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Muscle damage and systemic stress responses are common consequences of intense physical exertion. 
However, the extent to which these responses vary according to the severity of muscular strain 
remains unclear. We conducted a field-based study involving 24 active-duty elite military personnel 
who participated in five distinct operational missions in Brazil. Circulating levels of 36 plasma 
biomarkers were assessed and compared between individuals presenting moderate or exacerbated 
muscular response, defined by serum creatine kinase (CK) concentrations below or above 1000 U/L, 
respectively. Statistical comparisons and multivariate logistic regression were performed to evaluate 
associations between biomarker levels and muscular response severity. Our analysis revealed that 
individuals with exacerbated response exhibited distinct systemic profiles, marked by elevated tissue 
injury markers, reduced eosinophil and lymphocyte counts, and lower adrenal steroid hormone 
concentrations. Furthermore, regression models identified creatine kinase muscle-brain (CKMB) and 
alanine aminotransferase (ALT) as independently associated with higher CK levels, while heightened 
eosinophil counts showed a potential protective trend. These findings suggest that greater degrees 
of muscular stress are associated with broader systemic dysregulation, and that specific circulating 
biomarkers may serve as indicators of individual susceptibility to acute stress in high-demand physical 
environments.
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Intense physical exertion, such as that encountered during military operations, elicits a cascade of systemic stress 
that triggers a physiological response encompassing musculoskeletal injury, metabolic strain, neuroendocrine 
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activation and immune modulation. The exercise-induced muscle damage (EIMD) is frequently monitored via 
serum creatine kinase (CK) levels to indicate muscle injury with clinical relevance1,2. While these elevations are 
typically transitory in trained individuals, extremely high CK responses may reflect excessive strain that exceeds 
the body’s reparative capacity, posing potential life risks such as rhabdomyolysis3–5.

Intense physical exertion is consistently associated with elevations in biomarkers of tissue injury and 
metabolic strain - including creatine kinase muscle-brain (CKMB), alanine aminotransferase (ALT), aspartate 
aminotransferase (AST), lactate dehydrogenase (LDH) and urea - suggesting simultaneous hepatic, renal and 
musculoskeletal involvement6,7. Immunological alterations also emerge post-exercise, notably lymphocytopenia 
and eosinopenia, consistent with transient immune redistribution during the so-called “open window” of 
reduced host defense8. Though often short-lived, these shifts may compromise recovery or increase infection 
risk when stress is sustained. Endocrine responses are equally relevant. Reductions in adrenal and gonadal 
steroids such as testosterone and its derivatives, have been linked to high training loads and energy deficits, 
reflecting hypothalamic-pituitary-adrenal axis modulation under cumulative stress9,10.

Few studies have explored how these biomarkers interact under real-world conditions of operational stress, 
nor how their patterns may differ according to the severity of muscle strain, especially after cumulative stress. 
This represents a critical gap in tactical human performance science and the broader field of sports physiology, 
where identifying individuals at risk for exacerbated stress response is essential for guiding early interventions, 
optimizing recovery strategies and personalizing training load management.

Here, we investigated whether systemic biochemical, immune, and hormonal profiles differed according to 
the severity of muscular stress following intense operational activity in a prospective cohort of active-duty elite 
military personnel in Brazil. We utilized a panel of 36 circulating biomarkers measured after five consecutive 
tactical missions distributed across 259 days of training and explored associations that could reflect broader 
physiological adaptations to cumulative exertion, aiming to characterize systemic signatures related to different 
levels of muscular strain. We hypothesized that individuals exhibiting more exacerbated muscle damage 
would also present an increased systemic cellular, immunological and hormonal disturbance across multiple 
physiological axes.

Materials and methods
Ethics statement
All clinical procedures were conducted in accordance with the principles expressed in the Declaration of 
Helsinki. The study protocol was reviewed and approved by the Ethics Committee of the Marcílio Dias Naval 
Hospital (approval no. 67381317.7.00000.5256). All participants were fully informed about the objectives and 
procedures of the study and provided written informed consent prior to enrolment.

