PTOA Question 8: Do current preclinical models have the appropriate features and
outcome measures to appropriately evaluate therapeutic interventions for PTOA?

Yuwei Zhang, Zhilong Zhou, Qiongjiao Zeng, Ning Wang, Hang Lin, Stuart B. Goodman,
David J. Hunter, Rocky S. Tuan, Zhong Alan Li

RESPONSE/RECOMMENDATION: Partially

To rigorously evaluate therapeutic interventions for post-traumatic osteoarthritis (PTOA),
experimental models should be reproducible and clinically relevant; recapitulate key features
of PTOA pathophysiology (low-grade synovitis, cartilage degradation, and subchondral bone
remodeling); and mirror clinical manifestations (pain and joint dysfunction) as well as disease
progression from acute to chronic. Models should also capture critical influencing factors,
including injury type, mechanical load, and individual susceptibility. Model selection should
be tailored to the therapeutic target: for example, anterior cruciate ligament transection
(ACLT) for biomechanical imbalance, destabilization of the medial meniscus (DMM) for
chronic, insidious progression, and medial meniscal tear (MMT) for local inflammation. A
comprehensive assessment toolkit is available: the modified Osteoarthritis Research Society
International (OARSI) histopathology score as the core readout, supplemented by osteophyte
and synovitis grading for tissue changes; magnetic resonance imaging (MRI) and micro-CT
for noninvasive whole-joint structural monitoring; functional measures (e.g., gait analysis,
pain assessment, and range-of-motion tests) for outcome evaluation; and biomarker assays,
preferably multiplexed panels, for detecting early molecular alterations. Integrating artificial
intelligence (AI) to automate quantification and better align preclinical and clinical datasets is
strongly encouraged.

LEVEL OF EVIDENCE: Moderate

DELEGATE VOTE:

RATIONALE:
What would be the features of a model needed to appropriately evaluate therapeutic
interventions for PTOA?

PTOA refers to osteoarthritis (OA) that occurs after a definite joint trauma, such as intra-
articular fracture, ligament and meniscus injury, joint dislocation, or cartilage impact. PTOA
is more common in younger populations 2. PTOA has several core characteristics. It is
initially triggered by mechanical tissue damage and acute inflammation, and then driven by
persistent low-grade synovitis, chondrocyte death and phenotypic changes, as well as
cartilage matrix degradation, which gradually leads to diffuse thinning, fissures and defects of
cartilage. These events are accompanied by subchondral bone sclerosis, osteophyte
formation, and bone marrow lesions, and often accompanied by joint instability, alignment
abnormalities, and changes in load redistribution, which collectively accelerate the
degeneration process 3. Clinically, PTOA mainly manifests as activity-related pain, that
gradually progresses to persistent pain, joint swelling, stiffness, limited movement, and
decreased joint function ©. Radiologically, X-ray imaging can show joint space narrowing,



osteophytes, and subchondral bone changes, while MRI further reveals cartilage defects, bone
marrow lesions, synovitis/effusion, and meniscus and ligament lesions ’. The occurrence of
PTOA is driven by the combined influence of multiple factors, including the type and
severity of the initial injury, the quality of treatment, the subsequent mechanical environment
(alignment and load conditions), systemic metabolic/inflammatory status, and individual
susceptibility.

Main Modeling Methods, Characteristics and Simulated Features of PTOA.

To understand PTOA pathogenesis and develop disease-modifying therapies, it is
essential to establish reproducible, clinically relevant animal models. The mainstream
modeling methods are predominantly surgical-induced approaches, among which ACLT 8,
DMM °, and MMT !© are the most used in basic research. Each of these models has its unique
characteristics and strengths in replicating specific clinical features of PTOA (Table 1).
Notably, although these animal models partially mimic key features of traumatic
osteoarthritis, they do not fully recapitulate the complex etiology, progressive pathology, and
clinical heterogeneity of PTOA encountered in orthopaedic practice !'. Other approaches,
such as non-invasive injury and compression models, are attracting growing interest for their
ability to better recapitulate physiological loading and minimize surgical artifacts %13,
Furthermore, while rodent ACLT, DMM, and MMT models are invaluable for early
mechanistic studies and therapeutic screening, larger animal species (e.g., sheep, cattle, dogs,
and nonhuman primates) are often required to rigorously evaluate disease-modifying
osteoarthritis drugs because their knee anatomy and biomechanics more closely resemble
those of humans!#18,

What tools would we need to assess this?

