PTOA Question 1: Is there a universal definition of post-traumatic osteoarthritis (PTOA)?
Consider both etiology and pathology of the condition.
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RESPONSE/RECOMMENDATION: No

There is no single unified or universally accepted definition of post-traumatic osteoarthritis
(PTOA) across the clinical and preclinical literature.!> However, there is broad conceptual
agreement that PTOA represents a secondary osteoarthritis phenotype that develops as a direct

consequence of an identifiable joint injury.!-*

LEVEL OF EVIDENCE: Moderate.

The recommended definition is supported by Level II-11I clinical evidence, including
prospective and retrospective cohort studies, longitudinal imaging studies, and epidemiologic
analyses demonstrating a causal association between specific joint injuries and the subsequent
development of osteoarthritis. This clinical literature is complemented by extensive Level 11
preclinical evidence from well-established animal and ex vivo models of joint injury that
consistently reproduce osteoarthritis-like structural, biologic, and functional degeneration
following defined traumatic insults. Although no randomized trials or single consensus
framework establish a universal definition, the convergence of findings across clinical
observational studies, translational research, and mechanistic preclinical models provides a
moderate level of evidence supporting a shared conceptual definition of PTOA based on both
etiology and pathology.

DELEGATE VOTE: Agree: %, Disagree: %, Abstain: %

RATIONALE: Post-traumatic osteoarthritis (PTOA) has been recognized for decades as a major
contributor to the overall burden of osteoarthritis; however, a universally accepted definition has
not emerged because the condition has been investigated across multiple disciplines with
differing aims, methodologies, and outcome measures.**-1%-13 The concept of PTOA has evolved
from early epidemiologic observations linking joint injury to osteoarthritis (OA) to a
mechanistically grounded disease model supported by translational and preclinical
research,®10:11.14-16 The [iterature addressing PTOA spans long-term clinical cohort studies,
advanced imaging analyses, biomechanical modeling, and animal and ex vivo injury models,
each emphasizing different aspects of disease development. As a result, definitions of PTOA vary
across disciplines despite substantial convergence regarding its etiology, temporal evolution, and
pathologic features. Across these bodies of work, epidemiologic studies and longitudinal clinical
cohorts consistently demonstrate that joint trauma is a powerful and independent risk factor for
the subsequent development of osteoarthritis, accounting for approximately 10-15% of all
symptomatic OA cases.!”?* Large population-based studies further show that individuals with a



history of joint injury develop osteoarthritis at a younger age and with greater severity than those
without prior trauma, supporting the concept that PTOA represents a distinct secondary OA
phenotype rather than simply accelerated primary disease.>!7-20-24

Clinical evidence linking joint injury to later osteoarthritis is strongest for ligamentous
injury, meniscal damage, and intra-articular fracture. Long-term cohort studies with 10-20 years
of follow-up after anterior cruciate ligament rupture, with or without reconstruction, consistently
report radiographic or symptomatic knee osteoarthritis in approximately 30-80% of patients, far
exceeding rates observed in uninjured populations.?-?!2>-2° Similarly, meniscal injury and
meniscectomy have long been associated with substantially increased risk of tibiofemoral
osteoarthritis, with studies demonstrating high rates of radiographic OA decades after surgery
and contemporary studies confirming persistent risk even after meniscal repair.2%3%3! The
Osteoarthritis Initiative case-control study found that medial meniscus extrusion (OR 3.03, 95%
CI 1.4-6.5), complex tears (OR 5.0, 95% CI 1.0-25), and tears with large radial involvement (OR
5.92, 95% CI 1.7-7.5) were significantly more common in patients who developed incident
radiographic OA.3! A Swedish population study demonstrated meniscal tear was associated with
a risk difference of 10.5% for developing knee OA over 19 years.?’ Meta-analysis of 20 studies
(31,783 patients) found that meniscal repair was associated with lower progression to knee
arthroplasty and lower rate of advanced knee OA compared to partial meniscectomy.* Intra-
articular fractures represent a prototypical cause of PTOA, as they combine acute cartilage and
subchondral bone injury with hemarthrosis and, in many cases, residual incongruity or
malalignment. Clinical series of tibial plateau, pilon, acetabular, and ankle fractures demonstrate
wide but consistently elevated rates of PTOA, even when fractures are anatomically reduced,
underscoring that factors beyond residual step-off alone contribute to disease development. A
long-term study of 130 patients with tibial plateau fractures at mean 10-year follow-up found
radiographic OA in 50% of patients, with medial or bicondylar fractures having higher odds of
OA than lateral condyle fractures (OR 3.4, 95% CI 1.4-8.6).>> Schenker et al. reported that the
risk of PTOA following significant joint trauma is as high as 75%, with articular fractures
increasing risk more than 20-fold compared to uninjured joints.>?