Study design and participants
This was a prospective, observational cohort study conducted over a 259-day period and structured around 
five sequential high-intensity field missions. All procedures were carried out under operational conditions 
simulating real combat scenarios. The course is designed to prepare officers and non-commissioned officers 
for amphibious tactical operations and rapid-response missions under hostile and variable environmental 
conditions. Inclusion criteria consisted of active enrolment in the SACC. All participants were male, active-duty 
military personnel. Exclusion criteria included failure to complete any phase of data collection, medical leave 
requiring hospitalization, or reported use of anabolic steroids. Participants provided written informed consent 
prior to enrolment.

VO2 max estimated by the 12 min running test11. Body composition was done using the seven skin folds 
protocol: abdominal, pectoral, middle axillary, supra iliac, subscapular, tricipital, and thigh12. Next, the Siri 
equation was applied to calculate the fat percentage13. Total Body Mass (TBM): electronic scale (Ecoline - Tech 
Line, Brazil), to the nearest 0.1 Kg; Height: portable stadiometer (Personal Capirce, Brazil), to the nearest 1.0 
(one) centimeter; Skin folds: scientific adipometer (Sanny, Brazil), to the nearest 0.1 mm. Lean body mass was 
determined by subtracting fat mass, assessed through skinfold-based adipometry, from total body mass.

Special amphibious command course (SACC)
The SACC includes multistage operational training across distinct Brazilian biomes, including cold mountainous 
terrain, high-altitude humid forests, and coastal tropical environments. Each mission lasted between 6 and 12 
days and involved sustained physical and cognitive demands, including continuous loaded marches (2–40 km), 
concentric and eccentric resistance tasks, sleep restriction, and ad libitum hydration. The specific durations of 
each mission were: introductory training (10 days), tropical mission (10 days), cold mission (6 days), jungle 
mission (7 days), and high altitude mission (12 days). Food intake followed a controlled caloric plan, aligned 
with operational rations provided during field missions. Participants returned to a centralized military base 
(MO2) between missions for recovery and pre-mission preparation. The final mission was conducted in a high-
altitude setting and involved an extended tactical escape simulation with unrestricted physical demand and no 
scheduled sleep or feeding. This scenario was developed to replicate sustained combat exposure and evaluate 
cumulative physiological strain. Biological samples were collected at MO2 before and after each mission to assess 
systemic biomarker responses to physical stress exposure under standardized conditions.

Study groups
Participants were stratified in exacerbated muscular response, defined by post-mission creatine kinase (CK) 
levels exceeding 1000 U/L and moderate muscular response defined by post-mission CK < 1000 U/L. The 
threshold was selected in alignment with previous studies that suggest this value as a conservative lower limit 
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for exertional rhabdomyolysis, marking a clinically relevant threshold for abnormal muscle damage responses in 
healthy populations undergoing intense physical exertion14–16.

Blood sample collection and biochemical analyses
Peripheral blood was collected in the morning, with participants seated and their right arm positioned for 
venipuncture at the antecubital fossa. Two 5 mL tubes (Vacuette, Greiner Bio-One), containing separating gel 
and no anticoagulant, were obtained per participant. Collections were performed at baseline—prior to the 
Introductory Training phase—and immediately after each operational mission. All samples were processed and 
analyzed at the Marine referral clinical laboratory using standardized protocols. All biochemical measurements 
were performed on the Vitros 5600 Integrated System (Ortho-Clinical Diagnostics, Johnson & Johnson, 
Rochester, NY) by certified laboratory staff. Serum levels of creatine kinase (CK), aspartate aminotransferase 
(AST), alanine aminotransferase (ALT), and creatinine were measured using the dry chemistry method17. Lactate 
dehydrogenase (LDH) was assessed via the pyruvate-lactate enzymatic method18. Gamma-glutamyl transferase 
(GGT), albumin, urea, and electrolytes (sodium, potassium, calcium, and magnesium) were quantified using 
standard clinical chemistry protocols. GGT was determined using a modified kinetic method. The estimated 
glomerular filtration rate (eGFR) was calculated using serum creatinine and the 2022 KDIGO formula, which 
excludes racial adjustment19. The formula applied was:
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Where: k = 0.7 for women and 0.9 for men, and α = −0.241 for women and − 0.302 for men.

