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Background While meta-analyses of randomised controlled trials have 
demonstrated the therapeutic effects of physical activity (PA) on insomnia, 
the real-world associations between different levels and domains of PA and 
insomnia symptoms remain unclear. We aimed to examine these associations 
in the general population.

Methods We conducted a systematic review and meta-analysis of observa-
tional studies. We searched PubMed, MEDLINE, EMBASE, APA PsycINFO, CI-
NAHL, and the Cochrane Library up to 5 August 2024, including studies that 
examined the association between PA and insomnia symptoms in the general 
population. We calculated pooled effect sizes using a random-effects model 
and performed subgroup analyses by PA intensity and domain. We assessed 
publication bias using funnel plots.

Results We included 27 risk estimates. Compared with low PA, high PA was 
not significantly associated with insomnia risk (odds ratio (OR) = 0.96; 95% 
confidence interval (CI) = 0.85–1.09). Moderate PA was associated with a 7% 
lower risk of insomnia (OR = 0.93; 95% CI = 0.87–1.00). Subgroup analyses 
showed significant variation across activity domains, with occupational PA 
associated with a 21% higher risk of insomnia (OR = 1.21; 95% CI = 1.02–1.43). 
There was no evidence of publication bias.

Conclusions Moderate levels of PA are associated with a modest reduction in 
insomnia risk, whereas occupational PA may increase the risk. These find-
ings highlight the importance of considering both the intensity and domain 
of PA in relation to sleep health.

Registration PROSPERO: CRD42023417826.
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Insomnia is a common mind-body disease that leads to health and 
functioning impairment [1]. Insomnia, characterised by its high prev-
alence and established role as a risk factor for numerous health condi-
tions, imposes a substantial economic burden on healthcare and soci-
oeconomic systems, with annual direct and indirect costs estimated at 
approximately USD 150 billion in the USA [2–4]. Pathophysiological stud-
ies of insomnia suggest that hyperarousal is a possible mechanism [5]. 
The first-line treatment, cognitive behavioural therapy for insomnia, sug-
gests that the mechanism of action is consistent with models of sleep-
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wake regulation [6]. Cognitive behavioural therapy for insomnia is as effective as pharmacother-
apy for acute treatment and more effective for long-term treatment [7]. However, its high costs 
greatly diminish the availability in communities running on limited budgets [8,9]. Approximately 
40% of patients with insomnia do not reach sustained remission with these treatments. This esti-
mate is based on clinical studies of cognitive behavioural therapy for insomnia, with a meta-anal-
ysis reporting a long-term remission rate of 41% (95% confidence interval (CI) = 31–53) [10]. The 
lack of accessible, rhythm-regulating and individualised treatment for insomnia has long been 
recognised [11–14].

Guidelines recommend physical activity (PA) as a treatment for insomnia, with the European 
guideline listing movement therapy, yoga, tai chi, and qigong as potential measures [15]. The World 
Health Organization advises adults aged 18–64 years to engage in at least 150 minutes of moder-
ate-intensity or 75 minutes of high-intensity aerobic PA weekly, along with muscle-strengthen-
ing activities two days per week. Meta-analyses of randomised controlled trials (RCTs) have con-
firmed the therapeutic effect of PA on insomnia and provided specific recommendations [16,17].

However, RCTs may have several limitations. For example, some studies are conducted with rela-
tively small sample sizes, which may limit statistical power and reduce the generalisability of find-
ings. In addition, intervention designs are often highly structured and standardised, which may 
not fully reflect real-world conditions. Participant compliance can also vary, potentially affecting 
the effectiveness of the intervention. Furthermore, RCTs frequently involve highly selected popu-
lations, as strict inclusion and exclusion criteria (e.g. excluding individuals with comorbid condi-
tions) are applied, which may limit the applicability of findings to broader populations.

In contrast, observational studies provide a broader perspective on the association between 
PA and insomnia in natural settings, reflecting real-world patterns of behaviour. They capture 
a wider range of PA domains, including leisure-time, occupational, and household activities, 
and therefore offer more generalisable evidence. Importantly, the relationship between PA and 
insomnia may not be linear, as higher levels of PA do not necessarily confer additional benefits 
and may, in some contexts, be associated with poorer sleep outcomes [18].

Conceptually, this relationship is likely to be complex and influenced by multiple pathways. Sleep 
might be improved with PA through physiological and psychological mechanisms, such as stress 
reduction, energy expenditure, and circadian rhythm regulation. At the same time, this associ-
ation may be affected by confounding factors, including mental health status, lifestyle behav-
iours, and socioeconomic conditions. In addition, a bidirectional relationship is possible, whereby 
insomnia symptoms may reduce an individual’s likelihood of engaging in PA. Therefore, a syn-
thesis of observational evidence is needed to better understand these real-world and potentially 
bidirectional associations and to complement findings from RCT-based meta-analyses.

We aimed to systematically review and meta-analyse observational studies to comprehensively 
assess the association between PA and insomnia in the general population, with a focus on real-
world evidence and the gradient relationship.

METHODS
In this systematic review and meta-analysis, we followed the PRISMA and adhered to the Meta-
analysis of Observational Studies in Epidemiology guidelines [19]. We registered the predeter-
mined methods online with PROSPERO (CRD42023417826).

Data sources and searches
A research librarian searched PubMed, APA PsycINFO, MEDLINE, EMBASE, Cochrane Library, 
and CINAHL databases for English-language studies from inception to 5 August 2024 (eMeth-
ods in the Online Supplementary Document). We selected the search period ‘from inception’ to 
ensure a comprehensive retrieval of all relevant evidence. We applied the restriction to English-
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language studies based on quality considerations, as English-language journals in this field typ-
ically adhere to rigorous peer-review processes and standardised reporting guidelines, ensuring 
a higher baseline of methodological reliability for the included studies. Investigators manually 
reviewed reference lists of key studies and systematic reviews.

