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ABSTRACT
Inflammatory processes may contribute to running-related injury (RRI) susceptibility, yet the predictive value of baseline in-
flammatory biomarkers remains unclear. This prospective study investigated whether baseline biochemical markers of inflam-
mation predict RRI occurrence in healthy individuals over 1 year, while accounting for training, physiological, and injury history 
variables. A total of 1315 healthy individuals (recreational runners and inactive controls) were followed for 12 months with 
prospective injury surveillance. Baseline blood samples were analyzed for inflammatory markers. Multivariable logistic regres-
sion examined associations between baseline biomarkers and RRI occurrence, adjusting for age, sex, peak oxygen consumption, 
weekly running distance, total body fat, and history of musculoskeletal trauma. Significant predictors of RRI included baseline 
tumor necrosis factor alpha (TNF-α) (OR per 1 pg/mL: 1.25, 95% CI: 1.08–1.44), history of musculoskeletal trauma (OR: 1.42, 95% 
CI: 1.06–1.90), weekly running distance, and age. Interleukin-1 receptor antagonist (IL-1RA) showed a modest protective associ-
ation (OR per 10 pg/mL: 0.99, 95% CI: 0.99–1.00). However, the model demonstrated limited discriminatory ability (AUC = 0.66), 
indicating that baseline inflammatory markers alone are insufficient for individual-level injury prediction. Baseline TNF-α and 
IL-RA are significantly associated with RRI occurrence, suggesting that inflammatory phenotype contributes to injury suscep-
tibility. However, TNF-α and IL-1RA cannot serve as reliable standalone screening tools, and our findings indicate that baseline 
inflammatory phenotype represents one component of multifactorial injury risk. While baseline TNF-α and IL-1RA measure-
ments are unlikely to transform clinical practice in isolation, understanding inflammatory contributions to injury susceptibility 
may inform more effective injury-prevention strategies.

1   |   Introduction

Running is a globally practiced form of physical activity associ-
ated with substantial health benefits [1, 2]. When appropriately 
managed, it serves as a cost-effective strategy for promoting 
physical fitness [3]. Nevertheless, the incidence of running-
related musculoskeletal injuries (RRIs) remains high. The 

incidence of RRI among recreational runners observed over an 
8-week training period was 30.1 cases per 1000 h of running ex-
posure [4]. In comparison, an 18-month cohort study involving 
5025 runners demonstrated that the incidence of RRI signifi-
cantly increased when the distance of a single running session 
exceeded the runner's typical training distance over the preced-
ing 30 days [5]. Among the most frequently occurring new RRIs 
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are Achilles tendinopathy, medial tibial stress syndrome, pa-
tellofemoral pain syndrome, plantar fasciitis, and ankle sprains 
[6]. RRIs may be associated with localized inflammation, which 
plays a critical role in the body's response to tissue damage and 
the subsequent healing processes [7].

Inflammation represents a fundamental aspect of the innate im-
mune response, playing a critical role in promoting organismal 
survival during pathogenic invasion or tissue injury, while also 
maintaining tissue homeostasis under various adverse environ-
mental conditions. Typically, this process is acute and localized. 
However, when inflammatory stimuli persist or resolution fails, 
the response may shift toward a chronic state [8]. Chronic in-
flammation can be systemic and often manifests as low-grade, 
subclinical activation of immune pathways. This low-grade 
chronic systemic inflammation has been increasingly recog-
nized as a pivotal risk factor in the etiology and progression of 
numerous chronic diseases, including obesity, cancer, diabetes 
mellitus, chronic kidney disease, non-alcoholic fatty liver dis-
ease, cardiovascular disorders, and autoimmune and neurode-
generative conditions, thereby significantly impacting global 
morbidity and mortality [8–10]. Emerging evidence suggests it 
may also predispose individuals to RRIs [11, 12].

Cytokines, typically polypeptides or glycoproteins, mediate au-
tocrine and paracrine signaling with both pro-inflammatory 
and anti-inflammatory effects. They regulate a broad spectrum 
of biological processes in target cells, including functional ac-
tivity, differentiation, proliferation, apoptosis, and survival [13]. 
In response to physical exercise, cytokine expression is upregu-
lated, contributing to the initiation, modulation, or resolution of 
inflammation relevant to musculoskeletal health [7]. Exercise-
induced inflammation constitutes a fundamental physiological 
mechanism that supports recovery, tissue regeneration, and 
adaptation to exercise stress. Pro-inflammatory cytokines are 
essential for the clearance of cellular debris and the initiation of 
the healing process, whereas anti-inflammatory cytokines facil-
itate tissue repair through interactions with various cell types, 
thereby promoting muscle adaptation and hypertrophy [14].

Therefore, we hypothesize that baseline inflammatory pheno-
type, as reflected by cytokine levels, may identify individuals at 
higher risk for RRIs, especially those caused by overuse and re-
petitive strain. We specifically investigated whether single-point 
baseline measurements of inflammatory markers could serve as 
predictive indicators of injury susceptibility rather than markers 
of active pathological processes at the time of injury occurrence. 
This prospective study aimed to elucidate the associations be-
tween biochemical markers of inflammation and the onset of 
RRIs in a large cohort of healthy individuals, while accounting 
for the multifactorial etiology of RRIs. These injuries are influ-
enced by a complex interplay of training characteristics, health 
and lifestyle factors, as well as morphological and biomechan-
ical variables [15, 16], however, may be triggered by previous 
low-grade inflammation. To mitigate potential confounding, 
a multivariate logistic regression model was employed, incor-
porating key covariates such as age, sex, and weekly running 
volume. Furthermore, given that previous injury is widely rec-
ognized as the strongest predictor of future injury, the analyses 
also examined and statistically controlled for the influence of 
prior musculoskeletal injuries.

