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ABSTRACT

Objective To evaluate whether biomarkers of systemic
inflammation and alterations in redox homeostasis,
which we refer to as oxidative stress, associate with
musculoskeletal injury (MSKI) during US Army Basic
Combat Training (BCT) and to characterise longitudinal
changes in these biomarkers throughout BCT.

Methods This prospective observational study included
206 Army trainees (51% female) undergoing BCT. Blood
samples were collected and analysed for high-sensitivity
C reactive protein (hsCRP), free oxygen radical test
(FORT), free oxygen radical defence (FORD) and Oxidative
Stress Index (OSI=FORT/FORD). Injuries were identified
using the International Classification of Diseases, Tenth
Revision (ICD-10) codes. Mixed-effects logistic regression
models assessed associations between biomarker levels
and injury diagnosis over three timeframes (0—7 days
before draw, 1-7 days following draw and 8-14

days following draw). Models included both chronic
(between-person) and acute (within-person) biomarker
components.

Results Inflammation and oxidative stress biomarker
associations with MSKI were strongest in the 0—7 days
before and 0—7 days after injury diagnosis. Acute
elevation in hsCRP (OR=1.41, 95% Cl 1.03 to 1.93,
p=0.034) was associated with 41% higher odds of injury
diagnosis within the next 7 days. Chronically high hsCRP
and OSI were also associated with increased MSKI risk
(OR 2.27,95% Cl 1.22 to 4.19, p=0.01and OR=1.72,
95% Cl 1.01 to 2.92, p=0.046, respectively).
Conclusion Elevated hsCRP and OSI were temporally
associated with MSKI diagnoses during BCT, with

the strongest associations in the week surrounding
diagnosis. These associative findings may reflect
heightened physiological stress and early injury-related
tissue stress and repair responses.

INTRODUCTION

Basic Combat Training (BCT) is a 10-week training
programme for new US Army recruits. Nearly one-
third of diagnosed overuse musculoskeletal inju-
ries (MSKIs) in the Army occur during BCT, with
incidence rates approaching 25% in men and 50%
in women.' > MSKIs lead to a substantial finan-
cial burden, exceeding US$400 million in direct
care annually, and are a leading cause of medical
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WHAT IS ALREADY KNOWN ON THIS TOPIC

= Systemic inflammation and oxidative stress may
impair recovery and tissue repair.

= Point-of-care capillary assays are increasingly
used in elite sport to monitor physiological
stress, but their relation to musculoskeletal
injury risk is unclear.

WHAT THIS STUDY ADDS

= Elevated high-sensitivity C-reactive protein
(hsCRP) and oxidative stress index (OSI)
were associated with higher near-term
musculoskeletal injury risk during Basic Combat
Training.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE, OR POLICY

= Longitudinal profiling of inflammation and
oxidative stress could complement existing
performance and injury-prevention tools in
athlete and military training environments.

= Further validation is needed before clinical
implementation, particularly concerning what
strategies are most suitable for modifying
individual profiles.

discharge and non-deployability.’ Identifying early
indicators for MSKI during BCT is critical for
injury reduction and readiness.

Musculoskeletal injury (MSKI) risk is influenced
by a wide range of factors, including mechanical
loading, physical fitness, training history, sleep and
nutritional status, many of which have been exten-
sively studied, often in isolation.*!" Few studies
have evaluated whether systemic biomarkers of
physiological stress such as inflammation and
oxidative stress are associated with MSKI during
intensive training. Because many established MSKI
risk factors converge on shared inflammatory and
redox pathways, systemic biomarkers may provide
an integrative signal of physiological strain and
injury vulnerability without requiring explicit
measurement of each upstream exposure.'>