The current PTOA management is primarily palliative, aiming to alleviate symptoms,
restore function, and delay joint replacement. OA pharmacotherapy commonly relies on non-
steroidal anti-inflammatory drugs and, for short-term symptom relief, intra-articular
corticosteroid injections; however, prolonged or frequent use is limited by the risk of adverse
effects 232, Non-pharmacological approaches, especially structured physical therapy for
muscle strengthening and gait retraining, are foundational for improving joint stability 27-%,
When these conservative measures fail, surgical interventions become necessary, including
joint-preserving techniques (such as cartilage restoration or osteotomy) and, when indicated,
arthroplasty %°. Critically evaluating treatment efficacy requires comprehensive outcome
measures that include structural, functional, and pain-related behavioral endpoints. The
OARSI histopathology scoring system is a widely used tool for grading severity in animal
models; however, it has recognized limitations and continues to be refined, as shown in Table
239,



Table 1. Main modeling methods, characteristics and simulated clinical features of PTOA.

Modeling | Core Surgical | Key Characteristics Simulated Clinical Model validity and Recommendation
Method | Operation PTOA Features establishing criteria
ACLT Surgically 1. Directly impairs joint ACL rupture-induced Validate outcomes First choice for studying
819,20 transect the biomechanical stability, PTOA (common in with OARSI PTOA pathogenesis driven
ACL of causing tibial anterior young people/athletes); | histological scoring at | by joint instability;
rodent knee translation and rotational progressive joint 4—-6 weeks; include preferable for efficient
joints instability degeneration due to age/sex-matched evaluation of disease-
(rats/mice) 2. Rapid disease progression | long-term abnormal rodents; confirm ACL | modifying therapies
(osteoarthritic changes post-trauma transection via targeting biomechanical
evident at 4—-6 weeks post- biomechanical loading | biomechanical imbalance
operation) instability tests.
3. Severe pathological
manifestations: obvious
articular cartilage erosion,
chondrocyte apoptosis,
subchondral bone sclerosis,
osteophyte formation
4. Easy to establish with high
reproducibility
DMM Cut the 1. Induces chronic medial Occult PTOA caused by | Validate outcomes Preferred for studying
9,21-23 medial meniscal instability during chronic meniscal with meniscal chronic, insidious PTOA
meniscotibial | joint movement instability (e.g., displacement imaging | progression; suitable for

ligament (no
damage to the
meniscus

2. Slow disease progression
(moderate changes at 68
weeks post-operation)

meniscal injury healing
disorders, long-term
occupational strain);

at 68 weeks; include
consistent age/sex
cohorts; confirm

evaluating long-term
efficacy of therapies
targeting meniscal




itself), leading
to abnormal
meniscal
displacement/
dysfunction

3. Mild intraoperative
cartilage damage,
minimizing interference from
unintentional surgical injury
4. Moderate pathological
manifestations: cartilage
surface irregularity,
proteoglycan loss, meniscal
fibrosis

5. Insidious disease onset
with progressive cartilage
degeneration

cartilage damage driven
by abnormal meniscus-
articular surface contact

ligament transection
via post-mortem
dissection.

instability and mild cartilage
degeneration

MMT

10,24

Surgically
create a tear
in the medial
meniscus

1. Induces localized cartilage
damage adjacent to the
meniscal tear site

2. Triggers prominent local
inflammatory post-injury
responses

3. Pathological changes are
regionally concentrated (not
diffuse joint degeneration)
4. Recapitulates acute
traumatic meniscal injury in
humans

Acute meniscal tear-
induced secondary
PTOA; clinical
scenarios of localized
joint damage and
inflammation from
traumatic meniscal

injury

Validate outcomes via
cartilage loss
quantification at 2—4
weeks; use balanced
sex/age groups;
confirm meniscus
transection via post-
operative imaging.