2   |   Materials and Methods

2.1   |   Study Design

The presented study is part of the multidisciplinary re-
search project “Healthy Aging in Industrial Environment 
– Programme 4” (4HAIE), which investigates the long-term 
influence of ambient air pollution on health of runners and 
inactive individuals [17–19]. This one-year prospective inves-
tigation focuses on reported running-related injuries onset 
(dependent variable) and baseline biochemical markers of in-
flammation measured at study entry (independent variables) 
as potential predictive variables. Blood samples were collected 
at baseline (study entry) to establish participants´ inflamma-
tory phenotypes prior to the one-year injury surveillance pe-
riod. This design allowed investigation of whether baseline 
biomarker profiles could predict future injury occurrence. We 
considered also other covariates: age, sex, V̇O2peak, average 
running distance per week, total body fat (%), and retrospec-
tive musculoskeletal trauma (MST). The selection of covariates 
reflects the multifactorial nature of running-related injuries, 
as evidenced by recent systematic reviews and prospective co-
hort studies [15, 16, 20]. Incorporating these variables into the 
analysis enables control for key demographic, physiological, 
and training-related risk factors that have been shown to con-
tribute to the occurrence of RRIs.

2.2   |   Participants

Participants were Caucasian adults (N = 1315; age 18–65 years). 
Participants, including both runners and physically inactive in-
dividuals, were recruited from two distinct geographic regions 
characterized by differing levels of air pollution, in accordance 
with the primary objectives of the original research project 
4HAIE. No statistically significant differences in the incidence 
of RRIs were observed between the two regions.

Inclusion criteria—runners:

Running as a main exercise activity > 150 min of moderate 
or > 75 min of strenuous physical activity per week (or an equiv-
alent combination of moderate and strenuous physical activity) 
[21], > 10 km running per week for at least 6 weeks prior to the 
tests, intending to continue running for next 12 months, perma-
nent (> 5 years) whole-year residency in the determined areas, 
not planning to move away from the determined areas during 
the next 12 months, with internet access, using a smart phone 
(with iOS or Android 5.0 or higher).

Inclusion criteria—inactive individuals:

< 150 min of moderate or < 75 min of strenuous exercise per 
week, capable of running, but running irregularly and/or less 
than 6 weeks prior to the tests, no contraindications to exercise, 
permanent (> 5 years) whole-year residency in the determined 
areas, not planning to move away from the determined areas 
during the next 12 months, with internet access, using a smart 
phone (with iOS or Android 5.0 or higher).

Exclusion criteria—runners and inactive individuals:
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Acute (within 6 weeks) health condition (pain, injury, surgery) 
preventing from physical activity, any other acute disease, preg-
nancy, radiological examination within the last 7 days, artificial 
pacemaker, radioactive, surgical or any other device/implant, 
insulin pump, smoking.

All procedures were conducted in compliance with relevant in-
stitutional guidelines and regulatory requirements. The 4HAIE 
study adheres to the principles outlined in the Declaration of 
Helsinki. The study protocol received approval from the Ethics 
Committee of the local university (approval number: 3/2018). 
Prior to enrolment, each participant is provided with a com-
prehensive information sheet and is required to give written 
informed consent. The study involves minimal to no risk to 
participants.

2.3   |   Anthropometry

Anthropometric measurements included basic anthropometric 
parameters (body height and body mass) and body composition. 
All measurements were taken in the morning. The participants 
were measured in sports clothing (shorts and T-shirt) and bare-
foot. The standard conditions for the bioelectrical impedance 
analysis (BIA) method measurements were provided by the spe-
cific schedule of the study protocol. All participants were housed 
in supervised accommodation at the research centre about 15 h 
prior to the BIA measurement which supported the standard re-
quirements before the measurement. Body height was measured 
first using the InBody 370 stadiometer (Biospace, South Korea), 
followed by body mass and hydration status (total body water, 
intracellular and extracellular water), which were measured 
using the InBody 770 bioimpedance multifrequency scale device 
(Biospace, South Korea).

2.4   |   Cardiorespiratory Fitness (CRF) Assessment

Participants performed a graded exercise test (GXT) on a mo-
torized treadmill (Rodby RL 2500E) to determine peak aero-
bic power (V̇O2peak). Prior to the GXT, participants completed 
3 min of walking at 5.0 km/h to familiarize themselves with 
the treadmill. The GXT protocol then started at 6.0 km/h, 
with speed subsequently increasing by 1.0 km/h every min-
ute (inclination remaining at 1%) until volitional exhaustion. 
Expired air was continuously monitored to analyze O2 and 
CO2 concentrations during the GXT with a breath-by-breath 
system (Blue Cherry, Geratherm Medical AG, Germany). The 
highest average O2 consumption measured over a 30 s period 
was used to determine V̇O2peak [22]. Perceived effort was ob-
tained using the 20-point Borg scale. All sessions were con-
ducted in the afternoon, at least 3 h after the participants' 
last meal and in a thermally controlled laboratory (21°C, 
40% relative humidity). Each participant was advised not 
to participate in any vigorous activity 24 h prior to the test. 
Participants who did not pass the Physical Activity Readiness 
Questionnaire (PAR-Q) were not allowed to perform the GXT 
unless explicit permission given by a medical doctor was pro-
vided. Blood pressure (BP) was also checked before the GXT. 
In case of BP values ≥ 150/90 mmHg, participants without a 
medical permission were not allowed to perform the GXT but 

continued in the study protocol. Detailed results for exercise 
performance have been presented recently [23].

