (X), the

identified GMV of the brain region was considered the mediator

variable (M), the EDS-R score was a dependent variable (Y); and

age, sex, BMI, general intelligence, family SES, and TIV were con-

sidered the controlling variables. There are four paths, including

path a (representing the relationship between X and Y), path

b (representing the relationship between M and Y after controlling

X), path c (representing the relationship between X and Y) and path

c0 (representing the relationship between X and Y after adjusting

M), and the indirect effect is c � c0 (or a � b). When zero is not

included in the bootstrapped 95% confidence intervals (CIs) (5,000

iterations), the estimation of indirect effects is considered

significant.

3 | RESULTS

3.1 | Neurostructural basis of EXD

Table 1 shows the averages, standard deviations, and correlations of

all the behavioral measures included in the present study. No signifi-

cant association of EXD and age (r = .12, p = .274), sex (t[84] = 0.25,

p = .792), BMI (r = .11, p = .289), general intelligence (r = �.12,

p = .266), family SES (r = .12, p = .245), or TIV (r = �0.11, p = 0.287)

was identified in the current study. On average, 86 subjects exercised

5.2 ± 2.3 times a week for 1.5 ± 0.6 hr each time and persisted in

exercising for 4.52 ± 2.1 months. In addition, the EDS-R scores

showed that all the participants in the present study had symptoms

of EXD.

To examine the relationship between GMV and EXD, a whole-

brain correlation analysis was performed with sex, age, BMI, family

SES, general intelligence, and TIV as covariates. EXD was found to

correlate negatively with the GMV of the right OFC (r = �.49,

p <.001), left subgenual cingulate gyrus (sgCG, r = �.43, p <.001), and

left inferior parietal lobe (IPL, r = �.49, p <.001; see Table 2

and Figure 1) after correcting for multiple comparisons with the

Gaussian random field approach. No significant positive association

between EXD and GMV was found in this analysis.

Then, through predictive analysis, the stability of the relationship

between the identified gray matter regions from the whole-brain cor-

relation analyses and EXD was verified. EXD was found to be signifi-

cantly predicted by the GMV of the right OFC (rfinal

(predicted,observation) = .45, p <.001), left sgCG (rfinal(predicted,-

observation) = .38, p <.001) and left IPL (rfinal(predicted,observation) = .44,

p <.001) after adjusting for sex, age, BMI, family SES, general intelli-

gence, and TIV.

3.2 | Brain structures linking stress and EXD

To investigate the hypothesis that stress affects EXD through GMV,

the stress subscale of the DASS was administered. Behaviorally, we

TABLE 1 Means, SDs, and correlations of behavioral measures

Variable Mean SD 1 2 3 4 5 6 7 8

1. Age 22.33 3.65 —

2. BMI 22.36 3.84 0.43*** —

3. EXD 59.98 9.80 0.12 0.11 —

4. Stress 4.89 2.78 0.07 0.04 0.33** —

5. Depression 3.02 2.27 0.11 0.04 0.14 0.62*** —

6. Anxiety 2.38 2.29 0.03 �0.01 0.13 0.66*** 0.62*** —

7. General intelligence 6.21 2.67 �0.84 �0.11 �0.12 �0.10 �0.15 �0.14 —

8. Family SES 4.52 1.73 0.17 0.03 0.12 0.06 �0.18 �0.10 �0.02 —

Abbreviations: BMI, body mass index; EXD, exercise dependence; SD, standard deviation; SES, socioeconomic status.
**p <.01.
***p <.001.
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confirmed that EXD was positively associated with stress (r = .33,

p = .002). After controlling for sex, age, BMI, family SES, general intel-

ligence, and TIV, the association between EXD and stress was still sig-

nificant (r = .31, p = .005). Then, we explored whether the gray

matter regions related to EXD were also linked with stress. The results

revealed a negative correlation between stress and GMV in the right

OFC (r = �.26, p = .014) and left sgCG (r = �.25, p = .021). However,

no correlation was found between IPL volume and stress (r = �.08,

p = .431). After adjusting for sex, age, BMI, family SES, general intelli-

gence and TIV, stress was still associated with GMV in the right OFC

(r = �.26, p = .021) and left sgCG (r = �.22, p = .049) but not with

GMV in the IPL (r = �.03, p = .774).