Preclinical studies provide strong causal support for these clinical observations by
demonstrating that joint trauma alone is sufficient to initiate progressive osteoarthritis-like
degeneration. Surgical destabilization models such as anterior cruciate ligament transection or
destabilization of the medial meniscus reliably produce cartilage degeneration, synovitis,
osteophyte formation, and subchondral bone remodeling in young, otherwise healthy animals,
independent of aging or systemic risk factors.**3? Impact- and fracture-based models further
demonstrate that acute mechanical injury induces immediate and spatially expanding
chondrocyte death, followed by progressive matrix degradation and joint-wide degeneration.!!#-
4 Importantly, these models establish that trauma itself—rather than age-related degeneration—
is sufficient to initiate PTOA, thereby confirming a causal relationship between joint injury and
subsequent osteoarthritis.



A defining feature that distinguishes PTOA from idiopathic osteoarthritis is the prominent
role of acute post-injury biologic responses. Human synovial fluid studies obtained within hours
to days after ligament rupture or intra-articular fracture consistently demonstrate marked
elevations in inflammatory cytokines, chemokines, and cartilage degradation products, with
some mediators remaining elevated for weeks to months following injury.*¢->° Hemarthrosis,
commonly observed after ACL rupture and intra-articular fracture, further amplifies oxidative
stress and inflammatory signaling within the joint.’!>> Complementary experimental studies
demonstrate that mitochondrial dysfunction, reactive oxygen species generation, and activation
of apoptotic pathways drive early chondrocyte death and initiate catabolic cascades that
predispose to longer-term degeneration.>3-> Importantly, translational fracture models show that
interventions targeting inflammatory or mitochondrial pathways immediately after injury can
significantly reduce the severity of PTOA, supporting a causal role for post-traumatic
inflammation in disease progression.6-3

In addition to acute biologic injury, chronic biomechanical dysregulation plays a central
role in PTOA pathogenesis. Clinical gait analyses, contact stress modeling, and advanced
imaging studies demonstrate persistent alterations in joint loading, contact stresses, and
kinematics following ligamentous or meniscal injury, even after surgical reconstruction.>®-¢”
Residual instability, malalignment, or incongruity has been shown to predict subsequent cartilage
degeneration and OA progression, rather than merely accompany it.2863-70 These abnormal
mechanical environments perpetuate cartilage wear, subchondral bone remodeling, and synovial
inflammation. Experimental studies further confirm that restoration of joint stability or alignment
can slow osteoarthritis progression once injury-induced biologic pathways have been activated,
highlighting the synergistic interaction between mechanical and inflammatory mechanisms in
PTOA.7:72

Across both clinical imaging studies and histopathologic analyses from animal models,
PTOA consistently emerges as a whole-joint disease rather than an isolated cartilage disorder.
Pathologic features include progressive articular cartilage thinning and fissuring, chondrocyte
death or senescence, synovial hypertrophy and fibrosis, subchondral bone remodeling and
sclerosis, osteophyte formation, and degeneration of meniscal, ligamentous, and capsular
tissues.*23:33:40.73.74 Advanced imaging studies, particularly MRI-based analyses, demonstrate that
synovitis, bone marrow lesions, and meniscal pathology often develop early and in parallel with
cartilage degeneration, frequently preceding radiographic joint space narrowing.'7*>7¢ This
coordinated, multi-tissue involvement is consistently observed across injury types and joints,
reinforcing that PTOA represents a distinct pathophysiologic entity.