2.5   |   Blood Analysis

Fasting blood samples were collected from the antecubital vein 
at the start of the one-year observation period. Whole blood sam-
ples with EDTA as an anticoagulant were used immediately for 
blood count and glycated hemoglobin (HbA1c) determination. 
Whole blood samples for fibrinogen analysis were collected sep-
arately in tubes with sodium citrate and centrifuged at 2500 g for 
15 min to separate plasma. Serum collection tubes were allowed 
to clot for 30 min and subsequently centrifuged at 2500 g for 
10 min to separate the serum. Blood serum was divided into five 
200–500-μl aliquots, which were frozen at −80°C until analysis. 
The S-Monovette (Sarstedt, Nümbrecht, Germany) and Vacuette 
systems (BD, Mississauga, Canada) were used for blood sample 
collection.

HbA1c was measured using a Tosoh G11 (Tosoh, Tokyo, 
Japan). Glucose, triglyceride (TG), total cholesterol, high- and 
low-density lipoprotein cholesterol (HDL-C and LDL-C, re-
spectively), and C-reactive protein (CRP) concentrations were 
measured using a Cobas 8000 device (Roche, Basel, Switzerland).

Cytokines and growth factor determinations were performed in 
a series of runs with different batches of kits so that the expira-
tion of the kits was not exceeded. This analysis was performed 
by the ALBIA (addressable laser bead assay) technique and the 
tests performed were measured and evaluated on a Luminex 200. 
The following R&D Systems kits supplied by Bio-Techne R&D 
Systems were used: LXSAHM-01 Adiponectin, LXSAHM-01 
brain-derived neurotrophic factor (BDNF) and LXSAHM-06 in-
terleukin-1β (IL-1β), interleukin-1 receptor antagonist (IL-1RA), 
interleukin-6 (IL-6), interleukin-10 (IL-10), tumor necrosis fac-
tor alpha (TNFα) and leptin. For Discovery Luminex kits, the 
manufacturer reports general intra-assay coefficients of varia-
tion (CVs) < 20% and inter-assay CVs < 30%; per-analyte CVs are 
not provided. Precision depends on assay execution and sample 
handling. In practice, CVs are typically lower. For CRP and fi-
brinogen, intra- and inter-assay CVs were < 5%.

As part of the preprocessing, null values of numerical variables 
(results of blood analysis) that corresponded to measurements 
below the detection limit were imputed as one-half of the detec-
tion limit.

2.6   |   Retrospective Musculoskeletal Trauma 
(MST)

Retrospective data on musculoskeletal trauma were collected 
during the baseline assessment at the onset of the one-year study. 
Information was obtained using three complementary methods. 
First, participants completed a demographic questionnaire that 
included items pertaining to their running history. Second, they 
filled out the standardized Running Injuries Survey Flow [24], 
which assessed prior running-related injuries and current run-
ning status. Third, a structured interview was conducted by a 
physiotherapist as part of the baseline functional assessment, 
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focusing on participants' medical history and previous muscu-
loskeletal issues. All reported instances of retrospective muscu-
loskeletal trauma, regardless of the source, were included in the 
final data analysis. The basic characteristics are presented in the 
(Tables S3 and S4).

2.7   |   Running-Related Injuries (RRIs)

Following the baseline assessment, participants underwent a 
one-year observation period that included monitoring of RRIs. A 
running-related injury was defined as musculoskeletal pain lo-
cated in the lower extremities or lower back that required medi-
cal attention or led to a reduction or cessation of running activity 
(distance, speed, duration, or training load) for at least 7 days or 
across three consecutive scheduled running sessions [25]. Based 
on this definition, participants were instructed to self-report 
RRIs throughout the one-year follow-up period. These injuries 
were documented using a standardized questionnaire [26] de-
livered through a mobile application developed specifically for 
the 4HAIE cohort study. Throughout the entire 12-month ob-
servation, each participant was instructed to continuously wear 
a FitBit Charge 3 device for the purpose of monitoring habitual 
physical activity levels. Injury questionnaires could be com-
pleted through three modes: (1) a self-initiated reporting when 
experiencing pain or suspected injury, (2) a scheduled weekly 
injury questionnaire automatically distributed every Sunday be-
tween 4:00 and 8:00 PM, and (3) a triggered questionnaire when 
Fitbit-derived activity levels fell below the individual's usual 
weekly activity, prompting participants to confirm whether the 
decrease was injury-related [19]. Further details regarding the 
one-year monitoring framework of the cohort are described in 
the published 4HAIE protocol [19].

2.8   |   Statistical Analysis

All analyses were performed using all observations with com-
plete data for the variables included in each model using the R 
software (version 4.0.2, www.​r-​proje​ct.​org), and the significance 
level was set to 0.05.

These analyses were conducted to address the exploratory aim 
of describing differences between the injured and uninjured 
groups, complementing the study's primary aim of identifying 
predictors of injury onset through multivariable modeling.

In the first step, the basic characteristics of the cohort and the 
descriptive characteristics of the variables used were calculated. 
Categorical variables are presented as absolute frequencies and 
relative frequencies in percentages (in brackets). For a univar-
iate description of numerical variables, the minimum (Min), 
maximum (Max), median (M), and interquartile range (IQR) 
were reported, as several distributions exhibited meaningful 
deviations from normality, even in a large sample according to 
the Shapiro–Wilk test, visual assessment, and the identification 
of outliers.