Inclusion and exclusion criteria
Two authors (CQX and FFX) comprehensively and independently reviewed the articles. We 
included studies whose participants were adults (aged ≥18 years) with insomnia, as defined 
by established diagnostic criteria (e.g. DSM-5), standardised instruments (e.g. Pittsburgh sleep 
quality index, sleep diaries) or medical diagnosis, but with no other restrictions; studies that 
investigated the relationship between PA and insomnia; used observational studies in cohort or 
case-control designs; published odds ratios (ORs), relative risks (RRs), or hazard ratios (HRs); and 
reported a RR with its corresponding 95% CI or sufficient information to calculate these indices. 
We excluded studies reporting only absolute effect measures, such as risk differences, because 
it is strongly dependent on baseline risk and may not be comparable across heterogeneous pop-
ulations; recruiting patients with secondary insomnia (i.e. insomnia due to psychiatric or physi-
cal comorbidity, or due to a medication or a substance such as alcohol); combined PA with other 
interventions such as diet, behavioural therapy, or antidepressant medication; and those that 
were classified as an editorial, RCT, review, meta-analysis, comment, news, letter, or practice 
guideline. We also excluded conference abstracts, editorials, commentaries, and qualitative stud-
ies because they typically do not provide sufficient methodological details or extractable quan-
titative data required for meta-analysis, and conference abstracts often represent preliminary 
findings that have not undergone full peer review. Investigators managed references in EndNote 
X9 software (Clarivate Analytics, Philadelphia, Pennsylvania, USA).

Data extraction
Two authors (CQX and FFX) independently screened the titles and abstracts of all retrieved 
records and subsequently assessed the full texts of potentially eligible studies. They also inde-
pendently extracted the data, using a structured form developed based on the study objectives 
and key variables of interest. Extracted information included study characteristics, participant 
details, PA measures, outcome definitions, confounders, and effect estimates (Table S1 in the 
Online Supplementary Document). Any disagreements were resolved through discussion and, 
when necessary, consultation with a third reviewer (FY). Two investigators (JHC and LJK) veri-
fied data for accuracy. We extracted all data directly from publications, and contacting authors 
for additional information was not necessary. During the screening process, we excluded stud-
ies that did not report sufficient data to derive effect estimates. When multiple estimates were 
available, we selected the most fully adjusted estimate for analysis.

In addition, based on the primary objective of this study – to investigate the association between 
PA and the risk of insomnia – we defined a single primary outcome, namely the risk of insom-
nia. We included studies that reported insomnia as a clinical diagnosis, assessed insomnia symp-
toms using validated instruments (e.g. the Pittsburgh Sleep Quality Index), or measured self-re-
ported insomnia-related complaints. We excluded studies that did not provide a clear definition 
of insomnia or did not report effect estimates related to insomnia risk. Given the variability in 
outcome definitions across studies, we harmonised all measures as indicators of insomnia risk 
for pooled analysis. When multiple definitions were reported within a study, we prioritised the 
most clinically relevant or fully adjusted estimate.

Risk of bias (quality) assessment
We rated the risk of bias (quality) of cohort and cross-sectional studies (based on comparability, 
outcome, and selection) as low (≤4) or high (5–9) using the Newcastle-Ottawa Scale [20].
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Strength of evidence
We assessed the strength of evidence using modified GRADE criteria [21]. Ratings were based on 
study limitations (low, medium, or high level), consistency (consistent, inconsistent, or unknown/
not applicable), directness (direct or indirect), precision (precise or imprecise), and reporting bias 
(suspected or undetected). We assigned an overall grade of high, moderate, low, or insufficient 
by evaluating and weighing the combined results of the above domains. Two reviewers (CQX and 
FFX) assessed each domain for each outcome and determined an overall grade, with differences 
resolved by consensus.

Data synthesis and analysis
We quantified the association between PA and insomnia symptoms using RR estimates (RRi), con-
sidering ORs, HRs, and RRs as comparable measures of association and intending to pool them 
together. This approach assumes that these measures approximate each other when the outcome 
is relatively uncommon, although differences in their mathematical properties should be consid-
ered when interpreting the results. The pooling of different effect measures (i.e. ORs, HRs, and 
RRs) may introduce some approximation error due to their differing statistical properties [22]. We 
preferentially extracted adjusted effect estimates from the original studies when available, as they 
account for potential confounding factors. If adjusted estimates were not reported, we used unad-
justed estimates. We pooled together all selected effect estimates and treated them as equivalent 
measures of association. Otherwise, we calculated RRs and 95% CIs. We calculated the log-trans-
formed RRi and its standard error (SE) as SE = (log (upper 95% CI limit of the RR) – log (RR)) / 1.96.

We used a random-effects model to calculate the pooled effect estimates, as we expected het-
erogeneity across studies due to differences in study populations, PA definitions, and outcome 
measurements [23]. This model accounts for both within- and between-study variability and is 
therefore appropriate for synthesising observational data. Weights for log (RRi) were calculated 
as wi = 1 / (si2 + t2), where si is the SE of log (RRi), and t2 is the restricted maximum likelihood esti-
mate of the overall variance.

We assessed heterogeneity among studies using Q - and I2 - statistics. Although it is often considered 
that I2 values of 25% represent low, 50% moderate, and 75% high heterogeneity, these thresholds 
are approximate and should be interpreted with caution. Additionally, we assessed publication 
bias using funnel plots to detect asymmetry. We used Begg’s rank correlation and Egger’s linear 
regression tests as formal statistical methods to evaluate small-study effects [24,25]. We applied 
these methods when a sufficient number of studies were available (≥10 studies), as their reliabil-
ity is limited when the number of studies is small. We set the statistical significance at P < 0.05.

In a sub-analysis, we explored the relationship between PA and insomnia symptoms across dif-
ferent subgroups, including sex (men, women), PA intensity (high, moderate, low) and PA cate-
gories (recreational, occupational, total). We selected these subgroup variables a priori based on 
their relevance in previous literature and their potential influence on both PA patterns and sleep 
outcomes. We conducted stratified analyses to explore potential sources of heterogeneity and to 
enhance the interpretability of the findings.

We used R, version 4.4.2 (R Core Team, Vienna, Austria) and Stata/Special Edition, version 16.1 
(StataCorp LLC, College Station, Texas, USA) for all analyses. Given the potential for type I error 
due to multiple comparisons in the observational studies, the meta-analysis findings should be 
interpreted as exploratory.

RESULTS

Study characteristics
We conducted a comprehensive literature search, yielding a total of 10 811 studies from PubMed 
(n = 2,400), Medline (n = 1,191), EMBASE (n = 4,374), APA PsycINFO (n = 640), CINAHL (n = 684), 
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and the Cochrane Library (n = 1,522). After the removal of duplicates and irrelevant studies, 
we included 19 eligible studies in the final analysis (Figure S1 in the Online Supplementary 
Document). All included studies were cohort studies [26–44], as no eligible case-control stud-
ies met the inclusion criteria, involving a total of 638 792 subjects and 90 507 insomnia cases. All 
included studies reported ORs as the measure of association.