Altered redox homeostasis, which we will refer to
as oxidative stress (OS), and systemic inflammation
are physiological responses to physical exertion,
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muscle damage and metabolic strain, which may contribute to
injury susceptibility and delayed recovery.” '* C reactive protein
(CRP) is an acute-phase reactant synthesised primarily by the
liver in response to pro-inflammatory cytokine signalling, partic-
ularly interleukin-6, and reflects systemic activation of innate
immune pathways rather than tissue-specific inflammation.' In
physically active and military populations, elevations in high-
sensitivity CRP (hsCRP) have been observed in response to
cumulative mechanical loading, sleep disruption, psychological
stress and metabolic strain and are thought to reflect integrated
physiological stress rather than a single upstream exposure.'® > 17
It has been linked to musculoskeletal conditions including osteo-
arthritis and chronic pain.'® '

Strenuous or repetitive physical activity can also generate
reactive oxygen and nitrogen species through multiple path-
ways, including mitochondrial electron transport, enzymatic
sources such as Nicotinamide Adenine Dinucleotide Phosphate
(NADPH) oxidase and xanthine oxidase, and interactions
between nitric oxide and superoxide, with contributions from
contracting skeletal muscle fibres, activated immune cells and
the vascular endothelium.” ' ?° While excessive OS can impair
cellular integrity and repair, moderate elevations also function
as signalling molecules involved in tissue remodelling and adap-
tation, ' * 22

The free oxygen radical test (FORT) and free oxygen radical
defence (FORD) assays provide non-specific, whole-body indica-
tors of oxidative status by measuring circulating hydroperoxides
and the blood’s non-enzymatic reducing capacity, respectively.
These assays capture aspects of redox balance rather than tissue-
specific oxidative damage and enable rapid, near-patient assess-
ment in field settings .*> The OS Index (OSI), calculated as the
ratio of FORT to FORD, integrates these measures to reflect
the overall redox balance.” Elevated inflammation and OS have
been demonstrated in individuals with MSKIs compared with
uninjured controls.?* ** No studies have evaluated whether these
biomarkers may predict injury risk in high-load training envi-
ronments such as BCT. Point-of-care capillary assays such as
FORT and FORD are increasingly used in elite sport settings to
monitor recovery and physiological stress, offering a low burden
complement to laboratory testing.”® Establishing whether these
measures can identify individuals at heightened near-term injury
risk could help bridge mechanistic insight with injury prevention
and readiness strategies.

We examined whether weekly measures of hsCRP and OS
markers (FORT, FORD, OSI) are temporally associated with
MSKI risk in US Army trainees during BCT. We hypothesised
that higher hsCRP, FORT and OSI would be associated with
MSKI and characterised how these biomarkers vary in temporal
relation to injury diagnosis across the training period.

METHODS

Study design and participants

This research is part of a larger prospective observational study
investigating US Army trainees enrolled in BCT.”” We evaluated
data from a single cohort of 235 Army trainees age 17-42 years
at Fort Jackson, South Carolina, USA, who began BCT in August
2021. Exclusion criteria included: pregnancy, physical activity
restrictions and use of medications known to influence muscu-
loskeletal health. These criteria were prespecified in the parent
study protocol and were retained here to reduce physiological
heterogeneity and improve interpretability of biomarker-injury
associations. Approval was granted by the Institutional Review
Board of the US Army Medical Research and Development

Command, Fort Detrick, Maryland, USA. Trainees were
informed about the voluntary nature of the study and provided
written consent.

Study timeline and procedures

Participants were followed prospectively throughout the
10-week BCT period. Baseline assessments during the first
week of BCT included demographic questionnaires, anthropo-
metrics and the initial blood draw taken prior to 08:00 under
standardised fasted (>8hours) and rested conditions prior to
morning physical training.

Following the initial week, participants underwent weekly
blood collection each Sunday morning prior to 08:00 under the
conditions described above. At each weekly visit, participants
also completed a brief sleep quality assessment referencing the
prior week.

MSKI diagnoses were tracked continuously throughout BCT
using administrative medical records, with injury date defined
as the date of ICD-10 diagnosis. Biomarker measurements were
temporally aligned to injury diagnosis to evaluate associations
within predefined time windows before and after injury.

Background, lifestyle and physical activity surveys

Baseline questionnaires captured demographics including age,
race (categorised into black, white or other races combined) and
sex (female or male). Participants provided health information
including hormonal contraceptive use, tobacco-use history and
previous physical activity. If a participant indicated that they had
ever used tobacco, they were classified as ‘tobacco users’. Pre-
BCT physical activity was assessed via questionnaire by asking
participants to report the number of times per week they exer-
cised for 30 min or longer in the 2 months leading up to BCT.