Descriptive and inferential analyses were performed to compare 
participants who sustained an RRI with those who did not, using 
descriptive statistics and Mann–Whitney U tests for continuous 

variables (applied due to the non-normal distribution of several 
variables). Because descriptive group comparisons were used 
for cohort characterization rather than inferential decision-
making, p-values were not adjusted for multiple comparisons; 
the primary conclusions are based on the multivariable model. 
For between-group comparisons, effect sizes were quantified 
using effect size r, which is appropriate for the Mann–Whitney 
U test and reflects the magnitude of group differences.

Second, to analyze the influence of selected factors on the oc-
currence of RRI, logistic regression was employed. Logistic re-
gression was used to model the association between predictors 
and the binary outcome (RRI onset). Biomarker values were an-
alyzed on their original scale to preserve clinical interpretabil-
ity; although log-transformation can reduce skewness, it was not 
required for logistic regression and is noted as a methodological 
consideration.

Based on prior knowledge of associations between the examined 
factors and injury risk [6, 16, 27], as well as the results of descrip-
tive statistics and inferential testing, the following variables 
were selected for inclusion in the initial regression model: Age 
(years), Sex, Prospective running distance from Fitbit Charge 
(km/week), Retrospectively reported musculoskeletal trauma 
(MST), V̇O₂peak (ml/kg/min), Total body fat (%), IL-1β (pg/ml), 
IL-1RA (pg/ml), hs-IL-6 (pg/ml), IL-10 (pg/ml), TNF-α (pg/ml), 
CRP (mg/l), Fibrinogen (g/l), Adiponectin (ng/ml), Leptin (pg/
ml), Adiponectin/Leptin ratio (−), and BDNF (pg/ml).

Due to a strong negative correlation between V̇O₂peak and 
total body fat (Pearson's ρ (95% CI): −0.813 (−0.832; −0.793)), 
variance inflation factors (VIFs) were calculated to assess 
multicollinearity. A VIF of 1 indicates no correlation, whereas 
values above 5 are commonly interpreted as a warning sign 
of potentially problematic multicollinearity. In our case, both 
V̇O₂peak (VIF = 5.93) and total body fat (VIF = 5.17) exceeded 
this threshold. Together with the high absolute value of the cor-
relation coefficient and the visual inspection of the correlation 
scatterplot, these findings indicated that including both vari-
ables would likely introduce redundancy and reduce model sta-
bility. Although total body fat is biologically relevant, V̇O₂peak 
was retained as the physiologically more integrative measure. 
Therefore, total body fat was excluded from the final set of 
predictors. No indications of multicollinearity were observed 
among the remaining variables.

The initial full model was specified a priori based on established 
risk factors reported in previous literature, and a reduced model 
was subsequently presented for clarity, including only predic-
tors that remained significant in the full model; both models 
yielded consistent results, reducing concerns about data-driven 
selection.

3   |   Results

3.1   |   Study Population

The results of the multivariate logistic regression analysis in-
cluded data from 1159 participants. An additional 156 individ-
uals were excluded due to missing data or failure to complete 

 16000838, 2026, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/sm

s.70225 by U
niversity O

f O
strava, W

iley O
nline L

ibrary on [15/02/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.r-project.org


5 of 10Scandinavian Journal of Medicine & Science in Sports, 2026

the one-year follow-up. The most commonly missing data were 
V̇O2peak values resulting from the inability to complete GXT 
because of elevated blood pressure. Descriptive characteris-
tics of this selected cohort are summarized in Tables 1 and 2. 
Characteristics of the full cohort (N = 1315) are provided in the 
(Table S1).

3.2   |   Descriptive Statistics and Between-Group 
Comparisons

Basic characteristics of the cohort (N = 1159) are presented 
in Table  1. Table  2 compares the same variables between 

participants who did (N = 314; 27.1%) and did not (N = 845; 
72.9%) report a running-related injury during the observation 
period. Differences were evaluated using the Mann–Whitney 
U test. Several variables, including age, V̇O₂peak, running dis-
tance, total body fat, IL-1β, IL-1RA, TNF-α, adiponectin, leptin, 
and the adiponectin/leptin ratio, differed significantly between 
the two groups, although effect sizes were generally small.

3.3   |   Biochemical Markers of Inflammation 
and Other Risk Markers

A full multivariate logistic regression (Model 0; see Table  S2) 
was first performed using all candidate predictors. The selec-
tion of these predictors is described in detail in the Statistical 
Analysis section. Subsequently, a reduced model (Model 1; 
see Table  3) was fitted including only those variables that re-
mained significant. The two models did not differ significantly 
(p = 0.168). Significant predictors of RRI in Model 1 were retro-
spective MST, age, average running distance per week, TNF-α, 
and IL-1RA, the latter demonstrating a protective association.

Although the odds ratios for age, running distance, and IL-
1RA were modest, baseline TNF-α showed predictive value, 
i.e., each 1 pg/mL increase was associated with 25% higher 
odds of subsequent RRI occurrence (95% CI: 8%–44%) during 
the follow-up period, after adjusting for other predictors. These 
associations reflect the predictive capacity of baseline inflam-
matory markers rather than inflammatory status at the time 
of injury. Retrospective MST was significantly associated with 
RRI, with an odds ratio of 1.42 (95% CI: 1.06–1.90). The overall 
discriminatory ability of Model 1 was poor, as indicated by an 
area under the ROC curve (AUC) of 0.66 and Nagelkerke R [2], 
which was 0.055.