Preferable for investigating
the role of meniscal injury
and local inflammation in
PTOA initiation; suitable for
developing targeted anti-
inflammatory therapies or
meniscal repair strategies




Table 2: Tools for PTOA model assessment: characteristics, pros/cons and recommendations.

Assessment Core characteristics Advantages Limitations Improvements Recommendation
Tool
OARSI Semi-quantitative High 1. Low sensitivity in 1. Use single mid- Core histopathological
Histopathology | scale (0—6) for standardization/ non-surgical models coronal section tool; use with
Scoring 30-33 cartilage lesions; reproducibility; 2. Ignores whole-joint | 2. Supplement with | modifications and
focuses on articular widely recognized; | features (osteophytes, | osteophyte and supplements for whole-
cartilage; validated in | adaptable to synovitis) synovitis scores joint assessment.
surgical models. common staining | 3. Original protocol is
(Safranin O, H&E, | inefficient
Toluidine Blue).
Imaging (MRI, | Non-invasive, holistic | Holistic tissue 1. MRI: high cost, 1. Combine with Use as an essential
Micro-CT) 3¢ | monitoring: MRI coverage needs professional OARSI supplement for whole-
assesses operation histopathology joint structural assessment
cartilage/synovitis/bon 2. Micro-CT: scoring and longitudinal
e; micro-CT reveals s preclinical-only 2. Standardize monitoring.
detailed bone 3. No cellular-level imaging parameters
morphology. details
Functional 1. Evaluates joint 1. Direct 1. Requires specialized | 1. Standardize testing | Necessary for preclinical
Tools (Gait function (core functional equipment/standardizat | conditions translation; include for
analysis, ROM | endpoint) assessment ion 2. Combine with pain | functional outcome
test) 3738 2. Gait analysis: 2. Objective, 2. Affected by non- assessment/behaviora | evaluation.
Assesses joint quantifiable PTOA factors | assays

instability and pain-
related functional

3. Easy integration
with other tools




limitations; ROM test:
Evaluates knee joint
mobility and range of
motion

3. Aligns with clinical

goals
Biomarker 1. Detects High sensitivity 1. Lack of specific 1. Use biomarker Critical for clinical
Assays synovial/serum for early diagnosis | biomarkers panels relevance; integrate with
(ELISA, etc.) | biomarkers 2. Affected by systemic | 2. Combine with functional/structural tools

39

2. Enables early,

factors

OARSI

to capture full disease

minimally invasive histopathology spectrum.

monitoring of disease scoring

progression

3. Reflects molecular

changes prior to

structural damage
Pain Assay Applies graded, High specificity Not suitable for Standardize probe Preferred primary
(Pressure localized pressure for joint-derived assessing widespread size, pressure ramp endpoint for quantifying
Application directly to the affected | pain; sensitive to or spontaneous pain; rate, and pre-test joint-specific mechanical
Measurement | joint to measure PTOA-related requires precise probe | acclimation; combine | pain in PTOA models;
[PAM]) 4041 withdrawal threshold, | nociception; placement and operator | with gait or weight- | critical for linking

specifically evaluating | minimally training; may not fully | bearing analysis for structural damage to

joint-associated influenced by capture pain-related comprehensive pain | localized nociceptive

mechanical allodynia
or hyperalgesia.

general animal
stress or handling.

functional impairment.

phenotyping.

behavior.