Anthropometrics
We measured standing height at baseline and body mass at base-
line and last week of BCT to calculate body mass index (BMI).

Blood collection and fasting markers

We performed blood draws from an antecubital vein under
fasted and rested conditions. Samples used for redox biomarkers
were collected using lithium heparin tubes and immediately
analysed. Samples used for inflammation biomarkers (hsCRP)
were collected in serum separator tubes, separated for serum
and plasma from whole blood, frozen and sent to the US Army
Research Institute of Environmental Medicine for batched
hsCRP analysis. Of the 235 individuals enrolled in the study, 225
completed the baseline blood draw. For this analysis, we excluded
individuals (n=19) who did not provide a blood sample beyond
baseline for a final cohort of 206 (table 1). Across weeks 0-9,
weekly completion ranged from 80-99.5%, (overall 85.2%).
Missed weekly blood draws among included participants were
not grounds for study withdrawal and were handled analytically
using mixed-effects models.

We measured hsCRP using the IMMULITE 2000 hsCRP
solid-phase, chemiluminescent immunometric assay (Siemens
Healthcare Diagnostics, Deerfield, Illinois, USA). The reportable
range was 0.2-100 mg/L and interassay coefficient of variation
(CV) was 3%. All samples were assayed in duplicate within plate
and run.

For redox markers, we transferred whole blood samples into
heparinised capillary tubes (20 uL. FORT and 50 pL FORD). We
promptly mixed the samples with reagent, centrifuged for 1 min
and analysed colourimetrically via the FORT and FORD tests at
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Table 1 Baseline characteristics of trainees in the overall cohort, female and male trainees
Cohort Women Men
(n=206) (n=106) (n=100)

Age (years) 20.9+4.0 20.8+4.3 20.9+3.7
Height (cm) 168.2+9.2 162.1£5.8 174.7£71.5
Weight (kg) 68.7+13.2 61.6+8.3 76.2+£13.3
BMI (kg/mz) 24.15+3.44 23.42+2.82 24.93+3.84
BMI category

<18.5kg/m? 6 (3%) 3 (3%) 3 (3%)

18.5-<30kg/m’ 185 (90%) 101 (95%) 84 (84%)

>30 15 (7%) 2 (2%) 13 (13%)
Race/ethnicity (n)

Black 66 (32%) 40 (38%) 26 (26%)

Other 49 (24%) 25 (23%) 24 (24%)

White 91 (44%) 41 (39%) 50 (50%)
Previous exercise (sessions/week) 3 2 3
hsCRP (mg/L) 3.83 (0.54-28.05) 3.14 (0.38-20.55) 6.04 (0.56-30.96)
FORT (mmol/L H,0,) 2.83+0.63 3.14+0.63 2.50+0.21
FORD (mmol/L Trolox) 1.19+0.18 1.20+0.19 1.17£0.18
0S| (FORT/FORD) 2.43+0.72 2.65+0.77 2.21+0.60

Values are presented as mean (SD) or n per group.
The mode of previous exercise is reported for each group.

BMI, body mass index; FORD, free oxygen radical defence; FORT, free oxygen radical test; hsCRP, high-sensitivity C reactive protein; OSI, Oxidative Stress Index.

room temperature (Callegari SpA, Catellani Group, Parma, Italy)
as previously described.” Assays provide indirect measures of
hydroperoxides (FORT) and circulating non-enzymatic reducing
potential (FORD). The interassay CV was 3.9% for FORT and
3.7% for FORD.

Injury

We obtained MSKI data through the Soldier Performance Health
and Readiness research data repository, which aggregates Army
records. We identified MSKIs using ICD-10-CM codes Defense
Center for Public Health-Aberdeen taxonomy.”® The injury date
was defined as the date of ICD-10 diagnosis.