Study quality
We assessed the quality of the included studies using the Newcastle-Ottawa Scale. The average 
quality score was 5.3, indicating that the studies were of medium quality. Most of the studies were 
adjusted for potential confounders, such as smoking, alcohol consumption, and marital status 
(Table S2 in the Online Supplementary Document).

Main efficacy meta-analysis

Overall analysis
The overall analysis of 27 risk estimates from the included studies did not reveal a statistically 
significant association between high levels of physical PA and reduced risk of insomnia com-
pared to low levels of PA (Figure S2 in the Online Supplementary Document). The pooled OR was 
0.96 (95% CI = 0.85–1.09), with substantial heterogeneity among studies (I2 = 74.0%; P = 0.000). This 
suggests that while there is a trend towards a reduced risk of insomnia with higher levels of PA, 
this association is not statistically significant and may be influenced by the substantial hetero-
geneity observed across studies.

Subgroup analysis by gender
We conducted a subgroup analysis stratified by gender to explore the differential effects of PA 
on insomnia risk (Figure S5 in the Online Supplementary Document). The analysis of seven risk 
estimates showed that the association between high PA and insomnia risk did not significantly 
differ between males (OR = 0.94; 95% CI = 0.80–1.11; I2 = 52.3%; P = 0.123) and females (OR = 1.03; 
95% CI = 0.93–1.15; I2 = 52.2%; P = 0.099). The overall pooled OR for both genders was 1.01 (95% 
CI = 0.96–1.07; I2 = 45.5%; P = 0.088).

Subgroup analysis by PA domain
We further stratified the analysis by PA domain to assess the consistency of the results across 
different types of PA (Figure S8 in the Online Supplementary Document). The effects were the 
highest for occupational PA (OR = 1.21; 95% CI = 1.02–1.43; I2 = 0.0%; P = 0.704), followed by total PA 
(OR = 0.99; 95% CI = 0.90–1.09; I2 = 72.4%; P = 0.000) and recreational PA (OR = 0.85; 95% CI = 0.71–1.02; 
I2 = 77.6%; P = 0.000).

Subgroup analysis by PA levels
We conducted the analysis of different PA levels to determine the impact of varying levels of PA on 
insomnia risk (Figures S3 and S4 in the Online Supplementary Document). Compared to moderate 
PA, high PA was not significantly associated with insomnia (OR = 1.03, 95% CI = 0.97–1.09; I2 = 17.2%; 
P = 0.252). The association was not significantly different for males (OR = 1.03; 95% CI = 0.97–1.09; 
I2 = 0.0%; P = 0.444) and females (OR = 1.07; 95% CI = 1.00–1.14; I2 = 7.2%, P = 0.357) (Figure S6 in the 
Online Supplementary Document). For PA domain, the highest effect was in the occupational PA 
(OR = 1.42; 95% CI = 0.50–4.01), followed by recreational PA (OR = 0.93; 95% CI = 0.81–1.06; I2 = 22.2%; 
P = 0.252) and total PA (OR = 1.05; 95% CI = 1.01–1.09; I2 = 0.0%; P = 0.432) (Figure S9 in the Online 
Supplementary Document).

For moderate PA compared to low PA, the pooled OR was 0.93 (95% CI = 0.87–1.00; I2 = 38.0%; 
P = 0.057) (Figure S4 in the Online Supplementary Document). The effect was higher for males 
(OR = 0.80; 95% CI = 0.56–1.15; I2 = 81.7%; P = 0.004) than for females (OR = 0.96; 95% CI = 0.93–0.99; 
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I2 = 0.0%; P = 0.516) (Figure S7 in the Online Supplementary Document). For PA domain, the effect 
was the highest for occupational PA (OR = 1.32; 95% CI = 0.47–3.72) followed by recreational 
PA (OR = 0.89; 95% CI = 0.79–0.99; I2 = 6.7%; P = 0.379) and total PA (OR = 0.95; 95% CI = 0.89–1.01; 
I2 = 55.1%; P = 0.029) (Figure S10 in the Online Supplementary Document).

Sensitivity analysis and publication bias
We performed a leave-one-out sensitivity analysis to assess the robustness of the pooled OR. The 
original random-effects meta-analysis yielded a pooled OR of 0.96 (95% CI = 0.85–1.09). After sequen-
tially removing each study, the recalculated pooled ORs ranged from 0.93 to 0.97, with all estimates 
remaining within the original CI (Figure S11 in the Online Supplementary Document). The overall 
association remained similar in all iterations, supporting the robustness of the primary conclusion. 
We assessed publication bias using funnel plots, Begg, and Egger’s regression test. The funnel plot 
appeared symmetrical, suggesting no strong evidence of publication bias (Figure S12 in the Online 
Supplementary Document). However, given the relatively small number of included studies (n = 19), 
the statistical power of Begg’s and Egger’s tests is limited, and these results should be interpreted 
with caution (Figures S13 and S14 in the Online Supplementary Document).

DISCUSSION

Association between PA and insomnia risk
After reviewing 19 eligible observational studies, encompassing over 600,000 participants, we 
found that moderate levels of PA may offer significant benefits in reducing the risk of insomnia. 
However, there was no significant association between high levels of PA and a reduced risk of 
insomnia. The observational study designs used are particularly useful for assessing the real-
world effects of PA as they provide insights from diverse populations, in contrast to the controlled 
environments of RCTs. Furthermore, we found that different types of PA had varying effects: rec-
reational PA was associated with a decreased risk of insomnia, while occupational PA seemed 
linked to a higher risk. These findings suggest that the intensity and context of PA play a critical 
role in its effects on insomnia.