Next, mediation analyses were performed to explore the mediat-

ing role of the right OFC and left sgCG in the relationship between

stress and EXD, with sex, age, BMI, family SES, general intelligence,

and TIV as covariates. Interestingly, only the right OFC was found to

play a mediating role in the relationship between stress and EXD (indi-

rect effect = 0.399; 95% CI = [0.02, 0.89], p <.05; Figure 2). However,

no significant mediating effect was found in the left sgCG (indirect

effect = 0.290; 95% CI = [�0.02, 0.70], p >.05). To confirm the speci-

ficity of the above findings, we performed another two mediation

analyses with depression and anxiety as additional covariates. The

same results were found: the right OFC (indirect effect = 0.660; 95%

CI= [0.18, 1.31], p <.05) but not the left sgCG (indirect effect= 0.310;

95% CI = [�0.13, 0.74], p >.05) could mediate the relation between

stress and EXD. In summary, the right OFC may play a mediating role

in the relationship between stress and EXD.

To assess the directionality of the relationship between stress,

the OFC, and EXD, another mediation analysis was performed with

the GMV of the OFC as X, stress as M and EXD as Y. The results

showed that stress did not mediate the effect of the GMV of the OFC

on EXD (indirect effect = �10.25; 95% CI = [�33.51, 3.69], p >.05)

TABLE 2 Brain regions where gray
matter volume was significantly
associated with exercise dependenceRegion

Peak MNI coordinate

Peak T score Cluster size (voxels)x y z

Right orbitofrontal cortex 26 53 �16 �4.31 207

Left subgenual cingulate gyrus �8 8 �16 �4.41 283

Left inferior parietal lobe �45 �39 56 �5.03 270

Note: The threshold for significant regions was set as follows: p <.001 at voxel level and p <.05 at the

cluster level, Gaussian random field approach.

Abbreviation: MNI, Montreal Neurological Institute.

F IGURE 1 Brain regions associated with EXD. Brain images showed that the GMVs in the right OFC (a), left sgCG (b), and left IPL (c) were
negatively correlated with EXD. Scatter plots depicting the correlation between EXD and the GMV in the right OFC (a), left sgCG (b), and left IPL
(c). The scores on the x-axis represent the raw EXD scores. The scores on the y-axis represent the standardized residuals of the GMV after sex,
age, BMI, general intelligence, family SES, and TIV were regressed out. EXD, exercise dependence; GMV, gray matter volume; IPL, inferior parietal
lobe; OFC, orbitofrontal cortex; sgCG, subgenual cingulate cortex
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after adjusting for sex, age, BMI, family SES, general intelligence, and

TIV. These findings indicated that there may be only one effective

neuropsychological pathway for predicting EXD in which stress

affects EXD through the GMV of the OFC.

4 | DISCUSSION

The current study aimed to investigate the structural neural correlates

of EXD and the underlying neuropsychological mechanism of how

stress affects EXD in the brain among a sample of regular exercisers

with EXD symptoms. There are two main results of our study. First,

whole-brain correlation analyses and prediction analyses revealed that

EXD was negatively linked with GMV in the right OFC, left sgCG, and

left IPL. Second, mediation analyses found that the GMV of the right

OFC mediated the impact of stress on EXD. Importantly, these results

remained significant even when adjusting for sex, age, BMI, family

SES, general intelligence, and TIV, as well as depression and anxiety,

suggesting the specificity of the findings. In brief, the current research

provides crucial evidence for the neuroanatomical basis of EXD and

reveals a potential neuropsychological pathway for the prediction of

EXD in which stress affects EXD via the GMV.

First, we found that the GMV of the right OFC correlated nega-

tively with EXD. The OFC is one of the important parts of the reward-

related system (Haber & Knutson, 2010) and is involved in executive

functions, motivation, and compulsive aspects of addiction

(Goldstein & Volkow, 2002). GMV loss in the OFC has been identified

in addiction disorders and correlates with addictive severity (Mackey

et al., 2019; Qin et al., 2020). In addition, others found that atrophy in

the OFC structure may indicate vulnerability to addictive develop-

ment (Becker et al., 2015). According to previous findings, in the

reward system, the OFC plays a crucial role in the top-down inhibition

process (Miller & Cohen, 2001), which includes the inhibition and con-

trol of reward-related impulses (O'Doherty, Dayan, Friston, Critchley, &

Dolan, 2003). Impairment of the OFC may lead to excessive input of

reward information, resulting in a loss of control of the limbic system

aspect of the reward system (Miller & Cohen, 2001). As a result, expec-

tations and cravings in addiction are enhanced (Goldstein &

Volkow, 2002), leading to self-directed/willed behaviors becoming

automatic sensory-driven addiction behaviors (Rosenkranz &

Grace, 2001). Moreover, animal and human studies have shown that

OFC structural damage is related to defects in value-based decision-

making and flexible inhibitory control (Solbakk & Løvstad, 2014; Zhou

et al., 2019). The disrupted GMV of the OFC might contribute to the

main symptoms of EXD; that is, addicts may continue addictive behav-

ior when they know that adverse decisions will lead to adverse conse-

quences (Bechara, Tranel, & Damasio, 2000). In other words, GMV

reduction in the OFC may lead to impaired executive function and

value-based decision-making in the reward system, which will lead to

an addictive disorder and increase the motivation and compulsion of

EXD (Zhou et al., 2019).