Sleep quality

Participants self-reported sleep quality using the overall sleep
quality item from the Pittsburgh Sleep Quality Index modified
to reference the prior week (four-point scale: 1=verygood to
4=verybad).”’

Statistical analysis

We summarised participant characteristics overall and by sex.
Biomarker distributions were inspected. We log-transformed
hsCRP for skew.

To test biomarker-injury associations, we fit mixed-effects
logistic models for a weekly binary injury outcome over 10
weeks, with a random intercept (participant) and linear and
quadratic time. Mixed-effects models were used to accommo-
date repeated measures with intermittent missing biomarker
data, allowing participants to contribute all available observa-
tions. Models used all available data under a missing-at-random
assumption. Candidate covariates were selected a priori based
on established relevance to MSKI risk and physiological stress
and included sleep quality, baseline BMI, prior exercise (sessions/
week), sex and race/ethnicity. Race/ethnicity was included as a
non-biological covariate to account for potential confounding
rather than to imply inherent physiological differences. Race/

ethnicity was dropped from final models while other covariates
were retained due to improved model fit.

Because biomarker levels vary both within and between indi-
viduals,"* we decomposed each biomarker into a participant-
specific mean or median (chronic, between-person effect) and
a deviation from that mean/median (acute, within-person effect;
weekly value minus participant mean/median) and entered both
components into each model. To capture time-sensitive asso-
ciations, we modelled injury risk in separate models for three
timeframes: injury occurring 0-7 days and 8-14 days following
biomarker collection and injury occurring in the 7 days prior to
biomarker collection (current injury). Separate models were fit
per biomarker, retaining covariates by p<0.10, parsimony and
fit indices (Akaike Information Criterion (AIC) and Bayesian
Information Criterion (BIC)).

For the timeframe assessing the relationship between
biomarkers and injury diagnosis within the next 7 days, we
then built combined models by iteratively adding biomarkers
and their chronic/acute components, retaining biomarker
terms that improved AIC/BIC. The final model included
chronic and acute components of hsCRP and OSI as well as
all final model covariates. Sex had a main effect, but sex-
stratified models were underpowered. Sex-adjusted models
are primary, with stratified results in the supplement. A
sensitivity analysis excluding hormonal-contraceptive users
did not change results.

To complement model-based results, we categorised each
biomarker into tertiles and examined unadjusted injury rates
using y* tests.

Longitudinal change was assessed with mixed-effects
linear models (restricted maximum likelihood) for each
biomarker including random intercepts and random slopes
for week, the covariates above and a sex-by-week interac-
tion. Covariates were retained by model fit, and fixed-effect
coefficients (B) are reported (B3>0 indicates an increase per
unit of the covariate).
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Table 2  Injury counts by body region in the overall cohort, female
and male trainees

Injury location Cohort Women Men

Lower body 106 87 19

Upper body 14 9 5
Unspecified 8 7 1

Total 128 103 25

We used Stata V.15.1 (StataCorp, College Station, Texas,
USA), 0=0.05. We estimated power by simulation using
planned mixed-effects models. With 200 analysable partici-
pants (100 women, 100 men), assuming six blood draws per
participant, 15% injury incidence and a FORT mean=SD
1.89+0.36 mmol/L  in uninjured individuals, power
exceeded 80% for a 5% higher injury odds per unit increase
in OS (OR=1.05).

Equity, diversity, and inclusion

Our cohort was multiethnic from all US regions. Race/ethnicity
was a consideration in our analyses. Our research team consisted
of 10 women and two men across career stages and disciplines
(exercise physiology, reproductive endocrinology, bone physi-
ology, biology and epidemiology).

Patient and public involvement
Patients or the public were not involved.

RESULTS

Participant characteristics

Our final cohort included 106 women (51%) and 100 men
(49%). On average, participants were young adults (20.9+4.0
years) with normal BMI (24.15+3.44 kg/m?; table 1). 32% of
participants identified as black, 44% as white and 24% as other
races combined. Most individuals engaged in physical activity
two to three times per week in the 2 months prior to BCT. Base-
line hsCRP levels were high (median: 3.83 mg/L, IQR 0.54-
28.05), with 126 participants above 3 mg/L, a commonly used
cut-point for high hsCRP risk category.