Subgroup analysis of insomnia
Existing literature suggests that moderate PA may reduce insomnia risk, particularly in sub-
groups where high-intensity activity might not be ideal. Previous meta-analyses focusing on RCTs 
have consistently shown positive effects of aerobic exercise on insomnia [45–47], while obser-
vational studies, which reflect real-world conditions, exhibit more variability. This variability 
can be attributed to differences in methodology and the contexts in which PA occurs. Our study 
aligns with this literature; however, the observed association was modest and close to null, sug-
gesting that it may be sensitive to residual heterogeneity and unmeasured confounding. Several 
factors may explain the observed discrepancies in the association between PA and insomnia. We 
found substantial heterogeneity across several analyses (I2 > 70% in some comparisons), which 
may reflect differences in study populations, measurement methods, and adjustment strategies. 
For example, the included studies did not consistently control for potential confounders such as 
mental health history, lifestyle habits, and sleep disorders. Moreover, both PA and insomnia were 
assessed using different approaches across studies, including self-reported questionnaires and 
objective assessments [16,48], which may have further contributed to the variability in findings. 
Differences in age, sex, and socioeconomic background across study populations may also have 
influenced these associations. Although meta-regression could potentially help identify sources 
of heterogeneity, the relatively limited number of studies within subgroups reduced the statistical 
power and stability of such analyses. Therefore, we conducted stratified analyses by sex, PA inten-
sity, and activity domain to partially explore these sources of variability. Taken together, these 
sources of variability may introduce uncertainty into the pooled estimates and partly explain 
the inconsistency in findings across studies. The study designs, which included cohort studies, 



Physical activity and insomnia

PA
PE
R
S

www.jogh.org • doi: 10.7189/jogh.16.04196	 7	 2026  •  Vol. 16  •  04196

allowed us to assess PA’s real-world effects across diverse settings, though they also introduced 
the challenge of unmeasured confounders. Future studies should consider adjusting for a broader 
range of confounders, such as mental health conditions or lifestyle factors (e.g. smoking or alco-
hol consumption), which can influence both PA levels and insomnia symptoms.

Biological mechanisms
Moderate-intensity PA, such as walking or light aerobics, may improve insomnia through several 
mechanisms. One explanation is that moderate PA can help regulate circadian rhythms, which is 
consistent with findings from several studies in our analysis [49]. These rhythms are crucial for 
maintaining healthy sleep patterns, and moderate PA has been shown to enhance circadian syn-
chronisation, potentially facilitating sleep onset [50,51]. Additionally, moderate PA helps reduce 
stress and anxiety, both of which are key contributors to insomnia [52]. In general, PA triggers 
the release of endorphins, which improve mood and reduce mental stress, providing a direct 
pathway for improved sleep quality [53].

Our study suggests that PA’s effects are not uniform, and the context matters. Specifically, recre-
ational PA, which is generally less stressful and more enjoyable, was associated with a reduced 
risk of insomnia [54]. In contrast, occupational PA, which often involves higher physical demands 
and work-related stress, appeared to be linked to a higher risk of insomnia [55]. However, this 
finding was based on a limited number of studies (n = 3) and should be considered hypothesis-gen-
erating rather than conclusive. These findings highlight the importance of PA context in under-
standing its impact on sleep.

One potential public health recommendation is to encourage more recreational PA in daily rou-
tines [56]. Specifically, clinicians can promote recreational PA as part of routine health coun-
selling, particularly for individuals at risk of sleep disorders. Public health authorities could 
implement community-based programmes and awareness campaigns to promote enjoyable, mod-
erate-intensity activities (e.g. walking or recreational sports) that help reduce stress and improve 
sleep without the negative effects associated with high-intensity or work-related PA. In addition, 
policymakers can support these efforts by improving access to safe and accessible spaces for PA, 
such as parks and recreational facilities. Furthermore, workplace wellness programmes could 
incorporate stress management strategies alongside occupational physical activities to minimise 
any negative impact on sleep quality. However, these implications should be interpreted consid-
ering several important limitations. Reverse causation cannot be excluded, as individuals with 
insomnia symptoms may be less likely to engage in regular PA due to fatigue, reduced motivation, 
or impaired daytime functioning. In addition, moderate PA may cluster with other healthy life-
style behaviours, such as better diet, lower stress levels, and more regular daily routines. These 
co-occurring factors may contribute to improved sleep outcomes, making it difficult to isolate 
the independent effect of PA.

Strengths and limitations
One of the major strengths of this meta-analysis is that we included a large and diverse sample 
of >600 000 participants, covering various age groups, genders, and socioeconomic backgrounds. 
This enhances the generalisability of the findings and increases their relevance to real-world pop-
ulations. Second, the use of a random-effects model allowed us to account for variability across 
studies. We chose this model because it assumes that the true effect of PA on insomnia may vary 
across studies, and it weights the results accordingly. This approach ensures that our conclusions 
are robust, even in the face of methodological differences or heterogeneity between the included 
studies. However, this study has several limitations. First, the observational nature of the included 
studies prevents definitive causal inferences and reverse causation cannot be ruled out. While we 
found associations between PA and insomnia risk, these findings do not establish a causal rela-
tionship. Residual confounding is likely, as important factors such as mental health status, stress, 
socioeconomic status, chronic disease, and shift work were not consistently adjusted for across 
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studies. Second, there is methodological variability across studies, including differences in how PA 
and insomnia were measured. Most studies assessed PA using self-reported measures with varying 
classification criteria and cut-points, while insomnia was defined using a variety of approaches, 
including symptom-based assessments, validated questionnaires, and clinical diagnoses. These 
inconsistencies may have contributed to heterogeneity in the results and could affect the compara-
bility of findings across studies. Third, potential confounding factors, such as mental health con-
ditions, lifestyle habits (e.g. smoking and alcohol use), and other sleep-related disorders, were not 
consistently controlled for, raising the possibility that the observed associations may have been 
influenced by unmeasured variables. Consistent with the risk of bias assessment, although most 
included studies were of moderate to high quality, residual confounding and limitations in meas-
urement may still have influenced the observed associations. In addition, although the analytical 
framework allowed for pooling different effect measures (ORs, HRs, and RRs), all included stud-
ies reported ORs. Therefore, no transformation between different effect measures was required. 
However, ORs may be less intuitive to interpret than RRs, particularly when the outcome is not 
rare. Finally, although the presentation of insomnia may vary across demographic groups, we 
focused on the general adult population to capture overall associations in real-world settings, and 
the findings should be interpreted with consideration of potential population differences.

Implications
Future research should further examine the relationship between PA and insomnia in more 
diverse populations, particularly in underrepresented settings such as low- and middle-income 
countries. Greater use of standardised and objective measures would improve comparability 
across studies, while longitudinal and interventional designs may help clarify the directionality 
and underlying mechanisms of this association.

