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Abstract 

Background/Objectives

Running is a popular form of physical activity, but its growing participation has been 

accompanied by high rates of injury that may limit ongoing engagement, particularly 

in older runners. This study explored differences in running participation limitation, 

injury location, and training characteristics between young (18–34 years) and master 

(>35 years) runners.

Methods

A total of 207 runners (105 young, 102 master) completed an online survey assess-

ing demographics, training habits, and injury-related participation limitations using the 

updated Oslo Sports Trauma Research Center Overuse Injury Questionnaire.

Results

Master runners reported higher rates of injury-related participation limitation than 

young runners (51% vs. 34%, p = 0.04) and more upper extremity injuries (p < 0.01). 

They also had longer running histories, higher weekly mileage, and longer training 

durations (p < 0.05). Among master runners, increased odds of running participation 

limitation were associated with smoking [Odds Ratio (OR)=1.89], running on gravel/

pebbled surfaces (OR=1.10), and owning more pairs of running shoes (OR=1.02), 

with no protective factors identified. Among young runners, reduced odds of running 

participation limitation were associated with running on off-road tracks (OR=0.68), 

having a running coach (OR=0.70), wearing shoes with special features (OR=0.75), 
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and training on multiple surfaces (OR=0.79), while slightly increased odds were 

associated with longer average training sessions (OR=1.04) and running on grass 

(OR=1.08).

Conclusion

These findings highlight the high prevalence of running participation limitations, par-

ticularly in master runners, and support the need for age-specific training and injury 

prevention strategies.

Implications

Different age groups of runners may benefit from tailored risk mitigation strategies: 

young runners may benefit from coach-guided training, appropriate footwear selec-

tion, and varied training surfaces, while avoiding unnecessarily long sessions. For 

master runners, emphasis may be placed on screening for modifiable health risks 

(e.g., smoking), careful management of training load and surface exposure, and 

addressing upper-extremity complaints, given their higher prevalence of participation 

limitation.

Introduction

Running is one of the most widespread forms of physical activity globally, attracting 
individuals across a spectrum of participation, from casual recreational runners to 
competitive athletes [1]. Since 2020, the U.S. has seen a rise in recreational runners, 
along with increased running volume and frequency among experienced runners, 
partly due to the COVID-19 pandemic and the demand for exercise options that 
aligned with public health guidelines [2]. Much of the appeal to take up running as 
a form of exercise lies in its accessibility. Running is low entry-level and requires 
minimal financial investment, making it a suitable activity for highly heterogeneous 
groups of people [3]. Given its broad appeal and health benefits, understanding the 
factors that influence running participation and associated injury risks is increasingly 
important.

The recent surge in running participation parallels an increase in running-related 
injuries (RRIs) [2]. Research has indicated that approximately 50% of runners will 
experience a participation-limiting RRI each year, highlighting the need for preven-
tive measures [4]. A recent systematic review reported that the overall prevalence of 
RRIs among runners is as high as 45%, with the knee, ankle, and lower leg diagno-
ses accounting for the highest proportion of RRI prevalence [5]. To this end, multiple 
factors have been identified to influence the rates of RRIs in runners. Demographic 
factors such as age, gender, and body weight have been shown to be associated 
with the presence of RRIs [6–9]. Training variables such as stretching before and 
after running [10], warm-up and cool-down routines, and running on hard surfaces 
can also influence both injury occurrence and severity [11–12]. Other factors, such as 
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adherence to proper shoe usage, including the replacement of running shoes based on mileage rather than wear, can also 
influence the risk of RRIs [13]. Together, these findings underscore the multifactorial nature of RRIs and the importance of 
investigating how modifiable and non-modifiable factors interact to influence injury risk and participation limitations. How-
ever, despite extensive literature describing RRI incidence and associated risk factors, comparatively few studies have 
directly examined to what extent running participation is limited by run-related injuries, and how these limitations differ by 
age, particularly in direct comparisons of young versus master runners.

Master runners, defined as runners aged 35 and older [14–15], are a distinct subset of the running population that are 
thought to engage in running for unique reasons beyond fitness alone. This age cutoff is consistent with common compet-
itive classifications for “masters” athletics events held by organizations such as the World Masters Athletics [16] and the 
USA Track & Field [17]. Previous research has corroborated that physical health benefits underscore running motivations 
for runners of all ages; however, master runners often place further emphasis on the social connections and emotional 
fulfillment derived from running [18]. These personal motivators may enhance the likelihood of sustained running par-
ticipation over time, yet they are at odds with the higher injury rates experienced by older runners. Previous research 
has shown that master runners experience significantly higher overall injury rates compared to younger runners, with a 
greater prevalence of multiple areas of pain and musculotendinous injuries, particularly in the plantarflexor (calf) mus-
cles, Achilles tendon, and hamstrings [19]. Age-related changes in aerobic capacity, muscle strength/elasticity, as well as 
running biomechanics, may also influence how loads are distributed during running and, in turn, contribute to differences 
in injury risk and participation limitation across age groups [14,20–25]. These age-related differences in injury location 
and severity, along with differences in running habits such as higher weekly mileage, more frequent training sessions, and 
greater orthotic use suggest that master runners may face distinct risks compared to their younger counterparts [19]. This 
highlights the need to examine how age influences running-related injury patterns, training behaviors, and participation 
limitations by directly comparing young and master runners.

The objectives of the current study were 1) to examine the differences in rates of running participation limitations 
and injury location between young and master runners, 2) to evaluate whether demographics, social factors, training 
characteristics and running habits are different between young and master runners, and 3) to determine what factors 
influence the risk of running participation limitation in young and master runners. We hypothesized that running partic-
ipation limitation rates would be higher for master runners and that the location of their RRIs, as well as their run train-
ing characteristics and habits, would be different from those of younger runners. In addition, we hypothesized that the 
factors associated with reduced or increased risk of running participation limitation would be different between young and 
master runners.

Methods

Participants

This study was conducted via an online survey completed by 207 adult runners from various regions across the United 
States from May 8th, 2024, to June 19th, 2024. Participants responded to recruitment flyers distributed through social 
media platforms, university campuses, emails to running clubs, and word-of-mouth referrals. To be eligible, individuals had 
to be at least 18 years old and currently engaged in a regular running program (defined as running 1–3 times per week 
for at least the three months prior to the survey), regardless of their level of experience. Given the broad inclusion criteria, 
all individuals who responded met eligibility requirements and completed the full survey; no participants were excluded or 
left the survey incomplete. Based on age, participants were categorized into two nearly equal groups: 105 young runners 
(aged 18–34 years) and 102 master runners (aged 35 years and older). All participants provided written informed consent 
before completing any study surveys, and the study received approval from the Chapman University Institutional Review 
Board (IRB-24–138).
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Questionnaires and surveys

A previously developed survey [26] focusing on demographics and running characteristics and habits in Brazilian runners 
was converted into an electronic format and distributed via the protected web application REDCap (Research Electronic 
Data Capture) to all participants. To maintain the integrity of the original instrument, we retained the same core content 
domains (participant characteristics, running history/training characteristics, and equipment habits) while making minor 
adaptations to improve relevance to our U.S.-based recreational running sample and to align the survey with our study 
outcomes. The survey comprised three sections: (a) questions related to participants’ demographics and social behaviors, 
including age, sex, race, weight, height, education level, participation in other sports, and history of smoking or vaping; (b) 
questions regarding participants’ running history and characteristics, such as the number of years they have been running, 
frequency of weekly running sessions, duration of training runs, mileage per training run, average weekly running mile-
age, preferred running races, use of special insoles, and number of running shoes in use; and (c) running training habits, 
including frequency of stretching, use of warm-up and cool-down routines, and the frequency of running sessions on 
various surfaces. Adaptations that were made to the survey [26] included converting units and response options for clarity 
(e.g., miles/inches/pounds; expanded race-distance options), adding select items relevant to this population (e.g., vaping 
history, orthotic use, and additional demographic/health questions), and modifying how injury was captured. Because the 
demographics/training-habits items are descriptive rather than a single latent construct, internal consistency statistics 
(e.g., Cronbach’s alpha) were not calculated.