Temporal associations between biomarkers and MSKI
diagnosis

There were 128 unique injuries in our cohort with women
sustaining 103 (80.5%) injuries. Most injuries (83%) were classi-
fied as lower body injuries (table 2).

Associations were weakest for injuries diagnosed 8-14 days
after biomarker collection, stronger for injuries diagnosed
within 0-7days after collection and strongest when biomarker
measurements occurred within 7 days following injury diagnosis.
For injuries diagnosed in the 8-14 days following biomarker
collection, only higher chronic hsCRP was associated with
injury, conferring an 829% increased odds of injury diagnosis
(p=0.031; figure 1A). Other chronic biomarker values (FORT,
FORD, OS]) trended in the expected direction but were not
significant (p>0.10), and no acute changes were associated with
injury diagnosis in this timeframe.

Stronger associations emerged for injuries diagnosed within
7days following biomarker collection (figure 1B). In these
models, higher chronic hsCRP, reflecting higher typical levels
across training, was associated with increased odds of injury
diagnosis (OR=2.27, p=0.009), while acute elevations in hsCRP
further increased odds of injury by 41% (OR=1.41, p=0.034).
Higher chronic OSI was also associated with a 72% increased
injury diagnosis (OR=1.72, p=0.046). FORT and FORD
showed non-significant but directionally consistent trends.

Biomarker elevations were most pronounced among individ-
uals who had an injury diagnosis in the 7 days prior to blood
collection (figure 1C). In these models, individuals with higher
typical chronic hsCRP levels across the training period had
greater odds of recent injury diagnosis (OR=2.41, p=0.023),
and acute elevations in hsCRP were also observed (OR=1.80,
p=0.001). Higher chronic OSI was likewise associated with
recent injury diagnosis (OR=1.90, p=0.032).

Integrated biomarker model

For the timeframe assessing the relationship between biomarkers
and injury diagnosis within the next 7 days, we evaluated whether
combining biomarkers improved model performance. The final
model, which included mean/median and deviation values for
OSI and log-transformed hsCRP, demonstrated that chronic
hsCRP maintained the strongest association with injury diagnosis

A B C
Injury in 8-14 days Injury in 1-7 days Injured
- - — -
osl OsSlI OoslI
el = Mean b = Mean id = Mean
5 = { o Acute 5 — o Acute 5 —— o Acute
£ FORD|,_, £ FORD|, £ FORD|, :
£ £ £
o - o - o -
@ FORT[ i FORT| & FORT|
hsCRP[ i " hsCRP| {__ " hsCRP| } H’:
1 T 1 1 1 1 T T 1
0 1 2 3 4 0123 45 0 2 4 6
Odds Ratio (95% Cl) Odds Ratio (95% Cl) Odds Ratio (95% Cl)
Figure 1 Forest plots displaying ORs and 95% Cls for associations between inflammatory and oxidative stress biomarkers and injury occurrence,

from mixed-effects logistic regression models adjusted for quadratic week (week+week?), sex, body mass index, sleep quality and prior exercise.

(A) Acute (within-person deviation) and chronic (between-person mean) biomarker levels and injury occurring in 8—14 days later. (B) Biomarker
associations with injury within 7 days. (C) Biomarker associations with injury occurring in the 7 days prior. All models include a random intercept for
participant ID. FORD, free oxygen radical defence; FORT, free oxygen radical test; hsCRP, high-sensitivity C reactive protein; OSI, Oxidative Stress Index.
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Week of BCT

Predicted Probability of Injury (Model Estimate)

Figure 2

sjenpiAipu] paJnfuj o JaquinN

Weekly number of observed injuries and predicted probability of injury during 10 weeks of Basic Combat Training (BCT), stratified by sex.

Observed injury counts are shown for men (open square) and women (open circle). Marginal predicted probabilities of injury, estimated from a mixed-
effects logistic regression model including chronic and acute 0SI, log-transformed hsCRP, quadratic week (week+week?), BMI, sleep quality and prior
exercise, are shown for men (closed square) and women (closed circle), with 95% Cls. The model included a random intercept for participant ID to
account for repeated measures. BMI, body mass index; hsCRP, high-sensitivity C reactive protein; OSI, Oxidative Stress Inoxidative stress index.