Further modeling of the separate effect of each significant 
variable (age, running distance, IL-1RA, Retrospective MST, 
TNF-α) on RRIs (i.e., without adjusting for other covariates) 
yielded similar results (data not shown). Importantly, the odds 
ratio for TNF-α remained significant (p = 0.003; OR (95% CI): 
1.24 (1.07, 1.44)).

To explore the robustness of the findings, we conducted a set of 
sensitivity analyses using alternative definitions of the outcome 
variable based on the nature and timing of injury reports. RRIs 
were categorized as: (1) self-reported only (N = 215), (2) medi-
cally confirmed by a physician (N = 171), and (3) reported within 
30 days after baseline blood collection (N = 89). While age, run-
ning distance, and IL-1RA showed statistical significance in 
multiple definitions, a consistently substantial association was 
observed only for TNF-α:

1.	 p = 0.022, OR (95% CI): 1.20 (1.02, 1.40).

2.	 p = 0.003, OR (95% CI): 1.27 (1.08, 1.50).

3.	 p = 0.094, OR (95% CI): 1.19 (0.95, 1.46).

We additionally performed a subgroup analysis including only 
runners to verify whether the identified predictors remained 
consistent after excluding physically inactive individuals. 
Retrospective MST (p = 0.001, OR (95% CI): 1.72 (1.23–2.40)) and 

TABLE 1    |    Basic characteristics of the cohort (N = 1159; male/
female: 542 (46.8%)/617 (53.2%)).

(min; max) M (Q1; Q3)

Age (years) (18.0; 65.0) 38.0 (27.0; 46.0)

Height (cm) (148.5; 201.6) 174.5 (167.8; 181.3)

Body mass (kg) (40.5; 123.6) 73.6 (63.7; 84.0)

BMI (kg/m2) (16.0; 43.0) 23.9 (21.7; 26.4)

Total body fat (%) (3.5; 50.2) 20.5 (15.2; 27.6)

V̇O2peak (ml/kg/
min)

(14.6; 70.9) 41.9 (34.8; 49.5)

V̇O2peak (l/min) (1.14; 5.67) 3.00 (2.40; 3.81)

RER (−) (0.62; 2.23) 1.12 (1.07; 1.16)

Running distance 
(km/week)

(0.1; 95.2) 5.5 (0.7; 13.7)

Systolic BP 
(mmHg)

(84.0; 180.0) 126.0 (116.0; 134.0)

Diastolic BP 
(mmHg)

(45.3; 111.7) 78.0 (72.0; 84.7)

IL-1β (pg/ml) (0.00; 63.17) 0.39 (0.19; 0.51)

IL-1RA (pg/ml) (0.2; 6235.1) 471.6 (346.8; 623.2)

IL-6 (pg/ml) (0.00; 145.77) 0.17 (0.07; 0.54)

IL-10 (pg/ml) (0.00; 64.47) 0.12 (0.06; 0.40)

TNF-α (pg/ml) (0.02; 10.89) 0.90 (0.38; 1.53)

CRP (mg/l) (0.50; 55.10) 0.50 (0.50; 1.70)

Fibrinogen (g/l) (0.45; 5.00) 2.60 (2.29; 2.95)

Adiponectin (ng/
ml)

(2; 106 189) 6006 (3814; 9017)

Leptin (pg/ml) (1; 92 026) 6011 (2391; 12 052)

Adiponectin/
Leptin (−)

(0.00; 8570.14) 1.01 (0.42; 2.60)

BDNF (pg/ml) (1; 142 792) 24 151 (18 829; 29 830)

Abbreviations: BDN, brain derived neurotrophic factor; BMI, body mass index; 
BP, blood pressure; CRP, C-reactive protein; IL-10, interleukin 10; IL-1RA, 
interleukin 1 receptor antagonist; IL-1β, interleukin 1β; IL-6, interleukin 6; 
M, Median; Q1/Q3, quartile 1 and 3; RER, respiratory exchange ratio; TNF-α, 
tumor necrosis factor α; VȮ2peak, peak oxygen consumption.
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TABLE 2    |    Basic characteristics of participants with/without RRIs.

RRIs (N = 314; male/female: 
185 (58.9%)/129 (41.1%))

No RRIs (N = 845; male/female: 
432 (51.1%)/413 (48.9%)) Mann–Whitney test

(min; max) M (Q1; Q3) (min; max) M (Q1; Q3) p ES (95% CI)

Age (years) (18.0; 64.0) 40.0 (30.0; 46.0) (18.0; 65.0) 37.0 (25.0; 46.0) 0.008 0.078 (0.020; 0.130)

Height (cm) (153.6; 198.5) 175.5 (168.6; 182.4) (148.5; 201.6) 174.0 (167.5; 181.1) 0.025 0.066 (0.010; 0.120)

Body mass (kg) (44.6; 121.1) 73.9 (65.1; 82.7) (40.5; 123.6) 73.5 (63.1; 84.5) 0.573 0.017 (0.001; 0.070)

BMI (kg/m2) (17.36; 39.81) 23.80 (21.64; 25.62) (15.97; 42.95) 23.97 (21.71; 26.75) 0.544 0.018 (0.001; 0.080)

Total body fat (%) (3.5; 49.7) 20.1 (14.3; 25.4) (3.9; 50.2) 20.9 (15.5; 28.2) 0.002 0.089 (0.030; 0.140)