To assess limitations in running participation due to overuse injury and pain, we utilized the updated Oslo Sports 
Trauma Research Center Overuse Injury Questionnaire (OSTRC-O2) [27]. This replaced the injury definition and text-
based injury-history questions used in the original survey tool [26], allowing participation limitation to be quantified over 
the prior seven days using a validated overuse injury tool. The OSTRC-O2 quantifies injury severity and its impact on 
participation in training or competition, modifications to training, performance limitations, and pain experienced during 
athletic activities over the last seven days. The OSTRC-O2 score is derived from four key questions, with a score of 
zero indicating no pain and full participation, while a score of 100 indicates severe pain and inability to participate. 
Because OSTRC-O2 severity scores typically show a strong floor effect (many 0 scores) and a zero-inflated, right-
skewed distribution in athlete monitoring studies [28–29], and because the total score is derived from non-linear/uneven 
response-category weighting, we a priori dichotomized the outcome (0 vs > 0) to distinguish runners with no participa-
tion limitations from those reporting any injury-related problem/participation limitation over the last seven days.

The location of overuse injuries in runners was determined using a standardized body pain diagram, enabling partic-
ipants to visually identify the specific area(s) of their pain. Participants completed an electronically delivered body pain 
map with predetermined body locations and directly selected the location(s) corresponding to their symptoms, rather than 
providing text-only location descriptions, to improve clarity and reduce ambiguity in symptom location reporting. The body 
pain map captured symptom location only; pain intensity and pain quality (e.g., sharp, aching, burning, numbness/tin-
gling) were not recorded. An RRI was defined as current musculoskeletal pain that restricted or halted running (in terms of 
distance, speed, duration, or training) for at least seven days, affected three consecutive scheduled training sessions, or 
necessitated consultation with a physician or other health professional [30]. Participants could select more than one body 
location/region if they experienced pain in multiple areas (i.e., multiple RRIs or multi-site symptoms). Each runner was 
instructed to identify the body area(s) corresponding to their RRI(s). Because injury location was directly selected by par-
ticipants from predefined locations (rather than interpreted and coded by researchers from freehand markings), inter- and 
intra-rater reliability testing was not applicable. This visual approach is favored by both patients and clinicians, as it facil-
itates a more accurate and objective assessment of symptom distribution [31–32]. The marked areas were subsequently 
categorized from 48 possible distinct body locations into eight mutually exclusive regions: 1) foot and ankle; 2) shin; 3) 
calf; 4) knee; 5) hip and thigh; 6) pelvis and low back; 7) upper back, ribs, and neck; and 8) shoulder, elbow, and hand.
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Statistical analysis

All categorical variables were individually cross-tabulated with the two age categories (young/master) using chi-square 
tests of independence. Differences between groups for all continuous variables were compared using independent 
sample t-tests or Wilcoxon rank sum tests. To compare the rate of running participation limitation between young and 
master runners, we categorized participants based on their responses to the OSTRC-O2 questionnaire. Those reporting 
no RRIs, indicated by a score of zero on the OSTRC-O2, were classified as having “No participation restriction” over 
the previous seven days. In contrast, participants with any non-zero score, indicating reduced participation to complete 
inability to participate in running during the previous seven days, were classified as having “Minor to severe participation 
restriction.” Group differences in participation restriction between young and master runners were analyzed using a chi-
square test.

To identify and evaluate the variables with the most robust association between demographic characteristics, social 
factors, and training habits with participation restriction status, we performed a generalized LASSO (Least Absolute 
Shrinkage and Selection Operator) regression [33–34] using the previously defined binary response categories (“No 
participation restriction” vs. “Minor to severe participation restriction”) based on OSTRC-O2 scores. Two separate 
LASSO logistic regression models were constructed, one for young runners and one for master runners, to assess 
these associations within each cohort. The LASSO method applies an L1 penalty to the regression coefficients, pro-
moting sparsity by shrinking less important variables to zero, thereby identifying a minimal set of influential predictors. 
This approach is well-suited for handling correlated and high-dimensional predictors. Model tuning was conducted 
using stratified 10-fold cross-validation to select the optimal value of the regularization parameter (λ), that achieved 
the highest average area under the curve across all folds. All continuous predictors were standardized (mean = 0, 
standard deviation = 1) prior to modeling. By design, LASSO mitigates concerns of multicollinearity, allowing for robust 
variable selection even in the presence of interrelated predictors. Accordingly, some variables that differ between 
groups in univariate analyses may not be selected if they do not provide unique incremental predictive value beyond 
correlated predictors under the cross-validated penalty. Additionally, because models were fit separately within each 
cohort, between-group (young vs. master) univariate differences are not necessarily informative of which predictors are 
retained for within-cohort participation-restriction prediction. These results reflect the variables selected by the LASSO 
regression model, which prioritizes parsimony and prediction over statistical significance testing. Because LASSO 
regression applies an L1 penalty that alters the distribution of coefficient estimates, traditional p-values and 95% con-
fidence intervals are not directly available. Despite this limitation, LASSO remains preferable to stepwise regression 
because it provides more stable variable selection, handles multicollinearity among predictors more effectively, and 
reduces overfitting through cross-validated penalization rather than relying on the unstable, data-driven inclusion and 
exclusion decisions characteristic of stepwise methods. Therefore, the interpretation of results focused on the strength 
and direction of associations based on odds ratios (OR) rather than statistical significance [34]. We also conducted 
sensitivity analyses to assess the stability of the cross-validated λ values for both age-group models by varying each 
optimal λ by ±20% and examining whether the same coefficients were retained across these perturbations. All analyses 
were performed using R version 4.4.0.

Results

Differences in participation limitation between young and master runners

A greater proportion of master runners (51%, 52 out of 102) reported OSTRC-O2 scores above zero compared to younger 
runners (34%, 36 out of 105), indicating some level of reduced or impaired running participation over the previous seven 
days (p = 0.04).
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Differences in location of pain between young and master runners

Overall, the knee (27%−28%) and the foot/ankle (26%−27%) were the most frequently reported pain regions for both 
young and master cohorts, with no between-group differences (Fig 1). Of note, only a greater proportion of shoulder/arm/
forearm injuries in master runners was significantly different from younger runners (13% vs. 2%; p = 0.008). Proportions 
across other body regions were not significantly different between age groups (Fig 1).

Differences in demographics and social habits between young and master runners

Table 1 presents the demographic and social characteristics of young and master runners. As expected, master runners 
were significantly older than younger runners (mean age: 43.7 vs. 25.5 years, p < 0.001). Racial composition also differed 
significantly between the two cohorts (p = 0.002), with a higher proportion of master runners identifying as White (58% vs. 
48%) and Black or African American (28% vs. 14%), while a higher proportion of young runners identified as Asian (18% 
vs. 9%), or more than one race (8% vs. 2%). Educational attainment also differed significantly between groups (p < 0.001), 
with younger runners more likely to have a high school diploma, whereas master runners more commonly held master’s 
degrees or associate degrees. Although traditional smoking was more prevalent among master runners (12% vs. 4%), this 
difference did not reach statistical significance (p = 0.06). However, e-cigarette use was significantly more common among 
young runners (36% vs. 22%, p = 0.03). There was no significant difference between groups in terms of sex, body weight, 
height, or participation in other sports outside of running (p > 0.05).