(OR=2.42, p=0.010), with acute elevations also contributing
(OR=1.41, p=0.036; online supplemental table 1). Chronic
OSI showed a positive but non-significant association, and acute
OSI fluctuations were not associated with injury diagnosis. Injury
diagnosis risk varied across training, with a non-linear increase
in early weeks (p<0.001). Sex, sleep quality and prior exercise
emerged as significant covariates in the model. Given the sex
difference in injury risk and its significance in combined models,
we explored sex-stratified models (online supplemental table 1).
These models were underpowered, though predicted probabili-
ties aligned well with observed injury rates over time (figure 2).

Injury diagnosis frequency across biomarker tertiles

To enhance translational relevance, we examined unadjusted
injury rates across tertiles of each biomarker. In the 8-14 days
following blood draw, the greatest proportion of injury diagnoses
occurred in individuals in the highest tertile of FORT and OSI
(p=0.005 and p=0.017, respectively; figure 3A), while hsCRP
and FORD showed no differences. In the 0-7day window,
injury rates increased across tertiles for all biomarkers: hsCRP
(p=0.050), FORT (p=0.001) and OSI (p=0.008; figure 3B).
Among those injured in the 7 days prior to measurement, injury

Injury in 8-14 days
10 B hsCRP 10 2:p<0.001
S

8 8 =t
g o005 ¥2p=002 = ::g::; @ =005
% 6 sZp=06 $2p=04 = E- 6
T‘.:- 3 osl s

4 e 4
o o

1723 123 123 123

Injury in 1-7 days

123 123

123 1

proportions were highest in the top tertile for FORT (p<0.001)
and OSI (p<0.001). No differences were observed across hsCRP
or FORD tertiles in this timeframe (figure 3C).

Longitudinal changes in inflammation and OS markers

Biomarker trajectories varied by sex and time. hsCRP declined
during BCT (B = -0.033, p<0.001), with a steeper drop in men
(sexxweek: B = -0.061, p<0.001; figure 4A). Men maintained
higher levels of hsCRP throughout training and remained above
the 3 mg/L moderate-risk threshold until week 4. Higher BMI
(B=0.028, p=0.009) and poor sleep quality (sleep category 4)
were also associated with higher hsCRP (=0.26, p=0.043).
FORT decreased over time (B = -0.035, p<0.001), with women
showing a faster decline (sexXweek: f=0.016, p=0.029) but
consistently higher values (~0.5 mmol/L H*O, equivalents above
men, p<0.001; figure 4B). FORT levels were positively associ-
ated with BMI (3=0.021, p=0.015). FORD declined across BCT
(B = -0.015, p<0.001), with men exhibiting lower circulating
redox defence than women (f = -0.058, p=0.003). (figure 4C).
OSI did not change over time (p=0.12) but was higher in women
across all weeks (B = -0.284, p=0.002; figure 4D). Higher OSI
levels were observed in participants reporting moderate sleep

Injured

¥2:p=0.008 Il hsCRP Il hsCRP
#p=013 =1 FORT 000t EPOT 2ec0001 =1 FORT
B FORD B3 FORD

= osl = osl

Precent Injured

1723 123

23 123 123

Biomarker Tertile

Biomarker Tertile

Biomarker tertile

Figure 3 Percent of individuals who sustained an injury by biomarker tertile for high-sensitivity C reactive protein (hsCRP), free oxygen radical test
(FORT), free oxygen radical defence (FORD) and Oxidative Stress Index (OSI). (A) Injury occurrence 8—14 days after blood draw. (B) Injury within 7 days
following blood draw. (C) Injury within 7 days prior to blood draw. P values from ” tests indicate differences in injury occurrence across tertiles. Tertile
ranges were as follows: hsCRP (mg/L): 1=0.2-0.9, 2=0.9-3.2, 3=3.2-85.4; FORT (mmol/L H20.): 1=1.2-2.4, 2=2.4-2.9, 3=2.9-4.6; FORD (mmol/L
Trolox): 1=0.3-1.0, 2=1.0-1.1, 3=1.1-2.2; OSI (FORT/FORD): 1=1.0-2.3, 2=2.3-2.8, 3=2.8-11.5.
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disturbances (categories 2 and 3; p=0.007 for both). Random
intercepts and slopes confirmed between-subject variability for
all biomarkers (p<0.001).