Despite strong agreement regarding etiology and pathology, definitions of PTOA diverge
because clinical and preclinical studies employ different operational criteria. Clinically, PTOA is
typically defined retrospectively or longitudinally based on documentation of a prior joint injury
followed by the development of symptomatic and/or imaging-defined osteoarthritis, often years
or decades after the inciting event. In contrast, preclinical studies define PTOA prospectively by
comparing structural, biologic, and functional outcomes after experimentally induced joint injury



with sham or uninjured controls over predefined and substantially shorter timeframes. These
differences in timelines, outcome measures, and diagnostic thresholds reflect methodological
constraints rather than disagreement regarding underlying disease mechanisms and explain why
no single operational definition has been universally adopted.

Taken together, the available evidence supports defining PTOA based on causality and
pathophysiology rather than a single diagnostic modality. Across epidemiologic, clinical, and
experimental studies, PTOA consistently originates from an identifiable joint trauma that initiates
acute tissue damage and inflammatory responses and is perpetuated by chronic biomechanical
dysregulation, culminating in accelerated, progressive whole-joint degeneration compared with
primary osteoarthritis. A conceptual definition that acknowledges this shared etiologic and
pathologic framework, while allowing context-specific operationalization in clinical and
preclinical research, best reflects the totality of available evidence and provides a coherent
foundation for future translational and therapeutic investigations.



Table 1. Conceptual and operational definitions of post-traumatic osteoarthritis across clinical

and preclinical contexts

Preclinical/Experimental

Domain Clinical PTOA PTOA
Identify and study OA that | Elucidate mechanisms linking
Primary purpose develops after joint injury in joint trauma to OA-like

humans

degeneration

Initiating event (etiology)

Documented joint trauma
(e.g., intra-articular fracture,
ligament rupture, meniscal
injury, dislocation, focal
chondral injury)

Controlled experimental joint
injury (e.g., ACL transection,
meniscal destabilization,
cartilage impact, fracture
models)

Causality requirement

Injury precedes development
of OA in the same joint

Injury directly induces OA-
like changes relative to
sham/uninjured controls

Time course

Variable and often prolonged
(months to decades after

injury)

Shortened and predefined
(weeks to months after

injury)

Diagnostic criteria/outcomes

Symptoms (pain, function),
radiographic OA (e.g., joint
space narrowing,
osteophytes), and/or MRI-
defined structural changes

Histopathology, imaging
(LCT/MRI), biomarkers,
gait/biomechanics, pain-like
behaviors

Pathologic focus

Progressive whole-joint
degeneration identified
clinically or radiographically

Mechanistic changes across
cartilage, synovium,
subchondral bone, meniscus,
and ligaments

Role of inflammation

Inferred from biomarkers,
imaging, and clinical
progression

Directly measured (cytokines,
synovitis, immune cell
infiltration)

Role of biomechanics

Altered joint loading,
instability, malalignment,
residual incongruity

Experimentally manipulated
or measured effects of
instability, alignment, and
contact stress

High clinical relevance;

Establishes causality; allows

Strengths reflects real-world disease mechanistic dissection and
burden therapeutic testing
Heterogeneous injury types o . o
o o\ > | Limited direct translatabilit
Limitations OA definitions, and follow-up Y

durations

of timelines and endpoints

Implication for definition

PTOA defined retrospectively
as OA following injury

PTOA defined prospectively
as injury-induced OA-like
degeneration
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