Data analysis
In this study, the dependent variable was the presence of exacerbated muscular response (CK ≥ 1000 U/L), 
defined as a binary categorical variable. Independent variables included continuous numerical variables (VO₂ 
max, body composition, and biochemical markers) and categorical variables representing operational context 
(e.g., mission type, altitude, temperature, and humidity). These were detailed in Tables 1 and 2, and 3. Categorical 
variables were presented as count and percentage and numerical variables with medians and interquartile ranges 

Characteristic Introductory Training Tropical mission Cold mission Jungle mission High altitude mission

N – no. 12 18 19 17 16

Mission duration - day 10 10 6 7 12

Temperature - °C (min-max) 22–26 17–24 11–24 25–34 18–29

Humidity - % 75–80 75–80 70–73 70–80 71–75

Altitude - m 15 50 745 92 610

Age – y 27.5 (26.2–28.7) 29 (28–31.2.2) 29 (28–31) 29 (28–31.5.5) 29 (28–31.7.7)

Weight – kg 79.1 (74.9–80.3) 79.6 (73.3–85.8) 79.6 (73.3–85.8) 80.4 (74.6–86.2) 80.1 (73.9–86.4)

Height – cm 177.2 (177.1–178.8.1.8) 178 (172.5–182.6.5.6) 178 (172.5–182.6.5.6) 179.2 (173.5–183.5.5.5) 179 (172.6–184)

Lean Mass – kg 69 (69–70) 70.9 (66–74.4.4) 70.9 (66–74.4.4) 71.5 (67.1–75.2) 71.7 (66.4–75.6)

VO2 max - ml/kg/min 50 (49.7–50.7) 51.3 (49.6–52.4) 51.3 (49.6–52.4) 50.9 (49.6–52.1) 51 (49.3–52.1)

CK ≥ 1000 post-mission – no. (%) 6 (50) 17 (94.4) 6 (31.6) 6 (31.3) 15 (93.7)

Table 2.  Baseline demographic and physiological characteristics of military participants according to 
mission site. Data are presented as medians and interquartile ranges for continuous variables and frequencies 
representing the number of individuals with elevated CK levels (≥ 1000 U/L) following each mission, indicating 
exacerbated muscular response. Abbreviations: CK = Creatine Kinase, cm = Centimeters, kg = Kilograms, 
m = meters, min = minimun, max = maximum, VO₂ max = Maximal Oxygen Uptake, y = Years.

 

Characteristic Baseline

N – no. 24

Age – y 28 (27.2–30.7)

Weight – kg 79.6 (73.3–85.8)

Height – cm 178 (172.5–182.6.5.6)

Lean Mass – kg 70.9 (66–74.4.4)

Total Body Fat - % 11.7 (8.8–14.1)

VO2 max - ml/kg/min 51.3 (49.6–52.4)

Table 1.  Characteristics of military participants. Data are presented as medians and interquartile ranges. 
Variables include age, anthropometric parameters, lean mass, total body fat and estimated VO₂ max. 
Abbreviations: cm = Centimeters, kg = Kilograms, VO₂ max = Maximal Oxygen Uptake, y = Years.
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(IQR). Continuous variables were compared using the Mann-Whitney U test. Correlations between the different 
parameters were evaluated with the Spearman test. Biomarker concentrations were log10-transformed for data 
normalization. P-values < 0.05 were considered statistically significant.

A logistic regression model was used to investigate associations between circulating biomarkers and the 
presence of an exacerbated muscular response (CK ≥ 1000 U/L). The modeling process followed a backward 
stepwise selection approach, performed automatically based on the Akaike Information Criterion (AIC). 
Variables were removed iteratively when their exclusion improved model parsimony without compromising fit, 
with AIC used as the primary metric for model comparison at each step.