V̇O2peak (ml/kg/
min)

(17.7; 70.9) 43.2 (37.0; 50.5) (14.6; 70.6) 40.4 (33.6; 48.5) < 0.001 0.112 (0.050; 0.170)

V̇O2peak (l/min) (1,28; 5.67) 3.35 (2.53; 3.94) (1.14; 5.61) 2.95 (2.33; 3.73) < 0.001 0.119 (0.060; 0.170)

RER (−) (0.92; 1.77) 1.11 (1.06; 1.15) (0.62; 2.23) 1.12 (1.07; 1.17) 0.006 0.080 (0.020; 0.140)

Running distance 
(km/week)

(0.12; 95.18) 9.88 (3.53; 19.13) (0.10; 77.36) 3.53 (0.58; 11.55) < 0.001 0.236 (0.180; 0.290)

Systolic BP (mmHg) (95.7; 180.0) 127.0 (118.3; 136.0) (84.0; 173.0) 125.7 (116.0; 134.0) 0.033 0.063 (0.007; 0.110)

Diastolic BP 
(mmHg)

(57.3; 104.7) 79.0 (72.1; 84.6) (45.3; 111.7) 78.0 (71.7; 84.7) 0.232 0.035 (0.001; 0.100)

IL-1β (pg/ml) (0.00; 10.22) 0.45 (0.25; 0.60) (0.00; 63.17) 0.39 (0.19; 0.51) 0.011 0.075 (0.020; 0.140)

IL-1RA (pg/ml) (0.2; 2481.2) 445.5 (318.7; 583.0) (0.2; 6235.1) 480.2 (358.7; 640.8) 0.003 0.088 (0.030; 0.150)

IL-6 (pg/ml) (0.00; 145.77) 0.23 (0.09; 0.70) (0.00; 25.54) 0.15 (0.07; 0.51) 0.065 0.054 (0.004; 0.110)

IL-10 (pg/ml) (0.00; 5.52) 0.15 (0.05; 0.41) (0.00; 64.47) 0.12 (0.06; 0.40) 0.655 0.013 (0.001; 0.070)

TNF-α (pg/ml) (0.02; 8.48) 0.96 (0.38; 1.70) (0.04; 10.89) 0.90 (0.38; 1.43) 0.030 0.064 (0.007; 0.120)

CRP (mg/l) (0.50; 21.60) 0.50 (0.50; 1.60) (0.50; 55.10) 0.50 (0.50; 1.80) 0.132 0.044 (0.003; 0.100)

Fibrinogen (g/l) (0.45; 4.14) 2.58 (2.29; 2.92) (1.52; 5.00) 2.61 (2.30; 2.97) 0.251 0.034 (0.002; 0.090)

Adiponectin (ng/ml) (7; 20 408) 6376 (4255; 9833) (2; 106 189) 5780 (3729; 8639) 0.029 0.068 (0.007; 0.130)

Leptin (pg/ml) (1.4; 75 127) 4783 (1851; 10 035) (4; 92 026) 6574 (2604; 13 184) 0.014 0.072 (0.010; 0.130)

Adiponectin/Leptin 
(−)

(0.00; 8570.14) 1.38 (0.61; 3.17) (0.00; 1524.62) 0.89 (0.37; 2.39) < 0.001 0.136 (0.080; 0.190)

BDNF (pg/ml) (1; 117 150) 24 810 (19 231; 
30 379)

(247; 142 792) 23 790 (18 786; 
30 378)

0.150 0.042 (0.002; 0.100)

Abbreviations: BDNF, brain derived neurotrophic factor; BMI, body mass index; BP, blood pressure; CRP, C-reactive protein; ES (95% CI), Effect Size (95% Confidence 
Interval); IL-10, interleukin 10; IL-1RA, interleukin 1 receptor antagonist; IL-1β, interleukin 1β; IL-6, interleukin 6; M, Median; Q1/Q3, quartile 1 and 3; RER, 
respiratory exchange ratio; TNF-α, tumor necrosis factor α; VȮ2peak, peak oxygen consumption.

TABLE 3    |    Multivariate logistic regression for the significant predictors (Model 1).

Predictors Coef SE (Coef) p OR (95% CI)

Intercept −1.690 0.268 < 0.001 —

Retrospective MST (Yes/No) 0.434 0.139 0.001 1.54 (1.18, 2.03)

Age (years) 0.010 0.006 0.078 1.01 (1.00, 1.02)

Running distance (km/week) 0.026 0.005 < 0.001 1.03 (1.02, 1.04)

IL-1RA (pg/ml) −0.001 0.000 0.004 1.00 (1.00, 1.00) 0.99 (0.99, 1.00)*

TNF-α (pg/ml) 0.220 0.073 0.002 1.25 (1.08, 1.44) 1.02 (1.01, 1,04)**
Note: n = 1159, R2 = 0.060, AIC = 1296.6.
Abbreviations: CI, confidence interval; IL-1RA, interleukin receptor antagonist; OR, odds ratio; Retrospective MST, Retrospective musculoskeletal trauma; TNF-α, 
tumor necrosis factor α.
*OR for 10 pg/ml change. 
**OR for 0.1 pg/ml change (clinically more relevant interpretations).
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TNF-α (p = 0.001, OR (95% CI): 1.38 (1.14–1.68)) retained statis-
tical significance.

These results are consistent with the primary analysis and may 
serve as a sensitivity check supporting the robustness of the asso-
ciation between TNF-α and RRIs. Detailed group comparisons 
of retrospectively reported MST and RRI for both the full and 
the reduced cohort are presented in Supplementary Tables  S3 
and S4.

