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Table 2: Summary Data for qPCR Analysis using fold change at time of 
injury and 2 years post reconstruction. All control values normalized to a 
value of 1. 

• Post-traumatic osteoarthritis (PTOA) develops following traumatic 
joint injuries and is a major cause of disability in both civilian and 
military populations. 

• Anterior cruciate (ACL) injuries are among the strongest risk 
factors for PTOA and occur at significantly higher rates in military 
personnel. 

• Cellular senescence contributes to chronic inflammation through 
the senescence associated secretory phenotype (SASP), which 
may accelerate cartilage degeneration following injury.

• Previous studies have primarily evaluated senescence biomarkers 
in synovial fluid and cartilage, while systemic blood-based 
biomarkers remain poorly characterized

• Peripheral blood mononuclear cells (PBMCs) may provide a 
minimally invasive method to evaluate systemic senescence 
signaling after ACL injury.

Study Design
• Prospective cohort study of ACL reconstruction patients and matched 

healthy controls.
• Participants recruited from the United States Military Academy (USMA) 

and USMAPS.
• Samples collected at: 

Acute injury (≤15 days post-injury) 
Two years following ACL reconstruction 

Population
• 10 male participants: 

• 5 ACL-injured subjects 
• 5 matched controls 

• Controls matched by sex, age, height, and weight
Biomarker Analysis
• PBMCs isolated from whole blood samples. 
• RNA extracted and reverse transcribed to cDNA. 
• RT-qPCR performed using TaqMan assays. 
• Sixteen genes analyzed in three categories: 

• Inflammatory markers 
• Cell cycle/senescence markers 
• Extracellular matrix remodeling markers 

• Relative expression calculated using the Pfaffl method and normalized to 
RNA45S.

• Cohen’s D effect size calculations were used to quantify the difference 
between case and control groups as well as case versus case across 
time points

• ACL Injury is associated with measurable changes in senescence 
associated gene expression within peripheral blood mononuclear 
cells

• Elevated expression of IL6, CDKN1A, and CDKN2A suggests 
activation of inflammatory and cellular senescence pathways 
following injury

• Persistent biomarker alterations at two years post reconstruction 
indicate that biological changes continue long after clinical 
recovery and unrestricted return to duty

• PBMC-based biomarker analysis represents a minimally invasive 
approach for monitoring PTOA risk. 

• Future studies with larger cohorts and longer follow-up are 
needed to validate these biomarkers and assess their predictive 
value for PTOA development 

Acute Injury Response
•Four genes demonstrated significant upregulation at the time of injury: 

• IL6 
• CDKN1A 
• CDKN2A 
• COL5A1 

•Findings indicate activation of inflammatory, senescence, and tissue repair 
pathways immediately following ACL injury. 

Two-Year Follow-Up
• IL6 remained elevated two years after reconstruction, suggesting persistent 

inflammatory signaling. 
• PRG4 expression was significantly increased at two years post-reconstruction. 
• MMP9 expression decreased by more than two-fold at the two-year time point. 

Overall Findings
• Senescence-associated biomarkers were detectable in PBMCs using qPCR.
• Distinct gene expression signatures persisted long after surgical reconstruction. 
• Results support a systemic biological response to ACL injury that may contribute 

to PTOA development.

Figure 1. Anterior view of the human knee joint illustrating the major 
stabilizing ligaments, including the ACL, PCL, MCL, and LCL), along 
with associated osseous structures (femur, tibia, fibula, and patella).

Cohen’s d effect Size

•Several biomarkers demonstrated substantial differential expression 
between ACL reconstruction cases and controls, as well as significant 
longitudinal changes between the acute post-injury period (Time A) and two-
year follow-up (Time E).
•MMP9 exhibited the largest and most consistent effect sizes across 
comparisons, showing strong separation between cases and controls at both 
time points and significant longitudinal changes, indicating persistent 
alterations in extracellular matrix remodeling following ACL injury.
•IL1B, CD14, and COL5A1 demonstrated relatively modest case-control 
differences but large longitudinal effect sizes, suggesting these markers are 
more reflective of temporal changes in the post-injury biological environment 
than acute injury status alone.
•CDKN2A (p16) and ENG showed strong effects at Time A, indicating 
activation of senescence-related and angiogenic pathways during the early 
post-injury period. ENG effects diminished at later time points, whereas 
CDKN2A remained altered longitudinally.
•CHAD and PRG4 displayed larger effect sizes at Time E than at Time A, 
suggesting involvement in long-term cartilage remodeling and joint 
homeostasis rather than acute injury responses.
•IL6 demonstrated moderate-to-large effect sizes across both acute and 
chronic comparisons, indicating sustained inflammatory signaling 
throughout recovery.
•In contrast, TP53, IFNG, and TNFA maintained relatively small effect sizes 
across comparisons, indicating stable expression and supporting their 
potential utility as reference or control biomarkers within this cohort.
•Collectively, these findings identify distinct biomarker patterns associated 
with acute injury response, longitudinal recovery, and long-term joint 
remodeling following ACL reconstruction.

Figure 2. Heatmap displaying Cohen’s d effect sizes for biomarker expression across cross-sectional and longitudinal comparisons between 
ACL reconstruction patients and healthy controls. Comparisons include overall case-control differences, acute post-injury (Time A) and two-
year follow-up (Time E) case-control analyses, and temporal changes within case and control cohorts.
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