Fig 1.  Bar graph representing the percentage of master and young runners reporting pain in specific body regions. Master runners are repre-
sented by white bars, and young runners are represented by black bars. Because runners could report pain in multiple body regions, percentages in the 
figure are not mutually exclusive and may sum to more than 100%.

https://doi.org/10.1371/journal.pone.0346973.g001
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Differences in running history and training characteristics between young and master runners

Master runners had been running for more years (15.5 vs. 8.1; p < 0.001), had longer average run training sessions 
(60.5 vs. 50.4 minutes; p = 0.04), and ran a longer average distance per week (31.5 vs. 16.0 miles; p = 0.04) compared 
to younger runners (Table 2). Master runners also owned more running shoes (3.9 vs. 2.8; p < 0.001) and replaced their 
shoes more frequently within 6 months (p = 0.04) than younger runners. Additionally, a higher proportion of master runners 
replaced their running shoes due to mileage versus wear and tear compared to younger runners (p = 0.03), and a higher 
proportion of master runners had cushions or insoles in their running shoes compared to young runners (51% vs. 32%; 
p = 0.03). In comparing the type of races each group participated in, a higher proportion of master runners ran in 10 km 
(35% vs. 20%; p = 0.02) and 10 km to half-marathon (21% vs. 8%; p = 0.01) races compared to younger runners.

Differences in training habits between young and master runners

Table 3 compares training habits between young and master runners. Overall, most training behaviors were similar 
between groups, with no significant differences in the frequency of stretching before or after training, warming up, cooling 
down, or training on common surfaces such as asphalt, off-road tracks, grass, cement, or treadmills (p > 0.05). However, 
significant group differences emerged for two training surface types. Young runners were more likely to train on gravel or 

Table 1.  Differences in demographics and social habits between Young and Master runners.

Characteristic Young, n = 1051 Master, n = 1021 p-value

Age (years) 25.5 (4.2) 43.7 (9.6) < 0.0012

Sex 0.203

Male 47 (45%) 56 (55%)

Female 58 (55%) 46 (45%)

Body Weight (pounds) 149.4 (26.8) 155.8 (28.9) 0.112

Height (inches) 67.0 (3.4) 66.9 (4.2) 0.802

Race 0.0023

White 50 (48%) 59 (58%)

Black or African American 15 (14%) 29 (28%)

Asian 19 (18%) 9 (9%)

More than one race 8 (8%) 2 (2%)

Other 12 (11%) 3 (3%)

Ethnicity 0.073

Hispanic/Latino 24 (23%) 11 (11%)

Non-Hispanic 80 (76%) 90 (88%)

Education Level < 0.0013

High School/GED 23 (22%) 2 (2.0%)

Community College/Associate Degree 2 (1.9%) 8 (7.8%)

B.S. 47 (45%) 48 (47%)

Masters 13 (12%) 28 (27%)

PhD/MD 20 (19%) 16 (16%)

Smoking Status (Yes) 4 (3.8%) 12 (12%) 0.063

E-cigarette (Yes) 38 (36%) 22 (22%) 0.033

Participated in Other Sports (Yes) 54 (51%) 41 (40%) 0.143

1Mean (Standard Deviation); n (%).
2Two-sample t-test.
3Chi-squared test.

https://doi.org/10.1371/journal.pone.0346973.t001
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pebbles compared to master runners (67% vs. 49%, p = 0.02), while master runners reported training on “other surfaces” 
more frequently than younger runners (92% vs. 72%, p = 0.01).

Correlates of running participation limitation in young and master runners

For the LASSO logistic regression analyses, the optimal penalty parameter was identified as λ = 0.089 for the younger 
runners’ model and λ = 0.119 for the master runners’ model. Among young runners, several variables were associated with 
reduced odds of participation limitation. These included running on off-road tracks (OR: 0.68), having a running coach 
(OR: 0.70), wearing shoes with special features such as cushioning, stability, or motion control (OR: 0.75), and training 
on multiple surfaces (OR: 0.79). Slightly increased odds of participation limitation were associated with longer average 
training sessions (OR: 1.04) and running on grass (OR: 1.08), though these effects were modest. Among master runners, 
smoking (OR: 1.89), running on gravel or pebbled surfaces (OR: 1.10), and owning a greater number of pairs of running 

Table 2.  Differences in running history and training characteristics between Young and Master runners.

Characteristic Young, n = 1051 Master, n = 1021 p-value

Years running 8.1 (4.9) 15.5 (15.3) < 0.0012

Training sessions per week 3.5 (1.4) 3.6 (2.9) 0.702

Average training session length (minutes) 50.4 (33.6) 60.5 (38.3) 0.042

Average distance per week (miles) 16.0 (14.8) 31.5 (70.9) 0.042

Average mile time 9.4 (9.6) 9.8 (7.0) 0.702

Running coach? (Yes) 42 (40%) 48 (47%) 0.403

Pairs of running Shoes 2.8 (1.6) 3.9 (2.6) < 0.0014

Shoe replacement frequency 0.043

< 6 Months 11 (10%) 23 (23%)

6 months – 1 Year 44 (42%) 45 (44%)

1 Year – 1.5 Years 28 (27%) 23 (23%)

1.5 years – 2 Years 19 (18%) 7 (6.9%)

I don’t know 3 (3%) 4 (4%)

Reason to replace shoes 0.033

Wear and Tear 86 (82%) 69 (68%)

Mileage 19 (18%) 33 (32%)

Shoes with special features? (Yes) 61 (58%) 61 (60%) 0.913

Shoe cushion or insole? Yes 24 (32%) 33 (51%) 0.033

Do you wear orthotics? Yes 15 (14%) 23 (23%) 0.203

What kind of race do you usually run?

Less than 10 kilometers 54 (51%) 47 (46%) 0.503

10 kilometers 21 (20%) 36 (35%) 0.023

>10 kilometers – < ½ marathon 8 (8%) 21 (21%) 0.013

½ Marathon 28 (27%) 37 (36%) 0.203

Marathon 16 (15%) 17 (17%) 0.933

Ultra marathons 3 (3%) 8 (8%) 0.203

Don’t run races 15 (14%) 6 (6%) 0.083

1Mean (Standard Deviation); n (%).
2Two-sample t-test.
3Chi-squared test.
4Wilcoxon rank sum test.

https://doi.org/10.1371/journal.pone.0346973.t002
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shoes (OR: 1.02) were associated with increased odds of participation limitation. No protective variables were identified 
for master runners. Sensitivity analyses in which the optimal λ values were varied by ±20% demonstrated stability in the 
set of coefficients retained by the LASSO models for both younger and master runners. Because LASSO is designed pri-
marily as a prediction-focused variable selection method rather than an inferential statistical tool, the retained coefficients 
should not be interpreted as evidence of causal relationships, and inferential conclusions beyond the direction and relative 
magnitude of associations should be made with caution.

Table 3.  Differences in training habits between Young and Master runners.

Characteristic Young, n = 1051 Master, n = 1021 p-value

Do you stretch before training? 0.112

Never 64 (61%) 50 (49%)

Sometimes/Always 41 (39%) 52 (51%)

Do you stretch after training? 0.302

Never 78 (74%) 68 (67%)

Sometimes/Always 27 (26%) 34 (33%)

Do you warm up before training? 0.912

Never 49 (47%) 48 (47%)

Sometimes/Always 56 (53%) 54 (53%)

Do you cool down after training? 0.602

Never 66 (63%) 59 (58%)

Sometimes/Always 39 (37%) 43 (42%)

Do you train on asphalt? 0.502

Never/Rarely 83 (79%) 85 (83%)

Sometimes/Often/Always 22 (21%) 17 (17%)

Do you train on off-road track? 0.502

Never/Rarely 65 (62%) 69 (68%)

Sometimes/Often/Always 40 (38%) 33 (32%)

Do you train on grass? 0.112

Never/Rarely 42 (40%) 53 (52%)

Sometimes/Often/Always 63 (60%) 49 (48%)

Do you train on gravel/pebbles? 0.022

Never/Rarely 35 (33%) 52 (51%)

Sometimes/Often/Always 70 (67%) 50 (49%)