DISCUSSION

Our study found that elevated hsCRP and OSI values were
temporally associated with MSKI diagnoses during BCT, with
the strongest associations observed in the week surrounding
diagnosis. Both higher chronic and acute elevations in hsCRP,
as well as chronically higher OSI, were associated with increased
odds of injury diagnosis, and their combination improved model
performance. Together, these findings suggest that systemic
inflammation and OS capture periods of heightened physiolog-
ical strain that coincide with injury emergence during intensive
training.

The improved fit of our combined model reinforces the
importance of assessing both inflammatory and OS pathways
in relation to MSKI. Higher chronic hsCRP had the strongest
association with injury diagnosis, with acute elevations further
increasing risk in the week following biomarker collection. The
added contribution of chronic OSI suggests that individuals
entering periods of injury diagnosis may be characterised by a
persistently elevated redox burden. Given that overuse injuries
often evolve gradually and may precede formal diagnosis, these
biomarker patterns likely reflect a physiological milieu marked
by cumulative tissue loading, heightened inflammatory signal-
ling and constrained repair capacity during ongoing training."
This interpretation aligns with prior work linking low-grade
systemic inflammation to impaired musculoskeletal repair,
altered collagen turnover and delayed recovery under sustained
mechanical stress.”!

Our findings extend previous observations in military popu-
lations, where persistently elevated inflammatory markers
have been associated with poor physiological adaptation under

multistressor conditions.’>>% Our results of increasing OSI
during BCT are consistent with a recent report of increased
oxidative biomarkers resulting from a 10-week Marine Corps
Officer Candidate School course.>® Together, these data suggest
that sustained inflammatory and OS responses are common
features of intensive, externally regulated training environments
and may mark periods of heightened physiological vulnerability
when injury diagnoses are more likely.

In addition to blood biomarkers, our models identified
female sex, poorer sleep quality and lower pretraining exercise
frequency as covariates related to injury risk. Though greater
inflammatory responses in women compared with men during
multistressor training have been shown previously,>*™® the
present study was not designed to evaluate sex-specific mecha-
nisms. We observed higher hsCRP levels in men at baseline and
throughout BCT, with a steeper decline in hsCRP over time.
In contrast, women exhibited higher OS compared with men.
Hormonal contraception has been shown to elevate CRP and
OS in some cohorts.*® % Sensitivity analyses excluding hormonal
contraceptive users did not alter these patterns, suggesting that
multiple biological, behavioural or environmental factors may
contribute. These sex-related differences should therefore be
interpreted as descriptive and hypothesis-generating rather than
evidence of sex-specific physiological mechanisms.

Poor sleep quality was also associated with higher hsCRP,
higher OSI and injury, aligning with studies showing that sleep
disruption reduces anti-inflammatory signalling (eg, Inter-
leukin-10) and increases proinflammatory markers.'! 17 3¢ 40
Military studies further show that improving sleep can lower
inflammatory burden and improve physiological resilience,*! **
highlighting sleep as a modifiable risk factor for MSKI. Lower
pre-BCT exercise frequency was also associated with higher
injury rates, consistent with evidence that lower baseline fitness
is associated with inflammation and poorer performance during

Guerin G, et al. Br J Sports Med 2026;60:962-969. doi:10.1136/bjsports-2025-111214

967

‘saifojouyoal Jejiwis pue ‘Buiuresy |v ‘Buluiw elep pue 1xa1 01 pale|al sasn 1o} Buipnjoul ‘1ybliAdod Aq palosalold
"1sanb Ag 920z ‘9 AInC uo jwodfwa wslgy:dily wouy papeojumoq 9z0z [MdY 62 U0 $TZTTT-G202-S10ds[g/9eTT 0T Se paysiignd 1s1iy :paiN suods [ g


http://bjsm.bmj.com/

Original research

training.” ** Together, these findings underscore the relevance
of sex, sleep quality and training history in relation to injury risk
during BCT. Improving sleep quality and promoting consistent
physical activity prior to training are actionable targets for injury
prevention in high-demand environments.