Results
Characteristics of study participants
The baseline characteristics of the military participants are summarized in (Table 1). At enrollment, participants 
(n = 24) exhibited a median age of 28 years (IQR: 27.2–30.7), with median body weight of 79.6 kg (73.3–85.8), 

Parameter Unit Moderate muscular response Exacerbated muscular response P-value

N – no. 26 28

CKMB U/L 15.5 (11.7–21) 65.5 (36.2–94.7) < 0.001

LDH U/L 591.5 (537.3–689.3.3.3) 1206 (927–1560) < 0.001

AST U/L 51.5 (31.5–60) 128.5 (91.5–239) < 0.001

ALT U/L 46 (30.5–55.7) 69 (48.7–99) < 0.001

GGT U/L 20 (15.7–32.7) 23 (15.5–30) 0.63

Serum Albumin g/dL 4.5 (4.2–4.8) 4.5 (4.1–4.8) 0.78

Serum Protein g/dL 7.4 (7.1–7.8) 7.5 (7.1–7.9) 0.67

Urea mg/dL 40.5 (35.7–47.2) 47.5 (37.5–55) 0.02

Creatinine mg/dL 1.0 (0.9–1.1) 1.0 (0.9–1.1) 0.26

GFR mL/min/1.73 m2 104.8 (90.1–118.6.1.6) 110.4 (103.2–119.3.2.3) 0.17

Serum Phosphorus mg/dL 4.9 (4.3–5.3) 4.4 (3.8–4.9) 0.02

Serum Potassium mmol/L 4.5 (4.2–4.8) 4.4 (4.1–4.6) 0.49

Serum Sodium mmol/L 134 (132.8–142.3.8.3) 136 (132.3–138.8.3.8) 0.68

Glucose mg/dL 88.5 (79.7–95.2) 94 (84.5–102.5.5.5) 0.09

Serum Calcium mg/dL 9.6 (9.3–10.1) 9.4 (9.2–9.7) 0.10

Osmolality mOsm/kg 284.2 (280.9–299.2.9.2) 288.7 (281.2–294.9.2.9) 0.84

White Blood Cells cells/mm3 7620 (7070–9148) 6295 (4833–9198) 0.12

Red Blood Cells x106/mm3 5.0 (4.7–5.1) 4.8 (4.4–5.2) 0.32

Hemoglobin g/dL 14.2 (13.7–14.9) 13.7 (13.1–15.10) 0.54

MCV fL 86.4 (84.4–89) 89.2 (85.3–91.5) 0.16

MCH pg 28.9 (27.9–29.6) 29.3 (28.4–30.4) 0.22

MCHC g/dL 33.1 (32.7–33.9) 33.3 (32.1–34.1) 0.86

Platelet count x103/mm3 267.5 (214–300.3.3) 268.5 (236.5–312.3.5.3) 0.65

Neutrophil count cells/mm3 4163 (3249–4877) 3752 (2262–5234) 0.32

Lymphocyte count cells/mm3 2481 (1954–2913) 1718 (1183–2434) 0.001

Monocyte count cells/mm3 938.5 (732–1044) 934.3 (644.3–1141) 0.87

Eosinophil count cells/mm3 194.5 (115.3–347.9.3.9) 49.4 (11.9–138.5.9.5) < 0.001

Basophil count cells/mm3 51.9 (25.9–68.8) 50 (23–88) 0.75

Androsterone ng/mL 2388 (1767–3598) 1721 (845.4–2218) 0.003

Etiocholanolone ng/mL 3259 (2013–5027) 2394 (1642–2946) 0.01

5α-androstanediol ng/mL 56.6 (38.4–92.7) 48.3 (26.4–68.2) 0.11

5ß-androstanediol ng/mL 327.5 (204.5–548.9.5.9) 306.5 (233–367.9.9) 0.37

Epitestorone ng/mL 21.8 (15.1–31.8) 11.7 (7.6–18.3) < 0.001

Testosterone ng/mL 23 (14.7–34.7) 16.6 (8.4–22.3) 0.05

Table 3.  Distribution of the plasma factors in participants. Data represent medians and interquartile ranges. 
The Mann-Whitney test was used to compare the distributions of the plasma mediators between the study 
groups. P-values in bold font are statistically significant. Participants were classified as Moderate Muscular 
Response (CK < 1000 U/L) or Exacerbated Muscular Response (CK ≥ 1000 U/L). Abbreviations: ALT = Alanine 
Aminotransferase, AST = Aspartate Aminotransferase, CK = Creatine Kinase, CKMB = Creatine Kinase Muscle-
Brain, GFR = Glomerular Filtration Rate, GGT = Gamma-Glutamyl Transferase, LDH = Lactate Dehydrogenase, 
MCH = Mean Corpuscular Hemoglobin, MCHC = Mean Corpuscular Hemoglobin Concentration, 
MCV = Mean Corpuscular Volume.
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height of 178 cm (172.5–182.6), and lean mass of 70.9 kg (66–74.4). Estimated aerobic capacity was relatively 
homogeneous, with a median VO₂ max of 51.3 ml/kg/min (49.6–52.4).