Do you train on cement? 0.082

Never/Rarely 75 (71%) 60 (59%)

Sometimes/Often/Always 30 (29%) 42 (41%)

Do you train on a treadmill? 0.912

Never/Rarely 63 (60%) 63 (62%)

Sometimes/Often/Always 42 (40%) 39 (38%)

Do you train on other surfaces? 0.012

Never/Rarely 21 (28%) 5 (8.5%)

Sometimes/Often/Always 55 (72%) 54 (92%)
1n (%).
2Chi-squared test.
3Wilcoxon rank sum test.

https://doi.org/10.1371/journal.pone.0346973.t003
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Discussion

Running-related injuries are common and can reduce training consistency and overall physical activity participation; how-
ever, age-specific evidence comparing participation limitations, injury location, and training behaviors between young and 
master runners remains limited. Addressing this gap is clinically relevant because age-informed insights may help clini-
cians and coaches tailor injury prevention, load management, and return-to-running recommendations across the lifespan. 
Therefore, this study sought to explore how age influences running participation limitations, injury location, and training 
characteristics by comparing young and master runners. Of note, although the ≥ 35-year threshold is widely used to define 
“master” runners in both research and competitive classifications, we acknowledge that this cutoff may be physiologically 
young; thus, the patterns observed here should be interpreted cautiously and should be examined in future studies using 
finer age strata.

As hypothesized, master runners reported significantly higher rates of running participation limitation over the previous 
seven days as compared to younger runners. Although injury location did not differ substantially between groups for lower 
extremity joints, master runners were more likely to experience upper body pain, specifically to their shoulders, arms, and 
forearms. Additionally, significant differences were observed in several demographic, social, and training-related charac-
teristics between age groups. Master runners generally reported higher weekly mileage, longer run training sessions, and 
greater experience in the sport, alongside distinct equipment habits such as more frequent shoe replacement and use of 
insoles. While most training characteristics were similar across groups, surface preferences varied, with young runners 
more likely to train on gravel and master runners more likely to report use of other, unspecified surfaces. Finally, the fac-
tors associated with running participation limitation differed by age group, supporting the hypothesis that the determinants 
of injury-related participation limitation are not uniform across the lifespan. Together, these findings underscore the impor-
tance of age-specific considerations when addressing injury prevention and training optimization strategies in the running 
population.

Differences in participation limitation between young and master runners

A significantly higher percentage of master runners in the current study reported having running participation limitations 
over the last seven days as compared to their younger counterparts. This finding aligns with one of the only previous stud-
ies comparing injury rates across similar age groups, which found master runners reported an injury rate of 49% over the 
previous year that affected their ability to train or race, which was significantly higher than younger runners at 45% [19]. 
These findings suggest that higher rates of RRIs may be associated with reduced ability to maintain consistent running 
routines, as reflected in the greater participation limitations observed in the current study. This increase in participation 
limitations among master runners is concerning, particularly against the backdrop of the rising popularity of running. The 
documented link between running and heightened injury prevalence reflects a broader trend that necessitates targeted 
prevention strategies for aging runners. It is crucial that these findings inform future approaches to injury risk manage-
ment, especially considering the differences in running habits and training characteristics in master runners. From a public 
health perspective, reducing RRIs and the resulting participation restriction may help sustain lifelong physical activity and 
potentially decrease downstream healthcare utilization associated with recurrent musculoskeletal pain in runners, particu-
larly in the growing master-runner population.

Differences in location of pain between young and master runners

The injury patterns observed in this study align with prior research, with both young and master runners commonly 
reporting knee and foot/ankle injuries, reinforcing their status as the most frequently injured body regions across age 
groups [5,19]. Interestingly, master runners in our study reported a higher proportion of upper extremity injuries. While 
this finding was statistically significant, the low frequency of such injuries (only 13% of the total cohort) warrants cautious 



PLOS One | https://doi.org/10.1371/journal.pone.0346973  May 5, 2026 11 / 16

interpretation, as these cases may not reflect running-specific injuries but rather pre-existing conditions or non-running 
incidents that cause discomfort during running. Notably, upper extremity pain in older adults may be confounded by higher 
rates of comorbid musculoskeletal conditions (e.g., shoulder osteoarthritis or rotator cuff tendinopathy) and by non- 
running activities that commonly load the shoulder/arm (e.g., occupational tasks, resistance training, cycling, falls), which 
have been shown to contribute substantially to upper-limb symptoms independent of running exposure [35–38]. Still, this 
observation highlights the need for further investigation into age-related biomechanical changes or training adaptations 
that could contribute to atypical injury sites and may inform more comprehensive approaches to injury prevention and 
rehabilitation in master runners.

Differences in demographics and social habits between young and master runners

The results of this study revealed significant differences between master and younger runners regarding racial identity, 
educational attainment, and e-cigarette use. The disparities in racial identity highlight potential predispositions to injury 
that may be influenced by cultural, social, or economic factors within different ethnic groups [39–40]. Notably, the higher 
education levels observed in master runners could be partially attributed to their older age, which may provide opportu-
nities for advanced education. This may also reflect different access to resources or information regarding injury preven-
tion. Conversely, the increased prevalence of e-cigarette use among younger runners introduces a new potential risk 
factor that warrants further investigation, as prior work has linked vaping with adverse respiratory outcomes, which could 
plausibly influence exercise tolerance and performance [41–42]. These findings emphasize the importance of consider-
ing demographic and social factors when evaluating injury risk and health behaviors among runners across different age 
groups.

Differences in running history and training characteristics between young and master runners

Despite their extensive running histories and commitment to longer training sessions, a higher percentage of master 
runners reported limitations in their participation due to RRIs, raising important questions about the long-term effects of 
sustained training on physical health. While years of consistent training enhance cardiovascular fitness and muscular 
endurance, the repetitive strain of increased mileage and intensity can lead to overuse injuries, as age-related degener-
ation, such as decreased muscle elasticity and reduced proprioception, heightens susceptibility to conditions like patellar 
tendinopathy and stress fractures [14,43]. Additionally, the relationship between longer training sessions and fatigue com-
pounds injury risk, as fatigue can impair biomechanical function and lead to altered running mechanics, further exacer-
bating the likelihood of new injuries [44–45]. Moreover, the cumulative training load experienced over time can lead to a 
threshold known as the “accumulated fatigue effect,” wherein the body has not fully recovered from prior training loads, 
making a runner more vulnerable to injury during subsequent runs [46–47].

While the practice of owning and frequently replacing multiple pairs of running shoes reflects master runners’ 
awareness of footwear’s role in injury prevention [48] and may be related to their financial stability, it may also signify 
a direct response to these injuries. By rotating footwear and prioritizing mileage over wear and tear, master runners 
can reduce injury risks associated with overuse and maintain shoe performance [49]. Their use of cushioned insoles 
might further indicate adaptations made in response to past injuries or healthcare advice. Their continued participation 
in mid-distance races illustrates their dedication to the sport, yet cannot overshadow the limitations posed by injuries. 
Collectively, these behaviors, paired with their longer training histories, higher weekly mileage, and more frequent par-
ticipation in 10 km to half-marathon races, reflect both a greater training load and a proactive approach to injury miti-
gation in the face of age-related challenges. Given the higher weekly mileage and longer training sessions reported by 
master runners, clinicians and coaches may consider emphasizing periodized training plans that incorporate planned 
recovery weeks and symptom-guided load adjustments to better manage cumulative fatigue and reduce participation 
limitation.
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Differences in training habits between young and master runners

Despite differences in age, training habits between young and master runners were largely similar, particularly regard-
ing warm-up, cool-down, stretching routines, and use of common training surfaces such as asphalt, off-road tracks, and 
treadmills. However, surface preference differed in two notable ways. Young runners were more likely to train on gravel or 
pebbles, while master runners more frequently reported training on “other” surfaces. Gravel and pebble surfaces, known 
for their enhanced shock absorption and reduced impact on joints, can serve as a protective measure for younger runners 
against some overuse injuries. Research has shown that softer surfaces, like those composed of gravel, can diminish the 
repetitive stress on the knees and ankles, helping to prevent injuries such as patellar tendinopathy and stress fractures 
[12]. However, the instability and irregularity inherent in these surfaces can elevate the risk of acute injuries, such as falls 
and ankle sprains, necessitating careful attention to running technique and form. On the other hand, the preference to run 
on “other surfaces” observed in master runners may be due to individualized adaptations to minimize impact or accommo-
date existing injuries. These findings suggest that while foundational training behaviors are consistent across age groups, 
older runners may make surface-related adjustments to accommodate changing physical needs or injury histories.