CONCLUSIONS
Moderate-intensity PA was significantly associated with a lower risk of insomnia compared to 
low-intensity PA. These findings suggest that moderate PA may be associated with a reduced risk 
of insomnia in the general population. However, given the observational nature of the evidence, 
causal inferences cannot be established. Our findings add to the growing body of evidence on 
non-pharmacological approaches to insomnia and highlight the potential role of moderate PA in 
sleep health. Future research, particularly well-designed prospective and interventional studies, 
is needed to further clarify these associations and their potential implications for public health.

Data availability: The data supporting the findings of this study are available from the corresponding author upon 
reasonable request.
Funding: The National Natural Science Foundation of China (82374610), Shanghai Key Laboratory of Traditional Chinese 
Medicine Tuina Technology for Fascia and Bone Diseases (24dz2260200), Shanghai Three-Year Action Plan for Further 
Accelerating the Inheritance, Innovation and Development of Traditional Chinese Medicine (ZY(2025-2027)-3-1-1), and 
Central Government-Guided Local Science and Technology Development Fund of Shanghai (YDZX20243100002004) 
supported the study.
Authorship contributions: CQX, FFX, and JHC had full access to all data in the study and take responsibility for the 
integrity of the data and accuracy of the analysis. CQX, LJK, MF, and FY contributed to the study concept and design. 
CQX, FFX, and JHC drafted the manuscript. All authors contributed to data acquisition, analysis, interpretation, and 
reviewing and editing the manuscript. CQX and FFX performed the statistical analysis. MF and FY obtained the fund-
ing, and CQX, MF, and FY supervised the study. All authors provided administrative, technical, or material support.
Disclosure of interest: The authors completed the ICMJE Disclosure of Interest Form (available upon request from the 
corresponding author) and disclose no relevant interests.
Additional material
Online Supplementary Document

https://jogh.org/documents/2026/jogh-16-04196-s001.pdf


Physical activity and insomnia

PA
PE
R
S

www.jogh.org • doi: 10.7189/jogh.16.04196	 9	 2026  •  Vol. 16  •  04196

 1 Perlis ML, Posner D, Riemann D, Bastien CH, Teel J, Thase M. Insomnia. Lancet. 2022;400:1047–60. 
Medline:36115372 doi:10.1016/S0140-6736(22)00879-0

 2 Morin CM, Jarrin DC. Epidemiology of insomnia: prevalence, course, risk factors, and public health burden. 
Sleep Med Clin. 2022;17:173–91. Medline:35659072 doi:10.1016/j.jsmc.2022.03.003

 3 Baglioni C, Battagliese G, Feige B, Spiegelhalder K, Nissen C, Voderholzer U, et al. Insomnia as a predictor of 
depression: a meta-analytic evaluation of longitudinal epidemiological studies. J Affect Disord. 2011;135:10–9. 
Medline:21300408 doi:10.1016/j.jad.2011.01.011

 4 Léger D, Bayon V. Societal costs of insomnia. Sleep Med Rev. 2010;14:379–89. Medline:20359916 doi:10.1016/j.
smrv.2010.01.003

 5 Dressle RJ, Riemann D. Hyperarousal in insomnia disorder: current evidence and potential mechanisms. J Sleep 
Res. 2023;32:e13928. Medline:37183177 doi:10.1111/jsr.13928

 6 Riemann D, Nissen C, Palagini L, Otte A, Perlis ML, Spiegelhalder K. The neurobiology, investigation, and treat-
ment of chronic insomnia. Lancet Neurol. 2015;14:547–58. Medline:25895933 doi:10.1016/S1474-4422(15)00021-6

 7 He D, Guo Z, McClure MA, Mu Q, Jiang B. Cognitive-behavioral therapy for insomnia with objective short sleep 
duration phenotype: a systematic review with meta-analysis. Sleep Med Rev. 2023;67:101736. Medline:36543054 
doi:10.1016/j.smrv.2022.101736

 8 Manber R, Simpson N, Gumport NB. Perspectives on increasing the impact and reach of CBT-I. Sleep. 
2023;46:zsad168. Medline:37903637 doi:10.1093/sleep/zsad168

 9 Manber R, Alcántara C, Bei B, Morin CM, van Straten AA. Integrating technology to increase the reach of CBT-I: 
state of the science and challenges ahead. Sleep. 2023;46:zsac252. Medline:36308320 doi:10.1093/sleep/zsac252

10 Furukawa Y, Sakata M, Furukawa TA, Efthimiou O, Perlis M. Initial treatment choices for long-term remission of 
chronic insomnia disorder in adults: a systematic review and network meta-analysis. Psychiatry Clin Neurosci. 
2024;78:646–53. Medline:39188094 doi:10.1111/pcn.13730

11 Altena E, Baglioni C, Espie CA, Ellis J, Gavriloff D, Holzinger B, et al. Dealing with sleep problems during home 
confinement due to the COVID-19 outbreak: practical recommendations from a task force of the European CBT-I 
Academy. J Sleep Res. 2020;29:e13052. Medline:32246787 doi:10.1111/jsr.13052

12 Hartley S, Colas des Francs C, Aussert F, Martinot C, Dagneaux S, Londe V, et al. [The effects of quarantine 
for SARS-CoV-2 on sleep: an online survey]. Encephale. 2020;46:S53–9. French. Medline:32475692 doi:10.1016/j.
encep.2020.05.003

13 Pappa S, Ntella V, Giannakas T, Giannakoulis VG, Papoutsi E, Katsaounou P. Prevalence of depression, anxiety, 
and insomnia among healthcare workers during the COVID-19 pandemic: a systematic review and meta-analy-
sis. Brain Behav Immun. 2020;88:901–7. Medline:32437915 doi:10.1016/j.bbi.2020.05.026

14 Zhao X, Lan M, Li H, Yang J. Perceived stress and sleep quality among the non-diseased general public in China 
during the 2019 coronavirus disease: a moderated mediation model. Sleep Med. 2021;77:339–45. Medline:32482485 
doi:10.1016/j.sleep.2020.05.021

15 Riemann D, Baglioni C, Bassetti C, Bjorvatn B, Dolenc Groselj L, Ellis JG, et al. European guideline for the diag-
nosis and treatment of insomnia. J Sleep Res. 2017;26:675–700. Medline:28875581 doi:10.1111/jsr.12594

16 Riedel A, Benz F, Deibert P, Barsch F, Frase L, Johann AF, et al. The effect of physical exercise interventions on 
insomnia: a systematic review and meta-analysis. Sleep Med Rev. 2024;76:101948. Medline:38749363 doi:10.1016/j.
smrv.2024.101948