When stratified by mission site (Table  2), median demographic and physiological parameters remained 
largely consistent across groups. However, substantial differences were observed in the proportion of individuals 
exhibiting exacerbated muscular response, defined as post-mission CK levels ≥ 1000 U/L. While tropical mission 
and high-altitude mission showed notably high frequencies (94.4% and 93.7%, respectively).

Systemic biomarkers disruption characterizes individuals with exacerbated muscular stress 
post-mission
We examined the circulating profile of 36 plasma mediators, including biochemical, hematological, and hormonal 
markers, in military personnel following operational missions. This approach was employed to investigate 
whether individuals presenting with exacerbated muscular response (CK ≥ 1000 U/L) exhibit a distinct systemic 
profile when compared to those with moderate response (concentration values are described in Table  3). 
Individuals with exacerbated responses exhibited higher concentrations of classic muscle damage biomarkers, 
such as CKMB, LDH, AST, and ALT, indicating greater cellular injury and hepatic stress. In addition, elevations 
in urea and serum phosphorus suggested increased protein catabolism and metabolic demand. Curiously, 
markers of renal function (creatinine), glucose, and fluid-electrolyte homeostasis (sodium, potassium, calcium, 
osmolality) showed no significant differences between groups, suggesting that these systems remained relatively 
stable regardless of muscular response severity.

Notably, the exacerbated group demonstrated lower counts of circulating lymphocytes and eosinophils, 
potentially reflecting immune suppression or redistribution under physiological stress. Among hormonal 
mediators, reductions in androsterone, etiocholanolone, and epitestosterone were observed, supporting a 
pattern of suppressed adrenal steroidogenesis in those with greater muscular stress. Testosterone showed a trend 
toward lower values in the exacerbated group, although without statistical significance.

Differential associations between CK and systemic biomarkers according to muscular 
response severity
To explore potential mechanistic links underlying the systemic alterations observed in individuals with 
exacerbated muscular response, Spearman correlation analyses were performed to assess the associations 
between CK levels and selected plasma mediators. For this analysis, only the biochemical, hematological, and 
hormonal markers that showed statistically significant differences between groups were included (rho values 6). 
Strong positive associations were observed between CK and markers of tissue damage, including CKMB (r = 0.84; 
p < 0.001), LDH (r = 0.89; p < 0.001), AST (r = 0.89; p < 0.001), and ALT (r = 0.69; p < 0.001), as well as with urea 
(r = 0.41; p = 0.02), consistent with muscle injury and increased protein catabolism (Fig. 1A). In contrast, negative 
correlations were found with lymphocyte count (r = −0.52; p = 0.001), eosinophil count (r = −0.52; p = 0.0001), 

Fig. 1.  Biochemical Correlation Patterns Post-Mission Differentiate Exacerbated and Moderate Muscular 
Response Groups. (A) Spearman correlation between CK and biochemical parameters post-mission; bars 
represent the Spearman rank (rho) values. Colored bar indicated statistically significant correlation (P < 0.05). 
Red bar represents positive correlation and blue bar negative correlation. (B) Spearman correlation between 
CK levels with biochemical markers in military personnel with Exacerbated Muscular Response (CK ≥ 1000 
U/L) and Moderate Muscular Response (CK < 1000 U/L); the values of r and p shown in the figure correspond 
to exacerbated muscular response (yellow box) and moderate muscular response (blue box). Abbreviations: 
ALT = Alanine Aminotransferase, AST = Aspartate Aminotransferase, CK = Creatine Kinase, CKMB = Creatine 
Kinase Muscle-Brain, LDH = Lactate Dehydrogenase.
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serum phosphorus (r = −0.43; p = 0.02), and adrenal steroid hormones levels including androsterone (r = −0.47; 
p = 0.003), etiocholanolone (r = −0.38; p = 0.01), and epitestosterone (r = −0.50; p = 0.0007).