Correlates of running participation limitation in young and master runners

The results of the regression analyses revealed distinct patterns in factors associated with running participation limitation 
between young and master runners, suggesting age-specific mechanisms underlying injury risk. Among young runners, 
protective associations with running off-road, having a coach, wearing specialized footwear, and training on multiple sur-
faces may reflect the benefits of structured training environments, surface variability, and equipment tailored to individual 
biomechanics, factors that can mitigate overuse and repetitive strain injuries. Conversely, increased risk associated with 
longer training sessions and running on grass could indicate that exceeding individual training thresholds and running 
on uneven or softer terrain may predispose younger runners to overload or muscle injuries. However, evidence on grass 
surfaces is mixed; some studies suggest softer surfaces may reduce impact-related loading, whereas others note that 
uneven terrain and variability in maintenance may increase acute or soft-tissue injury risk [50–51].

For master runners, the absence of clear protective factors and the identification of risk associations with owning 
more running shoes, training on gravel or pebbles, and smoking may suggest a more complex injury profile. Rather than 
prevention, these behaviors could reflect post-injury adaptations or attempts to self-manage chronic injuries. In particular, 
the association with owning more running shoes may represent reverse causality, whereby runners experiencing recur-
rent or persistent symptoms purchase/rotate shoes in response to prior injuries rather than shoe ownership contributing 
to participation limitation. Future studies should explicitly measure and adjust for prior injury history to better disentangle 
these relationships. Furthermore, using multiple pairs of shoes and choosing specific surfaces may be reactive strategies 
to manage discomfort, while smoking has been associated with poorer musculoskeletal outcomes and may plausibly 
impair recovery through mechanisms such as reduced tissue perfusion/oxygenation, altered inflammatory responses, and 
impaired collagen synthesis, which can delay tissue repair [52–53]. However, this smoking association should be inter-
preted cautiously because the number of smokers in the master cohort was small (n = 12) and the between-group differ-
ence in smoking prevalence did not reach conventional statistical significance (p = 0.06), which may limit estimate stability 
and increase the possibility of a chance finding. Together, these findings point to the possibility that master runners experi-
ence more persistent or systemic barriers to injury recovery and participation, requiring targeted interventions that extend 
beyond surface-level training modifications.

Psychosocial considerations and multimodal intervention implications

Psychosocial factors not captured in this survey, particularly age-related differences in motivation (e.g., health/life mean-
ing/affiliation vs. personal goal achievement), as well as traits such as perfectionistic concerns or obsessive passion, may 
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also influence how master runners respond to symptoms and make participation decisions [18,54]. Related psychological 
factors (e.g., fear of movement, pain catastrophizing, and coping strategies) can shape pain and functional outcomes, 
and mindfulness-based approaches have shown promise as an adjunct to exercise therapy for reducing pain and improv-
ing function in runners [55]. Recent trials also suggest that multimodal approaches may improve pain-related outcomes 
in recreational runners, including combining exercise therapy with mindfulness and using multi-component programs 
(e.g., strengthening, flexibility, neuromuscular control) to reduce overall and overuse RRI incidence [56–58]. Accordingly, 
clinicians may consider pairing load-modified exercise rehabilitation with adjunct strategies (e.g., mindfulness training and/
or targeted strengthening–neuromuscular programs, and condition-specific tools such as foot orthoses when indicated) 
to support symptom management and return-to-running, while recognizing that these recommendations are informed by 
emerging interventional evidence and should be tailored to individual presentation and goals.

Limitations

This study’s limitations include several factors that may impact the robustness and generalizability of the findings. First, 
the reliance on self-reported data from a sample of 207 adult runners could introduce potential recall bias, as participants 
may misremember or underreport injury prevalence and training habits due to social desirability or lack of awareness. 
The study design, being cross-sectional, restricts the ability to draw causal inferences regarding the relationship between 
training behaviors and participation limitations. Additionally, recruitment via social media, university campuses, emails to 
running clubs, and word-of-mouth may have introduced selection bias by preferentially enrolling runners who are more 
engaged with running communities and online platforms and/or more motivated to respond due to current symptoms or 
injury concerns. As a result, injury prevalence and participation limitations may be overestimated and findings may not 
generalize to less-connected or less-engaged recreational runners. A formal sample size calculation was not performed 
prior to study initiation. Instead, a minimum of 10 participants per predictor variable was targeted, following established 
guidelines for logistic regression analyses. With a final sample size of 207 runners, our study was able to include up to 20 
predictor variables in the analysis of contributors to participation limitation. Based on the observed strength of associations 
in the results, the study is adequately powered to support the conclusions drawn regarding predictors of participation lim-
itation in this population. This approach maximized feasibility within available resources while ensuring sufficient analytic 
capability for the main study objectives.

Also, injury location was self-reported using a body pain diagram. While this approach improves clarity of symptom 
localization, self-reported pain maps have limited sensitivity and specificity and may not accurately distinguish between 
soft-tissue, joint, or neurogenic sources of symptoms, potentially leading to misclassification of injury location/type. Addi-
tionally, the map did not capture pain intensity or quality. Future studies should consider incorporating clinician assess-
ment and/or imaging (where appropriate) to improve diagnostic accuracy and better characterize injury pathology. Lastly, 
the study did not extensively explore the psychosocial factors influencing participation limitations, such as mental health, 
social support, and motivation, which could significantly contribute to understanding injury risk and running behaviors. This 
suggests a need for further research that integrates these dimensions to better inform injury prevention strategies among 
expanded runner demographics.

Conclusion

Understanding the rates and risk factors associated with running participation limitations is crucial for informing runners, 
coaches, and healthcare professionals about enhancing training practices while minimizing injury risks. As the popular-
ity of running increases, it becomes essential to address injury rates through education and improved training protocols. 
This study offers insights, particularly regarding aging runners, and underscores the need for future research to adopt a 
multidimensional approach that examines both physiological and psychological aspects of running. Emphasizing educa-
tion, tailored training practices, and the unique needs of master runners will help minimize the adverse effects of injury. 
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Encouraging runners to critically evaluate their training environments, especially concerning surface selection and shoe 
maintenance, can further mitigate injury risks. Successfully integrating these personalized elements into training strategies 
will be essential for fostering a sustainable and thriving running culture across all age groups.

Acknowledgments

We are grateful to all the individuals who participated in this study, and we acknowledge the valuable contribution of their 
time and personal experiences.

AI-Assisted Writing Acknowledgment: Portions of the manuscript were edited for clarity and readability with assis-
tance from ChatGPT (OpenAI). The authors reviewed and revised all AI-assisted text and take full responsibility for the 
content, accuracy, and interpretation of the work.

Author contributions

Data curation: Jo Armour Smith, Natalia Sánchez.

Formal analysis: Andrew Hooyman.

Investigation: Jo Armour Smith, Natalia Sánchez, Samantha Jeffcoat, Susan Sigward.

Project administration: Shawn Farrokhi.

Resources: Shawn Farrokhi.

Supervision: Shawn Farrokhi.

Writing – original draft: Rachel Berns.