17 Ferreira MF, Bos SC, Macedo AF. The impact of physical activity on objective sleep of people with insomnia. 
Psychiatry Res. 2023;320:115019. Medline:36577233 doi:10.1016/j.psychres.2022.115019

18 Holtermann A, Krause N, van der Beek AJ, Straker L. The physical activity paradox: six reasons why occupational 
physical activity (OPA) does not confer the cardiovascular health benefits that leisure time physical activity does. 
Br J Sports Med. 2018;52:149–50. Medline:28798040 doi:10.1136/bjsports-2017-097965

19 Page MJ, McKenzie JE, Bossuyt PM, Boutron I, Hoffmann TC, Mulrow CD, et al. The PRISMA 2020 statement: an 
updated guideline for reporting systematic reviews. BMJ. 2021;372:n71. Medline:33782057 doi:10.1136/bmj.n71

20 Ottawa Hospital Research Institute. The Newcastle-Ottawa Scale (NOS) for assessing the quality of nonran-
domised studies in meta-analyses. 2011. Available: https://ohri.ca/en/who-we-are/core-facilities-and-platforms/
ottawa-methods-centre/newcastle-ottawa-scale. Accessed: 1 April 2026.

21 Berkman ND, Lohr KN, Ansari M, McDonagh M, Balk E, Whitlock E, et al. Grading the strength of a body 
of evidence when assessing health care interventions: an EPC update. J Clin Epidemiol. 2015;68:1312–24. 
Medline:25721570 doi:10.1016/j.jclinepi.2014.11.023

22 Zhang J, Yu KF. What’s the relative risk? A method of correcting the odds ratio in cohort studies of common out-
comes. JAMA. 1998;280:1690–1. Medline:9832001 doi:10.1001/jama.280.19.1690

R
EF
ER

EN
CE
S

https://pubmed.ncbi.nlm.nih.gov/36115372
https://pubmed.ncbi.nlm.nih.gov/36115372
https://doi.org/10.1016/S0140-6736(22)00879-0
https://pubmed.ncbi.nlm.nih.gov/35659072
https://doi.org/10.1016/j.jsmc.2022.03.003
https://pubmed.ncbi.nlm.nih.gov/21300408
https://pubmed.ncbi.nlm.nih.gov/21300408
https://doi.org/10.1016/j.jad.2011.01.011
https://pubmed.ncbi.nlm.nih.gov/20359916
https://doi.org/10.1016/j.smrv.2010.01.003
https://doi.org/10.1016/j.smrv.2010.01.003
https://pubmed.ncbi.nlm.nih.gov/37183177
https://doi.org/10.1111/jsr.13928
https://pubmed.ncbi.nlm.nih.gov/25895933
https://doi.org/10.1016/S1474-4422(15)00021-6
https://pubmed.ncbi.nlm.nih.gov/36543054
https://doi.org/10.1016/j.smrv.2022.101736
https://pubmed.ncbi.nlm.nih.gov/37903637
https://doi.org/10.1093/sleep/zsad168
https://pubmed.ncbi.nlm.nih.gov/36308320
https://doi.org/10.1093/sleep/zsac252
https://pubmed.ncbi.nlm.nih.gov/39188094
https://doi.org/10.1111/pcn.13730
https://pubmed.ncbi.nlm.nih.gov/32246787
https://doi.org/10.1111/jsr.13052
https://pubmed.ncbi.nlm.nih.gov/32475692
https://doi.org/10.1016/j.encep.2020.05.003
https://doi.org/10.1016/j.encep.2020.05.003
https://pubmed.ncbi.nlm.nih.gov/32437915
https://doi.org/10.1016/j.bbi.2020.05.026
https://pubmed.ncbi.nlm.nih.gov/32482485
https://doi.org/10.1016/j.sleep.2020.05.021
https://pubmed.ncbi.nlm.nih.gov/28875581
https://doi.org/10.1111/jsr.12594
https://pubmed.ncbi.nlm.nih.gov/38749363
https://doi.org/10.1016/j.smrv.2024.101948
https://doi.org/10.1016/j.smrv.2024.101948
https://pubmed.ncbi.nlm.nih.gov/36577233
https://doi.org/10.1016/j.psychres.2022.115019
https://pubmed.ncbi.nlm.nih.gov/28798040
https://doi.org/10.1136/bjsports-2017-097965
https://pubmed.ncbi.nlm.nih.gov/33782057
https://doi.org/10.1136/bmj.n71
https://pubmed.ncbi.nlm.nih.gov/25721570
https://pubmed.ncbi.nlm.nih.gov/25721570
https://doi.org/10.1016/j.jclinepi.2014.11.023
https://pubmed.ncbi.nlm.nih.gov/9832001
https://doi.org/10.1001/jama.280.19.1690


Xie et al. 
PA
PE
R
S

2026  •  Vol. 16  •  04196	 10	 www.jogh.org • doi: 10.7189/jogh.16.04196

23 Higgins JP, Thompson SG, Deeks JJ, Altman DG. Measuring inconsistency in meta-analyses. BMJ. 2003;327:557–
60. Medline:12958120 doi:10.1136/bmj.327.7414.557

24 Begg CB, Mazumdar M. Operating characteristics of a rank correlation test for publication bias. Biometrics. 
1994;50:1088–101. Medline:7786990 doi:10.2307/2533446

25 Egger M, Davey Smith G, Schneider M, Minder C. Bias in meta-analysis detected by a simple, graphical test. BMJ. 
1997;315:629–34. Medline:9310563 doi:10.1136/bmj.315.7109.629

26 Zheng B, Yu C, Lin L, Du H, Lv J, Guo Y, et al. Associations of domain-specific physical activities with insomnia 
symptoms among 0.5 million Chinese adults. J Sleep Res. 2017;26:330–7. Medline:28230295 doi:10.1111/jsr.12507

27 Xu H, Jiang H. Research on the influence of physical exercise on insomnia and suicide of college students. 
Biotechnol Genet Eng Rev. 2024;40:299–309. Medline:36856531

28 Werneck AO, Vancampfort D, Oyeyemi AL, Stubbs B, Silva DR. Associations between TV viewing, sitting 
time, physical activity and insomnia among 100,839 Brazilian adolescents. Psychiatry Res. 2018;269:700–6. 
Medline:30273895 doi:10.1016/j.psychres.2018.08.101