We then stratified the correlation analysis according to muscular response classification (moderate vs. 
exacerbated) to determine whether the associations observed in the overall population were consistent 
within each subgroup (Fig. 1B). In individuals with exacerbated response, CK levels displayed strong positive 
correlations with markers of tissue damage, including CKMB (r = 0.63; p = 0.003), LDH (r = 0.88; p < 0.0001), 
AST (r = 0.87; p < 0.0001), ALT (r = 0.71; p < 0.001) and urea (r = 0.56; p = 0.001), as well as negative correlations 
with lymphocyte count (r = −0.51; p = 0.005), eosinophil count (r = −0.46; p = 0.01), serum phosphorus (r = 
−0.37; p = 0.04), and adrenal steroid hormones, including androsterone (r = −0.47; p = 0.01), etiocholanolone 
(r = −0.39; p = 0.03), and epitestosterone (r = −0;36; p = 0.05). In the moderate response group, several of these 
correlations persisted but were weaker in magnitude. Interestingly, urea showed an inverse association with CK 
in the moderate group (r = −0.06; p = 0.70), contrasting with the positive correlation seen in the exacerbated 
group. Also of note, eosinophil counts were positively correlated with CK levels in individuals with a moderate 
muscular response (r = 0.13; p = 0.52).

ALT, CKMB and eosinophils independently associate with exacerbated muscular response in 
adjusted models
To further investigate which markers were independently associated with an exacerbated muscular response, a 
stepwise logistic regression analysis was conducted, including all variables previously correlated with CK levels. 
In the final adjusted model, CKMB (β = 0.157; 95% CI: 0.045 to 0.268) and ALT (β = 0.206; 95% CI: 0.021 to 
0.390) remained significantly associated with the likelihood of presenting CK levels above 1000 U/L (Fig. 2). 
Interestingly, while eosinophil count did not reach statistical significance, it was retained in the stepwise model 
and exhibited a negative β coefficient, suggesting a possible protective effect in this physiological context. 
Another relevant observation is that ALT emerged as an independent variable, whereas AST—despite its 
biological relevance and correlation with CK—was not retained.

Discussion
Muscle damage resulting from high-intensity physical exertion is a well-documented phenomenon in exercise 
physiology20–22. However, the extent to which this response is accompanied by broader systemic alterations 
- particularly in immune and endocrine pathways - remains incompletely characterized, especially under real-
world operation conditions. In this study, we investigated a cohort of active-duty military personnel exposed to 
cumulative physical stress during five distinct field missions, and demonstrated that individuals with exacerbated 
muscular response (defined by post-mission CK ≥ 1000 U/L) exhibited distinct systemic biomarkers profiles. 
These included elevations in classical markers of tissue injury, reductions in circulating immune cells, and 
suppression of adrenal steroid hormones. To our knowledge, this is the first study to describe this multisystemic 

Fig. 2.  Factors associated with exercise intensity. Forest plot presents the adjusted Odds Ratios (OR) and 
corresponding 95% confidence intervals (CI) for variables retained in the final model following a backwards 
stepwise regression analysis. The vertical dashed line at OR = 1 represents the null effect. The model was 
adjusted for CKMB, LDH, AST, ALT, Urea, Phosphorus, Lymphocyte and Eosinophil count, Androsterone, 
Etiocholanolone, Epitestoterone. Only parameters that persisted in the last step are shown. P-value in bold 
font are statistically significant. Participants were classified as Moderate Muscular Response (CK < 1000 
U/L) or Exacerbated Muscular Response (CK ≥ 1000 U/L) Abbreviations: ALT = Alanine Aminotransferase, 
AST = Aspartate Aminotransferase, CK = Creatine Kinase, CKMB = Creatine Kinase Muscle-Brain, 
LDH = Lactate Dehydrogenase.
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physiological pattern in physically healthy individuals submitted to extreme field conditions and its association 
with stratified levels of muscular stress. Although derived from military tactical settings, these findings may also 
have relevance for high-performance athletic environments, where cumulative training loads and insufficient 
recovery periods can similarly lead to physiological dysregulation. Future studies are necessary to test such 
hypotheses.