Writing – review & editing: Rachel Berns, Jo Armour Smith, Natalia Sánchez, Samantha Jeffcoat, Susan Sigward, 
Andrew Hooyman, Shawn Farrokhi.

References
	 1.	 Janssen M, Walravens R, Thibaut E, Scheerder J, Brombacher A, Vos S. Understanding different types of recreational runners and how they use 

running-related technology. Int J Environ Res Public Health. 2020;17(7):2276. https://doi.org/10.3390/ijerph17072276 PMID: 32230999

	 2.	 DeJong AF, Fish PN, Hertel J. Running behaviors, motivations, and injury risk during the COVID-19 pandemic: A survey of 1147 runners. PLoS 
One. 2021;16(2):e0246300. https://doi.org/10.1371/journal.pone.0246300 PMID: 33577584

	 3.	 Cook S, Shaw J, Simpson P. Jography: Exploring meanings, experiences and spatialities of recreational road-running. Mobilities. 2015;11(5):744–
69. https://doi.org/10.1080/17450101.2015.1034455

	 4.	 Fields KB, Sykes JC, Walker KM, Jackson JC. Prevention of running injuries. Curr Sports Med Rep. 2010;9(3):176–82. https://doi.org/10.1249/
JSR.0b013e3181de7ec5 PMID: 20463502

	 5.	 Kakouris N, Yener N, Fong DTP. A systematic review of running-related musculoskeletal injuries in runners. J Sport Health Sci. 2021;10(5):513–22. 
https://doi.org/10.1016/j.jshs.2021.04.001 PMID: 33862272

	 6.	 Sanfilippo D, Beaudart C, Gaillard A, Bornheim S, Bruyere O, Kaux J-F. What are the main risk factors for lower extremity running-related  
injuries? A retrospective survey based on 3669 respondents. Orthop J Sports Med. 2021;9(11):23259671211043444. https://doi.
org/10.1177/23259671211043444 PMID: 34820458

	 7.	 Hollander K, Rahlf AL, Wilke J, Edler C, Steib S, Junge A, et al. Sex-specific differences in running injuries: A systematic review with meta-analysis 
and meta-regression. Sports Med. 2021;51(5):1011–39. https://doi.org/10.1007/s40279-020-01412-7 PMID: 33433864

	 8.	 Van Der Worp MP, Haaf DSMT, Van Cingel R, De Wijer A, Sanden MWGNVD, Staal JB. Injuries in runners; A systematic review on risk factors and 
sex differences. PLoS ONE. 2015;10(2):e0114937.

	 9.	 van Poppel D, van der Worp M, Slabbekoorn A, van den Heuvel SSP, van Middelkoop M, Koes BW, et al. Risk factors for overuse injuries in short- 
and long-distance running: A systematic review. J Sport Health Sci. 2021;10(1):14–28. https://doi.org/10.1016/j.jshs.2020.06.006 PMID: 32535271

	10.	 Behm DG, Kay AD, Trajano GS, Alizadeh S, Blazevich AJ. Effects of stretching on injury risk reduction and balance. Journal of Clinical Exercise 
Physiology. 2021;10(3):106–16. https://doi.org/10.31189/2165-6193-10.3.106

	11.	 Ferro-Sánchez A, Martín-Castellanos A, de la Rubia A, García-Aliaga A, Hontoria-Galán M, Marquina M. An analysis of running impact on different 
surfaces for injury prevention. Int J Environ Res Public Health. 2023;20(14):6405. https://doi.org/10.3390/ijerph20146405 PMID: 37510637

https://doi.org/10.3390/ijerph17072276
http://www.ncbi.nlm.nih.gov/pubmed/32230999
https://doi.org/10.1371/journal.pone.0246300
http://www.ncbi.nlm.nih.gov/pubmed/33577584
https://doi.org/10.1080/17450101.2015.1034455
https://doi.org/10.1249/JSR.0b013e3181de7ec5
https://doi.org/10.1249/JSR.0b013e3181de7ec5
http://www.ncbi.nlm.nih.gov/pubmed/20463502
https://doi.org/10.1016/j.jshs.2021.04.001
http://www.ncbi.nlm.nih.gov/pubmed/33862272
https://doi.org/10.1177/23259671211043444
https://doi.org/10.1177/23259671211043444
http://www.ncbi.nlm.nih.gov/pubmed/34820458
https://doi.org/10.1007/s40279-020-01412-7
http://www.ncbi.nlm.nih.gov/pubmed/33433864
https://doi.org/10.1016/j.jshs.2020.06.006
http://www.ncbi.nlm.nih.gov/pubmed/32535271
https://doi.org/10.31189/2165-6193-10.3.106
https://doi.org/10.3390/ijerph20146405
http://www.ncbi.nlm.nih.gov/pubmed/37510637


PLOS One | https://doi.org/10.1371/journal.pone.0346973  May 5, 2026 15 / 16

	12.	 Mitchell C, McDonnell S, Oganezova K, Mockler D, Fleming N. The effect of surface compliance on overground running biomechanics. A system-
atic review and meta-analysis. Sports Biomech. 2025;24(5):1143–67. https://doi.org/10.1080/14763141.2023.2236058 PMID: 37477226

	13.	 Malisoux L, Theisen D. Can the “appropriate” footwear prevent injury in leisure-time running? Evidence versus beliefs. J Athl Train. 
2020;55(12):1215–23. https://doi.org/10.4085/1062-6050-523-19 PMID: 33064799

	14.	 Willy RW, Paquette MR. The physiology and biomechanics of the master runner. Sports Med Arthrosc Rev. 2019;27(1):15–21. https://doi.
org/10.1097/JSA.0000000000000212 PMID: 30601395

	15.	 Ganse B, Degens H. Current insights in the age-related decline in sports performance of the older athlete. Int J Sports Med. 2021;42(10):879–88. 
https://doi.org/10.1055/a-1480-7730 PMID: 34000751

	16.	 World Masters Athletics. HOME - World Masters Athletics [Internet]. World Masters Athletics. 2025. https://world-masters-athletics.org/

	17.	 USA Track & Field | Masters. https://www.usatf.org/programs/masters. Accessed 2023 October 17.

	18.	 Ogles BM, Masters KS. Older vs. younger adult male marathon runners: Participative motives and training habits. Journal of Sport Behavior. 
2000;23(2):130.

	19.	 McKean KA, Manson NA, Stanish WD. Musculoskeletal injury in the masters runners. Clin J Sport Med. 2006;16(2):149–54. https://doi.
org/10.1097/00042752-200603000-00011 PMID: 16603885

	20.	 Fulton TJ, Sundberg CW, Arney BE, Hunter SK. Sex differences in the speed-duration relationship of elite runners across the lifespan. Med Sci 
Sports Exerc. 2023;55(5):911–9. https://doi.org/10.1249/MSS.0000000000003112 PMID: 36728809

	21.	 Devita P, Fellin RE, Seay JF, Ip E, Stavro N, Messier SP. The relationships between age and running biomechanics. Med Sci Sports Exerc. 
2016;48(1):98–106. https://doi.org/10.1249/MSS.0000000000000744 PMID: 26258853

	22.	 Hendrickse PW, Hutz B, Korhonen MT, Degens H. A 10-Year longitudinal study of muscle morphology and performance in masters sprinters. J 
Cachexia Sarcopenia Muscle. 2025;16(3):e13822. https://doi.org/10.1002/jcsm.13822 PMID: 40289323

	23.	 Messa GAM, Korhonen MT, Degens H. No ageing-related increase in fibre type grouping in sprint-trained masters runners: A 10-year follow-up 
study. J Cachexia Sarcopenia Muscle. 2024;15(2):552–61. https://doi.org/10.1002/jcsm.13416 PMID: 38228574

	24.	 Cattagni T, Gremeaux V, Lepers R. The physiological characteristics of an 83-year-old champion female master runner. Int J Sports Physiol Per-
form. 2020;15(3):444–8. https://doi.org/10.1123/ijspp.2018-0879 PMID: 31605522

	25.	 Kearns ZC, DeVita P, Paquette MR. Gender differences on the age-related distal-to-proximal shift in joint kinetics during running. Scand J Med Sci 
Sports. 2024;34(1):e14552. https://doi.org/10.1111/sms.14552 PMID: 38116683

	26.	 Hespanhol LC, Costa LOP, Carvalho ACA, Lopes AD. A description of training characteristics and its association with previous musculoskeletal 
injuries in recreational runners: A cross-sectional study. Brazilian Journal of Physical Therapy. 2012;0.