29 Toubasi AA, AlSamhori JF, Falih RS, Alshadeedi F, Samhouri AEF, Tarazi A, et al. Insomnia and physical activity 
among medical students: a cross-sectional study. SN Compr Clin Med. 2023;5:266. doi:10.1007/s42399-023-01593-y

30 Spörndly-Nees S, Åsenlöf P, Lindberg E. High or increasing levels of physical activity protect women from future 
insomnia. Sleep Med. 2017;32:22–7. Medline:28366337 doi:10.1016/j.sleep.2016.03.017

31 Skarpsno ES, Nilsen TIL, Sand T, Hagen K, Mork PJ. Do physical activity and body mass index modify the asso-
ciation between chronic musculoskeletal pain and insomnia? Longitudinal data from the HUNT study, Norway. 
J Sleep Res. 2018;27:32–9. Medline:28744933 doi:10.1111/jsr.12580

32 Skarpsno ES, Mork PJ, Nilsen TIL, Jørgensen MB, Holtermann A. The joint association of musculoskeletal pain 
and domains of physical activity with sleep problems: cross-sectional data from the DPhacto study, Denmark. 
Int Arch Occup Environ Health. 2019;92:491–9. Medline:30456459 doi:10.1007/s00420-018-1382-8

33 Skarpsno ES, Mork PJ, Nilsen TIL, Jørgensen MB, Holtermann A. Objectively measured occupational and lei-
sure-time physical activity: cross-sectional associations with sleep problems. Scand J Work Environ Health. 
2018;44:202–11. Medline:29094169

34 Seol J, Lee J, Nagata K, Fujii Y, Joho K, Tateoka K, et al. Combined effect of daily physical activity and social rela-
tionships on sleep disorder among older adults: cross-sectional and longitudinal study based on data from the 
Kasama study. BMC Geriatr. 2021;21:623. Medline:34732144 doi:10.1186/s12877-021-02589-w

35 Paparrigopoulos T, Tzavara C, Theleritis C, Psarros C, Soldatos C, Tountas Y. Insomnia and its correlates in a rep-
resentative sample of the Greek population. BMC Public Health. 2010;10:531. Medline:20815870 doi:10.1186/1471-
2458-10-531

36 Liu Z, Zhang Y, Sun L, Wang J, Xia L, Yang Y, et al. Physical activity levels associated with insomnia and depressive 
symptoms in middle-aged and elderly patients with chronic schizophrenia. Front Psychiatry. 2023;13:1045398. 
Medline:36683978 doi:10.3389/fpsyt.2022.1045398

37 Lim M, Jeong KS, Oh SS, Koh SB, Chang SJ, Ahn YS. Effects of occupational and leisure-time physical activities 
on insomnia in Korean firefighters. Int J Environ Res Public Health. 2020;17:5397. Medline:32727051 doi:10.3390/
ijerph17155397

38 Kline CE, Irish LA, Krafty RT, Sternfeld B, Kravitz HM, Buysse DJ, et al. Consistently high sports/exercise activ-
ity is associated with better sleep quality, continuity and depth in midlife women: the SWAN sleep study. Sleep. 
2013;36:1279–88. Medline:23997360 doi:10.5665/sleep.2946

39 Kitano N, Tsunoda K, Tsuji T, Osuka Y, Jindo T, Tanaka K, et al. Association between difficulty initiating sleep in 
older adults and the combination of leisure-time physical activity and consumption of milk and milk products: 
a cross-sectional study. BMC Geriatr. 2014;14:118. Medline:25407520 doi:10.1186/1471-2318-14-118

40 Inoue S, Yorifuji T, Sugiyama M, Ohta T, Ishikawa-Takata K, Doi H. Does habitual physical activity prevent 
insomnia? A cross-sectional and longitudinal study of elderly Japanese. J Aging Phys Act. 2013;21:119–39. 
Medline:22832375 doi:10.1123/japa.21.2.119

41 Chen LJ, Steptoe A, Chen YH, Ku PW, Lin CH. Physical activity, smoking, and the incidence of clinically diag-
nosed insomnia. Sleep Med. 2017;30:189–94. Medline:28215247 doi:10.1016/j.sleep.2016.06.040

42 Endeshaw YW, Yoo W. Association between social and physical activities and insomnia symptoms among com-
munity-dwelling older adults. J Aging Health. 2016;28:1073–89. Medline:26690253 doi:10.1177/0898264315618921

43 Gubelmann C, Heinzer R, Haba-Rubio J, Vollenweider P, Marques-Vidal P. Physical activity is associated with 
higher sleep efficiency in the general population: the CoLaus study. Sleep. 2018;41:zsy070. Medline:29617980 
doi:10.1093/sleep/zsy070

R
EF
ER

EN
CE
S

https://pubmed.ncbi.nlm.nih.gov/12958120
https://doi.org/10.1136/bmj.327.7414.557
https://pubmed.ncbi.nlm.nih.gov/7786990
https://doi.org/10.2307/2533446
https://pubmed.ncbi.nlm.nih.gov/9310563
https://doi.org/10.1136/bmj.315.7109.629
https://pubmed.ncbi.nlm.nih.gov/28230295
https://doi.org/10.1111/jsr.12507
https://pubmed.ncbi.nlm.nih.gov/36856531
https://pubmed.ncbi.nlm.nih.gov/30273895
https://pubmed.ncbi.nlm.nih.gov/30273895
https://doi.org/10.1016/j.psychres.2018.08.101
https://doi.org/10.1007/s42399-023-01593-y
https://pubmed.ncbi.nlm.nih.gov/28366337
https://doi.org/10.1016/j.sleep.2016.03.017
https://pubmed.ncbi.nlm.nih.gov/28744933
https://doi.org/10.1111/jsr.12580
https://pubmed.ncbi.nlm.nih.gov/30456459
https://doi.org/10.1007/s00420-018-1382-8
https://pubmed.ncbi.nlm.nih.gov/29094169
https://pubmed.ncbi.nlm.nih.gov/34732144
https://doi.org/10.1186/s12877-021-02589-w
https://pubmed.ncbi.nlm.nih.gov/20815870
https://doi.org/10.1186/1471-2458-10-531
https://doi.org/10.1186/1471-2458-10-531
https://pubmed.ncbi.nlm.nih.gov/36683978
https://pubmed.ncbi.nlm.nih.gov/36683978
https://doi.org/10.3389/fpsyt.2022.1045398
https://pubmed.ncbi.nlm.nih.gov/32727051
https://doi.org/10.3390/ijerph17155397
https://doi.org/10.3390/ijerph17155397
https://pubmed.ncbi.nlm.nih.gov/23997360
https://doi.org/10.5665/sleep.2946
https://pubmed.ncbi.nlm.nih.gov/25407520
https://doi.org/10.1186/1471-2318-14-118
https://pubmed.ncbi.nlm.nih.gov/22832375
https://pubmed.ncbi.nlm.nih.gov/22832375
https://doi.org/10.1123/japa.21.2.119
https://pubmed.ncbi.nlm.nih.gov/28215247
https://doi.org/10.1016/j.sleep.2016.06.040
https://pubmed.ncbi.nlm.nih.gov/26690253
https://doi.org/10.1177/0898264315618921
https://pubmed.ncbi.nlm.nih.gov/29617980
https://doi.org/10.1093/sleep/zsy070