The study population was composed of young, physically active military personnel with relatively 
homogeneous anthropometric and physiological characteristics, and who were part of an elite team. Baseline 
comparisons across mission sites revealed a similar physical profile in terms of age, weight, height, lean 
mass, and estimated aerobic capacity, suggesting comparable characteristics at the beginning of the training 
course. The estimated VO₂ max values are indicative of elevated aerobic capacity in a young, physically active 
population23,24 which is consistent with what would be expected for individuals undergoing advanced military 
training. These findings are relevant because they indicate that the systemic differences observed post-mission 
are unlikely to be attributable to pre-existing physiological variability. Interestingly, despite the similar baseline 
profile, the proportion of individuals with exacerbated muscular response varied substantially across tropical 
and high-altitude missions. This variation raises the possibility that environmental or contextual factors specific 
to each mission, such as altitude, climate, terrain, or operational intensity, may modulate the magnitude of 
physiological stress independently of baseline fitness. These findings are consistent with previous studies 
showing that external load and adverse environmental factors serve as independent drivers of muscle damage 
and systemic dysregulation25–29. Although such differences were not directly measured in the present study, this 
finding suggests the complexity of systemic responses to physical exertion in real-world operational settings, 
where the interaction between external load and physiological reserve remains poorly understood.

Despite this high level of conditioning, the pronounced elevation in CK observed in specific missions suggests 
that aerobic fitness alone may not prevent exacerbated muscular stress under extreme and prolonged exertion. 
This is aligned with findings from exercise physiology studies showing that well-trained individuals can still 
exhibit significant muscle damage markers following repeated eccentric loading, especially under conditions of 
limited recovery30–33. Similarly, the narrow distribution of lean mass across participants minimizes the likelihood 
that differences in muscle volume contributed to the variability in post-mission biomarker responses. Taken 
together, these observations reinforce the hypothesis that environmental and operational stressors—rather than 
baseline physiological variability—played a central role in shaping the systemic response profiles observed in 
this study.

The physiological stress induced by intense and repeated physical exertion extends far beyond the 
musculoskeletal system. While the elevation of CK is commonly used as a marker of muscle damage, the systemic 
repercussions of such muscular stress remain underappreciated. Exercise-induced increases in CK are typically 
regarded as localized responses to eccentric or prolonged loading; however, emerging literature suggests that CK 
elevation may be a sentinel for broader perturbations in immune and metabolic homeostasis, especially under 
conditions of cumulative strain or incomplete recovery1,20,22,34,35. One intriguing aspect of this physiological 
cascade lies in the coordinated changes between CK and other biomarkers. Studies in endurance athletes and 
tactical populations have shown that muscle stress may be accompanied by shifts in hepatic enzymes, circulating 
immune cells, and even hormonal mediators involved in recovery and adaptation8,20,36,37. This aligns with our 
observations, where individuals with higher CK levels also displayed alterations in markers commonly associated 
with systemic stress. Among these, enzymes such as alanine ALT and CKMB, although traditionally linked to 
hepatic or cardiac injury, have been increasingly recognized in the context of high-volume physical stress as 
reflecting broader cellular disruption. Their elevation, in the absence of clinical pathology, may signal a systemic 
spillover effect from skeletal muscle breakdown or secondary tissue involvement.