	27.	 Clarsen B, Bahr R, Myklebust G, Andersson SH, Docking SI, Drew M, et al. Improved reporting of overuse injuries and health problems in 
sport: An update of the Oslo Sport Trauma Research Center questionnaires. Br J Sports Med. 2020;54(7):390–6. https://doi.org/10.1136/
bjsports-2019-101337 PMID: 32060142

	28.	 Bailón-Cerezo J, Clarsen B, Sánchez-Sánchez B, Torres-Lacomba M. Cross-cultural adaptation and validation of the oslo sports trauma 
research center questionnaires on overuse injury and health problems (2nd Version) in Spanish Youth Sports. Orthop J Sports Med. 
2020;8(12):2325967120968552. https://doi.org/10.1177/2325967120968552 PMID: 33354583

	29.	 Lu Y, Chiu JC-H, Chen AC, Hsu K-Y, Chan Y-S, Zhang E-C, et al. Chinese translation and validation of the oslo sports trauma research 
center questionnaires on overuse injuries and health problems. Orthop J Sports Med. 2025;13(1):23259671241303983. https://doi.
org/10.1177/23259671241303983 PMID: 39850776

	30.	 Yamato TP, Saragiotto BT, Lopes AD. A consensus definition of running-related injury in recreational runners: A modified Delphi approach. J Orthop 
Sports Phys Ther. 2015;45(5):375–80. https://doi.org/10.2519/jospt.2015.5741 PMID: 25808527

	31.	 Southerst D, Côté P, Stupar M, Stern P, Mior S. The reliability of body pain diagrams in the quantitative measurement of pain distribution and 
location in patients with musculoskeletal pain: A systematic review. J Manipulative Physiol Ther. 2013;36(7):450–9. https://doi.org/10.1016/j.
jmpt.2013.05.021 PMID: 23845196

	32.	 Jang A, MacLean DL, Heer J. BodyDiagrams: Improving communication of pain symptoms through drawing. Proceedings of the SIGCHI Confer-
ence on Human Factors in Computing Systems, 2014. 1153–62. https://doi.org/10.1145/2556288.2557223

	33.	 Ranstam J, Cook JA. LASSO regression. British Journal of Surgery. 2018;105(10):1348–1348. https://doi.org/10.1002/bjs.10895

	34.	 Tibshirani R. Regression shrinkage and selection via the lasso. Journal of the Royal Statistical Society Series B: Statistical Methodology. 
1996;58(1):267–88. https://doi.org/10.1111/j.2517-6161.1996.tb02080.x

	35.	 Dipietro L, Campbell WW, Buchner DM, Erickson KI, Powell KE, Bloodgood B, et al. Physical activity, injurious falls, and physical function in aging: 
An umbrella review. Med Sci Sports Exerc. 2019;51(6):1303–13. https://doi.org/10.1249/MSS.0000000000001942 PMID: 31095087

	36.	 Nambiema A, Bertrais S, Bodin J, Fouquet N, Aublet-Cuvelier A, Evanoff B, et al. Proportion of upper extremity musculoskeletal disorders attrib-
utable to personal and occupational factors: Results from the French Pays de la Loire study. BMC Public Health. 2020;20(1):456. https://doi.
org/10.1186/s12889-020-08548-1 PMID: 32252693

	37.	 Prakash R, Pathak R, Chen Z, Tai D, BezanPetric U, Rapp EG, et al. Risk factors associated with degenerative glenohumeral osteoarthritis. BMJ 
Open Sport Exerc Med. 2025;11(1):e002247. https://doi.org/10.1136/bmjsem-2024-002247 PMID: 39926023

https://doi.org/10.1080/14763141.2023.2236058
http://www.ncbi.nlm.nih.gov/pubmed/37477226
https://doi.org/10.4085/1062-6050-523-19
http://www.ncbi.nlm.nih.gov/pubmed/33064799
https://doi.org/10.1097/JSA.0000000000000212
https://doi.org/10.1097/JSA.0000000000000212
http://www.ncbi.nlm.nih.gov/pubmed/30601395
https://doi.org/10.1055/a-1480-7730
http://www.ncbi.nlm.nih.gov/pubmed/34000751
https://world-masters-athletics.org/
https://www.usatf.org/programs/masters
https://doi.org/10.1097/00042752-200603000-00011
https://doi.org/10.1097/00042752-200603000-00011
http://www.ncbi.nlm.nih.gov/pubmed/16603885
https://doi.org/10.1249/MSS.0000000000003112
http://www.ncbi.nlm.nih.gov/pubmed/36728809
https://doi.org/10.1249/MSS.0000000000000744
http://www.ncbi.nlm.nih.gov/pubmed/26258853
https://doi.org/10.1002/jcsm.13822
http://www.ncbi.nlm.nih.gov/pubmed/40289323
https://doi.org/10.1002/jcsm.13416
http://www.ncbi.nlm.nih.gov/pubmed/38228574
https://doi.org/10.1123/ijspp.2018-0879
http://www.ncbi.nlm.nih.gov/pubmed/31605522
https://doi.org/10.1111/sms.14552
http://www.ncbi.nlm.nih.gov/pubmed/38116683
https://doi.org/10.1136/bjsports-2019-101337
https://doi.org/10.1136/bjsports-2019-101337
http://www.ncbi.nlm.nih.gov/pubmed/32060142
https://doi.org/10.1177/2325967120968552
http://www.ncbi.nlm.nih.gov/pubmed/33354583
https://doi.org/10.1177/23259671241303983
https://doi.org/10.1177/23259671241303983
http://www.ncbi.nlm.nih.gov/pubmed/39850776
https://doi.org/10.2519/jospt.2015.5741
http://www.ncbi.nlm.nih.gov/pubmed/25808527
https://doi.org/10.1016/j.jmpt.2013.05.021
https://doi.org/10.1016/j.jmpt.2013.05.021
http://www.ncbi.nlm.nih.gov/pubmed/23845196
https://doi.org/10.1145/2556288.2557223
https://doi.org/10.1002/bjs.10895
https://doi.org/10.1111/j.2517-6161.1996.tb02080.x
https://doi.org/10.1249/MSS.0000000000001942
http://www.ncbi.nlm.nih.gov/pubmed/31095087
https://doi.org/10.1186/s12889-020-08548-1
https://doi.org/10.1186/s12889-020-08548-1
http://www.ncbi.nlm.nih.gov/pubmed/32252693
https://doi.org/10.1136/bmjsem-2024-002247
http://www.ncbi.nlm.nih.gov/pubmed/39926023


PLOS One | https://doi.org/10.1371/journal.pone.0346973  May 5, 2026 16 / 16

	38.	 Takagishi K, Shitara H, Kobayashi T, Tajika T, Ichinose T, Shimoyama D, et al. Risk factors for shoulder osteoarthritis with rotator cuff tear in the 
elderly general population. J Shoulder Elbow Surg. 2022;31(12):2562–9. https://doi.org/10.1016/j.jse.2022.05.005 PMID: 35671923

	39.	 Hill CN, Schmitt D, Reed W, Arent SM, Sands LP, Queen RM. Racial differences in running and landing measures associated with injury risk vary 
by sex. Sports Biomech. 2024;23(12):2738–56. https://doi.org/10.1080/14763141.2022.2056075 PMID: 35352977