Physical activity and insomnia

PA
PE
R
S

www.jogh.org • doi: 10.7189/jogh.16.04196	 11	 2026  •  Vol. 16  •  04196

44 Hartescu I, Morgan K. Regular physical activity and insomnia: an international perspective. J Sleep Res. 
2019;28:e12745. Medline:30117220 doi:10.1111/jsr.12745

45 Xie Y, Liu S, Chen XJ, Yu HH, Yang Y, Wang W. Effects of exercise on sleep quality and insomnia in adults: 
a systematic review and meta-analysis of randomized controlled trials. Front Psychiatry. 2021;12:664499. 
Medline:34163383 doi:10.3389/fpsyt.2021.664499

46 Zhou X, Kong Y, Yu B, Shi S, He H. Effects of exercise on sleep quality in general population: meta-analysis and 
systematic review. Sleep Med. 2025;125:1–13. Medline:39556996 doi:10.1016/j.sleep.2024.10.036

47 Qiao Y, Wang C, Chen Q, Zhang P. Effects of exercise on sleep quality in women: a systematic review and 
meta-analysis. J Sci Med Sport. 2025;28:274–81. Medline:39706783 doi:10.1016/j.jsams.2024.11.015

48 Siu PM, Yu AP, Tam BT, Chin EC, Yu DS, Chung KF, et al. Effects of Tai Chi or exercise on sleep in older adults 
with insomnia: a randomized clinical trial. JAMA Netw Open. 2021;4:e2037199. Medline:33587135 doi:10.1001/
jamanetworkopen.2020.37199

49 De Nys L, Anderson K, Ofosu EF, Ryde GC, Connelly J, Whittaker AC. The effects of physical activity on cortisol and 
sleep: a systematic review and meta-analysis. Psychoneuroendocrinology. 2022;143:105843. Medline:35777076 
doi:10.1016/j.psyneuen.2022.105843

50 Gabriel BM, Zierath JR. Circadian rhythms and exercise: re-setting the clock in metabolic disease. Nat Rev 
Endocrinol. 2019;15:197–206. Medline:30655625 doi:10.1038/s41574-018-0150-x

51 Zielinski MR, Gibbons AJ. Neuroinflammation, sleep, and circadian rhythms. Front Cell Infect Microbiol. 
2022;12:853096. Medline:35392608 doi:10.3389/fcimb.2022.853096

52 Heissel A, Heinen D, Brokmeier LL, Skarabis N, Kangas M, Vancampfort D, et al. Exercise as medicine for depres-
sive symptoms? A systematic review and meta-analysis with meta-regression. Br J Sports Med. 2023;57:1049–57. 
Medline:36731907 doi:10.1136/bjsports-2022-106282

53 Schoenfeld TJ, Swanson C. A runner’s high for new neurons? Potential role for endorphins in exercise effects on 
adult neurogenesis. Biomolecules. 2021;11:1077. Medline:34439743 doi:10.3390/biom11081077

54 Nowacka-Chmielewska M, Grabowska K, Grabowski M, Meybohm P, Burek M, Małecki A. Running from stress: 
neurobiological mechanisms of exercise-induced stress resilience. Int J Mol Sci. 2022;23:13348. Medline:36362131 
doi:10.3390/ijms232113348

55 Purvis D, Gonsalves S, Deuster PA. Physiological and psychological fatigue in extreme conditions: overtraining 
and elite athletes. PM R. 2010;2:442–50. Medline:20656626 doi:10.1016/j.pmrj.2010.03.025

56 Cole M, Owens J, Holland CJ. Sports and exercise therapy for marginalised communities: graduate sports ther-
apists in East London Foundation Trust mental health and the British Transplant Games. Br J Sports Med. 
2024;58:745–6. Medline:38816181 doi:10.1136/bjsports-2024-108559

R
EF
ER

EN
CE
S

https://pubmed.ncbi.nlm.nih.gov/30117220
https://doi.org/10.1111/jsr.12745
https://pubmed.ncbi.nlm.nih.gov/34163383
https://pubmed.ncbi.nlm.nih.gov/34163383
https://doi.org/10.3389/fpsyt.2021.664499
https://pubmed.ncbi.nlm.nih.gov/39556996
https://doi.org/10.1016/j.sleep.2024.10.036
https://pubmed.ncbi.nlm.nih.gov/39706783
https://doi.org/10.1016/j.jsams.2024.11.015
https://pubmed.ncbi.nlm.nih.gov/33587135
https://doi.org/10.1001/jamanetworkopen.2020.37199
https://doi.org/10.1001/jamanetworkopen.2020.37199
https://pubmed.ncbi.nlm.nih.gov/35777076
https://doi.org/10.1016/j.psyneuen.2022.105843
https://pubmed.ncbi.nlm.nih.gov/30655625
https://doi.org/10.1038/s41574-018-0150-x
https://pubmed.ncbi.nlm.nih.gov/35392608
https://doi.org/10.3389/fcimb.2022.853096
https://pubmed.ncbi.nlm.nih.gov/36731907
https://pubmed.ncbi.nlm.nih.gov/36731907
https://doi.org/10.1136/bjsports-2022-106282
https://pubmed.ncbi.nlm.nih.gov/34439743
https://doi.org/10.3390/biom11081077
https://pubmed.ncbi.nlm.nih.gov/36362131
https://doi.org/10.3390/ijms232113348
https://pubmed.ncbi.nlm.nih.gov/20656626
https://doi.org/10.1016/j.pmrj.2010.03.025
https://pubmed.ncbi.nlm.nih.gov/38816181
https://doi.org/10.1136/bjsports-2024-108559