Associations with injury were strongest in model-based anal-
yses, though unadjusted tertile comparisons further support the
translational utility of these biomarkers. Trainees with hsCRP,
FORT or OSI values in the highest tertile were more likely to
be diagnosed with injuries in the subsequent week, suggesting
that field-ready monitoring tools could identify individuals at
elevated risk without complex modelling. Rather than reflecting
direct injury mechanisms, these biomarkers appear to capture
heightened physiological strain during which injury diagnoses
are more likely to occur. Early identification could support adap-
tive training strategies to reduce injury burden.*’ Together, these
findings indicate that biomarker-based indicators may comple-
ment broader human performance and readiness frameworks
when interpreted longitudinally.

CLINICAL IMPLICATIONS

Biomarker profiling is increasingly common in competitive
athletic settings and used by coaching and performance staffs
to inform training and recovery strategies.***® Notably, abso-
lute biomarker levels and response patterns may differ between
externally regulated training environments such as BCT and
well-trained athletic populations with greater baseline condi-
tioning and recovery autonomy. Although venipuncture was
used in the present study to accommodate additional laboratory
analyses as part of the larger protocol, the OS assays employed
(FORT and FORD) are near-patient, colourimetric methods that
can be performed using small-volume capillary blood sampling.
hsCRP can likewise be measured from capillary samples using
validated platforms. These approaches are best suited for longi-
tudinal monitoring of physiological stress rather than diagnostic
decision-making, with individualised within-person changes
providing greater interpretive value than fixed thresholds. Serial
profiling of inflammation and OS using capillary-based assays
may therefore offer a practical and scalable approach during
intensive training. Further validation is needed to define optimal
implementation and interpretive frameworks in applied clinical
and field settings.

Strengths and limitations

Strengths of this study include its longitudinal design, weekly
biomarker assessments and use of objective injury diagnoses
during real-world military training. Limitations include the
observational design and underpowered sex-stratified models,
particularly among males. Participation occurred within a
structured military training environment, limiting our ability
to systematically document reasons for missed weekly blood
draws; however, injury outcomes were captured independently
through administrative medical records and mixed-effects
models accommodated intermittent missing biomarker data.
We did not measure all upstream contributors to physiological
strain during BCT (eg, aerobic fitness, training load, energy
availability or psychosocial stress) which could contribute to
residual confounding. However, the intent of this study was not
to comprehensively model established MSKI risk factors but to
determine whether field-feasible biomarkers of inflammation
and OS capture physiological strain associated with MSKI inci-
dence independent of individual upstream exposures, several
of which may operate through shared biological pathways. We

only used two biomarkers and their ratio to assess the presence
of OS. While there are numerous assays to assess OS biology,”
FORT and FORD assays allow for field-based testing with near
real-time results. Generalisability is limited to similarly aged,
physically active populations. Because injury date was defined
by ICD-10 diagnosis, which can lag symptom onset for overuse
injuries, biomarker elevations shortly before diagnosis may
reflect ongoing injury processes rather than prospective predic-
tion, and variation in injury type and onset likely contributes
to heterogeneity in observed biomarker patterns. Future studies
should evaluate the predictive value of these markers in larger
and more diverse cohorts, explore integration with wearable or
behavioural data, and test whether biomarker-informed inter-
ventions can improve outcomes.

CONCLUSION

In summary, hsCRP and OSI were temporally associated with
MSKI diagnoses during BCT, with the strongest associations in
the week surrounding diagnosis. These biomarkers may provide
insight into physiological strain surrounding injury during inten-
sive training, supporting further evaluation in injury monitoring
and prevention frameworks.
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