	40.	 Madsen C, Gabbe BJ, Holvik K, Alver K, Grøholt EK, Lund J, et al. Injury severity and increased socioeconomic differences: A population-based 
cohort study. Injury. 2022;53(6):1904–10. https://doi.org/10.1016/j.injury.2022.03.039 PMID: 35365351

	41.	 Chaiton M, Pienkowski M, Musani I, Bondy SJ, Cohen JE, Dubray J, et al. Smoking, e-cigarettes and the effect on respiratory symptoms among a 
population sample of youth: Retrospective cohort study. Tob Induc Dis. 2023;21:08. https://doi.org/10.18332/tid/156839 PMID: 36721859

	42.	 Hamann SL, Kungskulniti N, Charoenca N, Kasemsup V, Ruangkanchanasetr S, Jongkhajornpong P. Electronic cigarette harms: Aggregate 
evidence shows damage to biological systems. Int J Environ Res Public Health. 2023;20(19):6808. https://doi.org/10.3390/ijerph20196808 PMID: 
37835078

	43.	 Raiser SN, Schroeder AN, Lawley RJ, Tenforde AS. Bone health and the masters runner. PM&R. 2024;16(4):363–73.

	44.	 Winter S, Gordon S, Watt K. Effects of fatigue on kinematics and kinetics during overground running: A systematic review. J Sports Med Phys 
Fitness. 2017;57(6):887–99. https://doi.org/10.23736/S0022-4707.16.06339-8 PMID: 27074435

	45.	 Zandbergen MA, Marotta L, Bulthuis R, Buurke JH, Veltink PH, Reenalda J. Effects of level running-induced fatigue on running kinematics: A sys-
tematic review and meta-analysis. Gait Posture. 2023;99:60–75. https://doi.org/10.1016/j.gaitpost.2022.09.089 PMID: 36332318

	46.	 Ristolainen L, Kettunen JA, Waller B, Heinonen A, Kujala UM. Training-related risk factors in the etiology of overuse injuries in endurance sports. 
PubMed. 2014;54(1):78–87.

	47.	 Jones CM, Griffiths PC, Mellalieu SD. Training load and fatigue marker associations with injury and illness: A systematic review of longitudinal 
studies. Sports Med. 2017;47(5):943–74. https://doi.org/10.1007/s40279-016-0619-5 PMID: 27677917

	48.	 Sun X, Lam WK, Zhang X, Wang J, Fu W. Systematic review of the role of footwear constructions in running biomechanics: Implications for  
running-related injury and performance. PubMed. 2020;19(1):20–37.

	49.	 Malisoux L, Ramesh J, Mann R, Seil R, Urhausen A, Theisen D. Can parallel use of different running shoes decrease running-related injury risk?. 
Scand J Med Sci Sports. 2015;25(1):110–5. https://doi.org/10.1111/sms.12154 PMID: 24286345

	50.	 Bertelsen ML, Hulme A, Petersen J, Brund RK, Sørensen H, Finch CF, et al. A framework for the etiology of running-related injuries. Scand J Med 
Sci Sports. 2017;27(11):1170–80. https://doi.org/10.1111/sms.12883 PMID: 28329441

	51.	 Tessutti V, Ribeiro AP, Trombini-Souza F, Sacco ICN. Attenuation of foot pressure during running on four different surfaces: Asphalt, concrete, 
rubber, and natural grass. J Sports Sci. 2012;30(14):1545–50. https://doi.org/10.1080/02640414.2012.713975 PMID: 22897427

	52.	 Price TB, Krishnan-Sarin S, Rothman DL. Smoking impairs muscle recovery from exercise. Am J Physiol Endocrinol Metab. 2003;285(1):E116-22. 
https://doi.org/10.1152/ajpendo.00543.2002 PMID: 12637259

	53.	 Chan SMH, Cerni C, Passey S, Seow HJ, Bernardo I, van der Poel C, et al. Cigarette smoking exacerbates skeletal muscle injury without compro-
mising its regenerative capacity. Am J Respir Cell Mol Biol. 2020;62(2):217–30. https://doi.org/10.1165/rcmb.2019-0106OC PMID: 31461300

	54.	 Naderi A, Alizadeh N, Calmeiro L, Degens H. Predictors of running-related injury among recreational runners: A prospective cohort study of the 
role of perfectionism, mental toughness, and passion in running. Sports Health: A Multidisciplinary Approach. 2024;16(6):1038–49. https://doi.
org/10.1177/19417381231223475

	55.	 Bagheri S, Naderi A, Mirali S, Calmeiro L, Brewer BW. Adding mindfulness practice to exercise therapy for female recreational runners with 
patellofemoral pain: A randomized controlled trial. J Athl Train. 2021;56(8):902–11. https://doi.org/10.4085/1062-6050-0214.20 PMID: 33237990

	56.	 Naderi A, Fallah Mohammadi M, Heidaralizadeh A, Moen MH. Effects of integrating lower-leg exercises into a multimodal therapeutic 
approach on medial tibial stress syndrome management among recreational runners: A randomized controlled study. Orthop J Sports Med. 
2025;13(2):23259671241311849. https://doi.org/10.1177/23259671241311849 PMID: 39958697

	57.	 Naderi A, Yasemi A, Mousavi SH. Effectiveness of an online multi-component exercise-based injury prevention program on running-related injury 
risk in recreational runners: A randomized controlled trial. Res Sports Med. 2026;34(2):217–37. https://doi.org/10.1080/15438627.2025.2558950 
PMID: 40937763

	58.	 Ramezanian F, Bagheri S, Naderi A. Effect of arch support foot orthosis on pain severity in recreational runners with shin splint during running. The 
Scientific Journal of Rehabilitation Medicine. 2020;9(4):235–45.

https://doi.org/10.1016/j.jse.2022.05.005
http://www.ncbi.nlm.nih.gov/pubmed/35671923
https://doi.org/10.1080/14763141.2022.2056075
http://www.ncbi.nlm.nih.gov/pubmed/35352977
https://doi.org/10.1016/j.injury.2022.03.039
http://www.ncbi.nlm.nih.gov/pubmed/35365351
https://doi.org/10.18332/tid/156839
http://www.ncbi.nlm.nih.gov/pubmed/36721859
https://doi.org/10.3390/ijerph20196808
http://www.ncbi.nlm.nih.gov/pubmed/37835078
https://doi.org/10.23736/S0022-4707.16.06339-8
http://www.ncbi.nlm.nih.gov/pubmed/27074435
https://doi.org/10.1016/j.gaitpost.2022.09.089
http://www.ncbi.nlm.nih.gov/pubmed/36332318
https://doi.org/10.1007/s40279-016-0619-5
http://www.ncbi.nlm.nih.gov/pubmed/27677917
https://doi.org/10.1111/sms.12154
http://www.ncbi.nlm.nih.gov/pubmed/24286345
https://doi.org/10.1111/sms.12883
http://www.ncbi.nlm.nih.gov/pubmed/28329441
https://doi.org/10.1080/02640414.2012.713975
http://www.ncbi.nlm.nih.gov/pubmed/22897427
https://doi.org/10.1152/ajpendo.00543.2002
http://www.ncbi.nlm.nih.gov/pubmed/12637259
https://doi.org/10.1165/rcmb.2019-0106OC
http://www.ncbi.nlm.nih.gov/pubmed/31461300
https://doi.org/10.1177/19417381231223475
https://doi.org/10.1177/19417381231223475
https://doi.org/10.4085/1062-6050-0214.20
http://www.ncbi.nlm.nih.gov/pubmed/33237990
https://doi.org/10.1177/23259671241311849
http://www.ncbi.nlm.nih.gov/pubmed/39958697
https://doi.org/10.1080/15438627.2025.2558950
http://www.ncbi.nlm.nih.gov/pubmed/40937763