The present study observed a negative correlation between EXD

and GMV in the left sgCG, which is consistent with other previous

studies on addiction (Daumann et al., 2011; Montag et al., 2018;

Wang et al., 2015) and exercise (Ruotsalainen et al., 2019). The sgCG

is the effective part of the ACC and is mainly involved in executive

control and the regulation of emotional responses (Bush, Luu, &

Posner, 2000). A previous study demonstrated that the GMV of the

sgCG correlated negatively with impulsiveness (Lee, Park, Namkoong,

Kim, & Jung, 2018; Wang et al., 2015) and inhibitory control (Lee,

Namkoong, Lee, & Jung, 2018). The negative correlation between the

GMV of the sgCG and EDS score may reflect that increased EXD

symptom levels are accompanied by a loss of regulatory control, such

as decreased inhibitory control and an increased risk of EXD develop-

ment. Additionally, it is worth noting that the smaller GMV of the

sgCG may be one of the reasons for the loss of behavioral and emo-

tional control in addiction patients (Montag et al., 2018). A previous

review reported that the sgCG may be associated with emotional

changes in withdrawal symptoms in EXD (Bush et al., 2000). There-

fore, the changes in the sgCG in subjects experiencing EXD may play

a key role in the dysfunctional interaction between executive control

ability and emotional regulation.

We also found that EXD was negatively related to the GMV of

the left IPL. A GMV decrease in the IPL has been reported in patients

suffering from the substance (e.g., alcohol and drug; Mackey

et al., 2019) and nonsubstance dependence (e.g., internet games; Lee,

Namkoong et al., 2018; Pan et al., 2018). The IPL plays an important

role in guiding attention by integrating behavioral and cognitive infor-

mation into the external world (Gottlieb, 2007). The GMV reduction

of the IPL may indicate an impaired behavioral adjustment to external

stimuli (Lee, Namkoong, Lee, & Jung, 2018) and may cause a person

to direct attention toward reward-indicating stimuli (Li et al., 2014) in

EXD. The present finding of GMV atrophy in the IPL may indicate that

impairments in executive function when responding to external stim-

uli among individuals experiencing EXD and exercisers may lead these

individuals to pay more attention to reward stimuli even if they are

injured or their life or work habits have been affected. In other words,

F IGURE 2 The GMV of the right OFC mediates the association
between stress and EXD. The illustration demonstrates that stress
affects the EXD through the GMV of the right OFC. Sex, age, BMI,
general intelligence, family SES, and TIV were controlled in the model.
EXD, exercise dependence; GMV, gray matter volume; OFC,
orbitofrontal cortex. *p <.05; **p <.01; ***p <.001
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impairment of the IPL in individuals experiencing EXD may contribute

to a maladaptive interaction among executive control, attention, and

reward-seeking (Lee, Namkoong, Lee, & Jung, 2018).

Interestingly, we found that the GMV of the OFC served as a

mediator in the link between stress and EXD. Previous studies have

shown that stress is one of the risk factors for addictive disorders

and relapse regarding addictive behaviors (Sinha &

Jastreboff, 2013). Additionally, stress correlates positively with the

degree of drug dependence (Jasinska, Stein, Kaiser, Naumer, &

Yalachkov, 2014). Evidence has shown that exercisers regard physi-

cal activity as a strategy to cope with stress, (Schuch et al., 2019;

Szabo, 1995) and they also feel depressed and stressed after being

forced to stop exercising (Aidman & Woollard, 2003; Appaneal,

Levine, Perna, & Roh, 2009). Previous research reported significantly

more emotional stress in those at high risk for EXD than in low-risk

EXD individuals (Lichtenstein et al., 2018). The association of stress

and EXD was confirmed in the current study in which a higher risk

of EXD was positively related to higher stress (r = .33, p = .002).