The immune system appears equally responsive to this overload. Reductions in eosinophil and lymphocyte 
counts, as documented following intense physical activity, are often interpreted as part of a transient 
immunosuppressive state - an adaptive, yet potentially risk, phase following acute exertion20,38,39 These 
alterations, mediated in part by cortisol and catecholamines, suggest a redistribution of immune activity toward 
damaged tissues, but may also expose the organism to increased susceptibility to infections or delayed recovery. 
While transient leukopenia is a well-recognized phenomenon post-exercise, few studies have distinguished 
the specific behavior of different immune cell subsets. The selective reduction of eosinophils and lymphocytes 
observed in our cohort suggests that cellular responses to acute stress may be more nuanced than previously 
appreciated, potentially reflecting differential mobilization mechanisms. The inverse relationship between 
these immune markers and CK in our findings supports the notion that immune modulation is intricately 
tied to the magnitude or muscular strain. In parallel, the hormonal axis reflects another dimension of this 
systemic adaptation. Androsterone, etiocholanolone, and epitestosterone were consistently lower in individuals 
with greater muscular response. This suppression may represent a compensatory adjustment to cumulative 
physiological load, consistent with studies showing reduced steroidogenic responses in overreached or 
overtrained states40–42. The convergence of muscular, immune, and endocrine alterations delineates a systemic 
pattern of dysregulation in response to physical overload where CK is not an isolated marker, but part of broader 
physiological perturbation.

Although the elevation of CK is a well-established marker of muscle damage following strenuous exercise, 
the broader systemic disturbances that accompany exacerbated muscular response remain less clearly defined. 
Emerging evidence suggests that muscle injury severity extends beyond mechanical stress, encompassing a 
complex physiological disruption involving tissue metabolism, immune regulation, and endocrine balance20,43,44. 
In this context, our findings suggest that markers traditionally associated with muscle injury, such as CKMB and 
ALT, may serve as indicators of systemic stress adaptation, rather than reflect isolated damage. While CKMB is 
linked to myocardial injury, its elevation following no-cardiac exertion has been recognized in exercise-related 
studies1,45, suggesting a generalized cellular disruption as opposed to isolated cardiac injury. Interestingly, despite 
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both ALT and AST being traditionally used as markers of muscle and liver integrity, only ALT was independently 
associated with exacerbated muscular response in our cohort. Given that AST is widely distributed across multiple 
tissues and typically considered a marker of generalized cellular injury46–48, its absence from the multivariable 
model raises the possibility that systemic stress under extreme operational load may engage metabolic pathways 
or selective membrane permeability mechanisms rather than inducing widespread structural disruption. This 
distinction suggests that ALT may capture aspects of systemic physiological strain that extend beyond only 
mechanical muscle damage, offering potential as a more sensitive biomarker of systemic stress adaptation in 
high-demand environments.

Our multivariable modeling revealed that eosinophil counts exhibited a negative association with exacerbated 
muscular response, independently of other biochemical, hematological, and hormonal variables included in the 
model. Although the statistical significance was marginal, the independent association strengthens previous 
observations suggesting a potential modulatory or protective role of eosinophils under cumulative stress 
conditions. The role of eosinophils under exercise-induced systemic stress remains poorly characterized; however, 
experimental data suggest that eosinophils may contribute to tissue repair and inflammation resolution49–51, 
processes critically activated following muscle damage. The persistence of this association underscores the need 
for further investigation, particularly in tactical and athletic populations subjected to repeated cycles of intense 
physical overload and recovery.

This study has limitations. The relatively small and specialized sample may have influenced the strength and 
generalizability of the associations detected. The absence of an external control group limits direct comparisons, 
and we did not perform longitudinal follow-up to assess the persistence of marker changes. Additionally, due 
to operational constraints, detailed data on carried load, number and distance of marches, resistance task load, 
sleep duration and caloric intake were not recorded. Prior environmental exposure as time spent at altitude 
or in extreme climates was also not assessed. These factors may influence individual physiological responses 
and should be considered in future studies aiming for greater granularity in real-world field settings. Despite 
these limitations, our findings offer valuable insights into systemic adaptations to extreme physical stress and 
underscore the potential of integrated biomarker approaches for monitoring physiological strain in high-
demand tactical environments.

Conclusion
This study describes a multisystemic physiological pattern associated with exacerbated muscular response in 
military personnel exposed to cumulative physical overload. By integrating biochemical, immunological, and 
endocrine biomarkers, we demonstrated that extreme physical stress induces coordinated systemic alterations 
beyond isolated muscle injury. These findings underscore the relevance of integrated interpretations of traditional 
clinical markers in high-demand physiological contexts and support future strategies for individualized 
monitoring and recovery in both tactical and athletic settings.

Data availability
The datasets generated during and/or analyzed during the current study are available from the corresponding 
author on reasonable request.
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