4   |   Discussion

This prospective observational study examined the associations 
RRIs reported over a one-year period and biochemical markers 
of inflammation in a cohort comprising both healthy runners 
and inactive individuals at the start of the observation period. 
In addition to inflammatory biomarkers, relevant covariates 
including age, sex, V̇O₂peak, total body fat, and average run-
ning distance per week were included in the multivariate regres-
sion analyses. Our principal finding was that baseline TNF-α 
emerged as a significant predictor of RRI occurrence, though 
with important limitations regarding its clinical utility.

We identified baseline TNF-α as a significant predictor of RRI 
occurrence during one-year follow-up. Specifically, each 1 pg/
mL increase in baseline TNF-α concentration, representing 
a substantial change within the typical physiological range of 
approximately 5.5 pg/mL (95% CI 3.8–8.0 pg/mL) in healthy in-
dividuals [28], was associated with a 25% increase in the odds 
of sustaining an RRI occurrence (95% CI: 8%–44%), after adjust-
ing for other covariates. For a more cautious clinical interpre-
tation, recalculating the effect per 0.1 pg/mL increase indicates 
that each 0.1 pg/mL rise in TNF-α is associated with a 2% (95% 
CI: 1%–4%) increase in the odds of RRI. However, further as-
sessment of the model's predictive performance indicated that 
its overall discriminatory ability was limited. The model thus 
lacks sufficient statistical power to support the use of TNF-α 
as a reliable standalone predictor of RRI incidence in practical 
applications. To understand why TNF-α shows this association 
despite limited predictive power, we must consider how baseline 
inflammatory status relates to musculoskeletal injury suscepti-
bility in the context of running-induced mechanical stress.

The observed association between baseline TNF-α and RRI 
risk may reflect individual differences in inflammatory pheno-
type that become clinically relevant under repetitive mechan-
ical load. Unlike acute exercise responses, which temporarily 
elevate TNF-α as part of normal adaptation [29], our findings 
suggest that constitutively higher baseline levels may indicate 
a predisposition to maladaptive inflammatory responses. This 
interpretation aligns with evidence that TNF-α plays a dual role 
in musculoskeletal adaptation: transient elevation supports tis-
sue remodeling, whereas sustained elevation impairs muscle 
regeneration and promotes tissue degradation [11, 12, 30, 31]. 
In our cohort, runners with higher baseline TNF-α may there-
fore be less capable of mounting effective repair responses to 
the cumulative microtrauma inherent in distance running, ul-
timately manifesting as increased injury occurrence over the 
one-year follow-up period. This mechanistic interpretation must 
be reconciled with the limited predictive accuracy (AUC = 0.66) 

observed in our model, which highlights the multifactorial na-
ture of RRI etiology.

The modest discriminatory ability of our model, despite the 
statistical significance of TNF-α, underscores that baseline in-
flammatory status represents only one component of a complex 
injury causation pathway. RRIs arise from the interaction of 
multiple domains: biomechanical factors (running mechanics, 
footwear), training variables (volume, intensity, progression), 
anatomical characteristics (alignment, prior injury), and phys-
iological responses (tissue adaptation capacity, recovery effi-
ciency). Our finding that TNF-α contributes meaningful but 
insufficient predictive information suggests that inflammatory 
phenotype modulates—rather than determines—injury risk. 
This is consistent with the broader understanding that overuse 
injuries result from a mismatch between cumulative mechani-
cal load and tissue tolerance, where baseline inflammation may 
shift the threshold at which this mismatch becomes pathological 
but does not act as a singular causative factor. Beyond TNF-α, 
we also examined whether other inflammatory markers demon-
strated associations with RRI occurrence in our cohort.

We analyzed additional cytokines and biochemical markers hy-
pothesized to associate with RRIs, including pro-inflammatory 
cytokines (IL-1β) and anti-inflammatory mediators (IL-6, IL-10, 
IL-1RA), all known to be modulated by exercise [7]. With the 
exception of IL-1RA, none demonstrated meaningful associa-
tions with RRI occurrence in our cohort. The negative findings 
for most inflammatory markers warrant careful interpretation: 
they may reflect either (1) true absence of association at base-
line measurement, (2) insufficient sensitivity of single-timepoint 
assessment to capture relevant inflammatory dynamics, or (3) 
predominance of non-inflammatory mechanisms in RRI patho-
genesis within our population. Notably, IL-1RA showed a statis-
tically significant negative association with RRI onset, though 
the effect size was modest. Given that physiological IL-1RA lev-
els in healthy adults range from approximately 270–700 pg/ml 
[32–34], we calculated that each 10 pg/mL increase corresponds 
to OR 0.99 (95% CI: 0.99; 1.00), representing an approximately 
1% decrease in injury odds. While this suggests potential pro-
tective effects of higher anti-inflammatory capacity, the clini-
cal significance remains uncertain given the small magnitude 
and the limited overall model performance. Importantly, the 
contrasting directions of association—TNF-α as a risk factor 
and IL-1RA as potentially protective—align with their oppos-
ing biological roles and support the biological plausibility of our 
findings, even though neither marker achieves clinically useful 
predictive accuracy in isolation. The interpretation of these find-
ings must be considered in light of both the strengths and limita-
tions of our study design.