Furthermore, hierarchical regression analysis showed that stress had

an incremental predictive ability for EXD (4R2 = 12.8%, β = 0.46,

p = .003) even after controlling for age, sex, BMI, family SES, gen-

eral intelligence, and TIV. Thus, our research presents new evidence

for the predictive role of stress in EXD. At the neural level, we also

observed a significant negative correlation between the GMV of the

OFC and stress. Numerous studies have demonstrated that stress is

associated with the OFC and can impair the structure and function

of the OFC (Arnsten, 2009). Previous studies have shown that stress

can specifically enhance the inhibition of OFC activity (Page &

Coutellier, 2019) by reducing the density of GABAergic neurons

(Varga, Csabai, Miseta, Wiborg, & Czéh, 2017) and by increasing

stress hormones (McEwen & Gianaros, 2011). In prior drug addiction

studies, both stress and drug abuse impaired executive function

including self-regulation of negative emotional states and decision-

making, and functional connectivity of the OFC (Ruisoto &

Contador, 2019). The present finding of a negative relationship

between stress and the GMV of the OFC is in some way consistent

with the previously proposed damage that stress inflicts on the PFC

(McEwen, 2007; Sinha & Jastreboff, 2013). Collectively, stress may

be one of the risk factors that affect the balance between executive

control and reward-seeking and increases the risk of addiction

(Koob & Schulkin, 2019; Ruisoto & Contador, 2019).

Some limitations of this study should be acknowledged. First, it is

worth noting that all participants in this study are healthy people with

regular exercise (moderate exercise), and there is still a lack of clear

diagnostic criteria for exercise addiction. Therefore, the subjects in

our study are healthy people with exercise addiction symptoms, and

they cannot be classified as addicts only according to the results of

the questionnaire survey. Future studies need to further use clinical

methods to identify exercise addicts. Second, the present study iden-

tified only three cortical areas, while other hypothetical cortical and

subcortical areas were not identified, which may be related to the sin-

gle index of the GMV as the measure of brain structure in the present

study. In the future, researchers may consider using other brain

structures (e.g., cortical surface area and cortical thickness) and func-

tion (e.g., resting-state functional activity and connectivity; Bullmore &

Sporns, 2012) measurements to study the neural basis of EXD. Third,

this study is a cross-sectional study, which cannot obtain the causal

directionality relationship among stress, brain structures, and EXD. It

is worth noting that the mediation analysis conducted in the current

research is statistical and does not imply causality. Future studies

using a more sophisticated approach (e.g., longitudinal designs) are

needed to determine the causal direction of the relationship between

these variables. Besides, although the Gaussian random field approach

is successfully used in the VBM study to determine the regions of sig-

nificance (Andrea et al., 2005; Ashburner & Friston, 2000; Worsley

et al., 1992), it is much less reliable and reproducible than the method

using voxel high correlation threshold (Turner, Paul, Miller, &

Barbey, 2018). Future studies need to adopt more rigorous correction

to further verify the stability of the results. Forth, although the behav-

ioral evaluation of the EXD in the present study is based on a self-

evaluation questionnaire with good psychometric properties

(Hausenblas & Downs, 2002; Lu et al., 2012; Weik & Hale, 2009), the

reliability and validity of the questionnaire may be affected by social

expectation bias. In the future, using behavioral experiments or

behavioral evaluations in a natural setting should be considered to

reduce the response deviation and improve measurement accuracy.

Finally, it has been found that the neural changes of exercise in differ-

ent age groups are not consistent (Eyme et al., 2019; Hamer

et al., 2018; Northey et al., 2020). In the current study, because all the

subjects were young people with similar age, the mechanism of age in

EXD was not found. In future research, we need to further expand

the age range of the subjects with EXD symptoms, and further

explore the neural mechanism of EXD symptoms.

5 | CONCLUSION

The present study provides initial evidence indicating that a higher

risk of EXD is linked to a smaller GMV in the right OFC, left sgCG, and

left IPL in a sample of regular exercisers, which sheds light on the neu-

roanatomical basis of EXD. Furthermore, our study found that the

right OFC mediates the relationship between stress and EXD, reveal-

ing a potential neuropsychological mechanism for how stress affects

EXD. Our findings might facilitate the diagnosis of EXD and target

selection for corresponding interventions (e.g., the behavioral inter-

vention (Lichtenstein et al., 2018), brain intervention, or training pro-

grams (Boecker et al., 2008; Esch & Stefano, 2010; Fontes

et al., 2020; Tuulari et al., 2018)) to help individuals reduce EXD and

improve their quality of life.
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