5   |   Strength and Limitations

Several methodological considerations affect the interpreta-
tion and generalizability of our results. A major strength of this 
study lies in its large cohort, stratified by age decades, which 
enables age-specific analyses. Furthermore, the comprehen-
sive multivariate assessment incorporating prospectively re-
ported RRIs, cardiorespiratory fitness, body composition, sex, 
age, and selected biochemical markers of inflammation and 
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chronic disease enhances the robustness of the findings by 
allowing for adjustment for multiple potential confounders. 
The analysis of RRIs across different reporting modalities, i.e., 
self-reported, physician-confirmed, and those reported within 
30 days following baseline blood collection, consistently 
demonstrated a significant association between RRIs and 
TNF-α, supporting the validity of the findings and serving as 
a sensitivity analysis. Additionally, another sub-analysis was 
conducted exclusively on the subgroup of runners, and across 
all these sensitivity analyses, the associative relationship be-
tween RRIs and TNF-α was confirmed. An additional strength 
of the study lies in its consideration of prior musculoskeletal 
injuries, including both mild and severe cases affecting the 
back and lower limbs.

However, several important limitations warrant acknowledg-
ment. Most critically, although our study employed a pro-
spective cohort design with a one-year follow-up for injury 
occurrence, biochemical markers were assessed only at base-
line. The single-timepoint design, while appropriate for inves-
tigating whether baseline inflammatory phenotyping could 
serve as a practical screening tool, precludes assessment of 
temporal dynamics between inflammation and injury develop-
ment and limits causal inference. Moreover, single-timepoint 
cytokine measurements may be influenced by circadian vari-
ation, recent training, subclinical infections, menstrual cycle 
phase [35], and dietary patterns [36, 37]—factors we did not 
systematically control, potentially attenuating or biasing ob-
served associations. To address these limitations, a longitudi-
nal follow-up study with serial biomarker measurements has 
been initiated, though results are not yet available. Secondly, 
the absence of a significant association between RRIs and other 
pro-inflammatory markers may be questioned, considering the 
multifaceted nature of inflammatory pathways. In particular, 
the mechanistic involvement of TNF-α in this context requires 
further elucidation. Thirdly, additional training-related char-
acteristics, such as exercise intensity and weekly training fre-
quency, were not accounted for, although these factors may 
significantly influence inflammatory responses and injury risk. 
Identifying the optimal range of physical activity is essential 
not only for minimizing the risk of overuse injuries but also 
for maximizing the overall health benefits associated with en-
durance exercise. Fourthly, the multivariable model included 
1159 out of 1315 participants; 156 participants were excluded, 
primarily due to missing V̇O2peak values. In most cases, V̇O2peak 
was unavailable because elevated blood pressure at baseline 
precluded the administration of the GXT. This exclusion cri-
terion introduces the possibility of selection bias, as partici-
pants with higher blood pressure may differ systematically in 
both exposure variables and outcomes compared to those who 
completed GXT. Consequently, the analytic sample may under-
represent individuals with certain cardiovascular risk profiles, 
potentially limiting the generalizability of our findings. Fifthly, 
although total body fat was excluded due to collinearity with 
V̇O₂peak, V̇O₂peak itself was non-significant, making it unlikely 
that substituting total body fat would have changed the results; 
however, adiposity remains biologically relevant and warrants 
further investigation using alternative modeling approaches. 
Lastly, the cohort exhibits an educational bias, with a dispro-
portionate representation of individuals possessing higher lev-
els of educational attainment. Despite these limitations, our 

findings offer several implications for clinical practice and fu-
ture research.

6   |   Conclusion

This study demonstrates that baseline TNF-α is significantly 
associated with RRI occurrence over one-year follow-up, with 
each 1 pg/mL increase conferring a 25% increase in injury odds 
after adjustment for relevant covariates. However, the limited 
discriminatory ability of our predictive model (AUC = 0.66) indi-
cates that TNF-α cannot serve as a reliable standalone screening 
tool in its current application. Rather, our findings suggest that 
baseline inflammatory phenotype represents one component of 
multifactorial injury risk, potentially useful for risk stratification 
when integrated with biomechanical, training-related, and ana-
tomical variables. The observation that IL-1RA showed a modest 
protective association, opposite in direction to TNF-α, supports 
the biological plausibility of inflammatory modulation in RRI 
susceptibility while reinforcing that no single biomarker cap-
tures sufficient variance to enable clinical prediction.

From a practical standpoint, these results are hypothesis-
generating and highlight the need for longitudinal studies with 
serial inflammatory measurements, integration of multiple 
biomarkers with training and biomechanical variables in com-
prehensive prediction models, and investigation of whether in-
terventions targeting chronic inflammation might reduce injury 
incidence. While baseline TNF-α measurement is unlikely to 
transform clinical practice in isolation, understanding inflam-
matory contributions to injury susceptibility may inform more 
effective injury prevention strategies.

7   |   Perspectives

The identification of elevated TNF-α levels as a potential biomarker 
presents a valuable opportunity for screening runners who may be 
at increased susceptibility to overuse injuries, thereby supporting 
early intervention strategies in sports medicine. Furthermore, the 
recognition that history of musculoskeletal trauma and higher 
weekly running volumes serve as strong predictors of injury 
risk underscores the importance of incorporating these factors 
into individualized training load management and post-injury 
return-to-sport protocols. However, the limited predictive value 
of inflammatory markers alone highlights a critical need for more 
comprehensive, multidisciplinary injury prevention models that 
integrate physiological, biochemical, and biomechanical data to 
better understand the complex etiology of running-related injuries 
and develop more effective prevention strategies.
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