Future Directions in PTOA Evaluation: Integration, Quantification, and Regulatory
Alignment

Future evaluation systems increasingly emphasize integration, quantification, automation,
and regulatory alignment. The trend is to combine semi-quantitative OARSI grades with fully
quantitative histomorphometric measures (e.g., cartilage area and thickness) and standardized
scores of other joint features, yielding multi-parametric analyses with richer, more
reproducible data 3!. The most transformative development is the integration of Al and
machine learning ***. Al-driven radiomics can convert standard medical images into
quantitative biomarkers, while advanced algorithms show promise for automating and
objectively grading histopathological or imaging data, potentially creating "digital
biomarkers" of PTOA severity that bridge preclinical and clinical research #2. This
technological shift aligns with regulatory guidelines, specifically the U.S. Food and Drug
Administration draft guidance, which prioritizes structural endpoints to measure OA
progression. This guidance aims to evaluate treatments that modify the underlying
pathophysiology of the disease, rather than merely managing symptoms. Key structural
endpoints include radiographic joint space narrowing and MRI-assessed changes in cartilage,
bone, and soft tissues 4. Accordingly, preclinical PTOA models should adopt methods that
mirror these clinical endpoints, ensuring that research findings are both scientifically robust
and translationally relevant.
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Supplementary Information

Literature Search Strategy

PubMed, Web of Science, Cochrane Library, Google Scholar, and Scopus were searched for
potentially eligible studies from database inception to February 2026. The search strategy
was designed to address these research questions: “What would be the features of a model
needed to appropriately evaluate therapeutic interventions for PTOA? What tools would we
need to assess this?” and included terms related to PTOA, surgical modeling, therapeutic
interventions, and assessment tools. In our initial literature review, 223 PTOA -related records
were retrieved; the titles and abstracts of all 223 studies were screened, followed by full-text
review of 216 studies. Ultimately, a total of 133 studies were included in the analysis.

1. Search Keywords
((“Osteoarthritis”’[MeSH Terms] OR osteoarthritis[tiab] OR osteoarthrosis[tiab] OR
osteoarthritic[tiab]) AND (surg*[tiab] OR “surgically induced”[tiab] OR “surgically-
induced”[tiab] OR “destabilization of the medial meniscus”[tiab] OR DMM[tiab] OR
“anterior cruciate ligament transection”[tiab] OR ACLT[tiab] OR meniscectomy[tiab] OR
“partial meniscectomy”’[tiab] OR “medial meniscectomy’[tiab] OR “meniscal tear”[tiab] OR
“meniscal injury”’[tiab] OR “joint destabilization”[tiab] OR transection[tiab] OR “post-
traumatic”[tiab] OR “posttraumatic”’[tiab] OR PTOA[tiab] OR “post-traumatic
osteoarthritis”[tiab] OR “posttraumatic osteoarthritis”[tiab]) AND (intervention[tiab] OR
therapeutic*[tiab] OR treatment[tiab] OR “drug therapy”[tiab] OR “physical therapy’’[tiab]
OR “surgical intervention”[tiab] OR “cartilage restoration”[tiab]) AND (assessment[tiab] OR
“evaluation tool”[tiab] OR “OARSI’[tiab] OR “MRI[tiab] OR “micro-CT”’[tiab] OR “gait
analysis”’[tiab] OR “biomarker”[tiab] OR “ELISA”[tiab] OR “histopathology’’[tiab])) AND
(Animals[Mesh] NOT Humans[Mesh])

2. Inclusion and Exclusion Criteria
Inclusion Criteria: (1) Studies focused on PTOA (post-traumatic osteoarthritis); (2) Studies
involving surgical PTOA models (e.g., ACLT, DMM, MMT); (3) Studies evaluating
therapeutic interventions for PTOA; (4) Studies reporting PTOA model features or
assessment tools; (5) Preclinical studies using animal models (Animals[Mesh], excluding
humans); (6) Full-text articles with available data on model features or assessment tools.
Exclusion Criteria: (1) Studies on naturally occurring osteoarthritis or age-related
osteoarthritis (without traumatic/surgical induction), including those induced by ovariectomy
(OVX); (2) Studies without therapeutic intervention or assessment tool evaluation; (3)
Human clinical studies; (4) Reviews, meta-analyses, case reports, letters, or abstracts without
full data; (5) Studies with incomplete or unreproducible data on model features or assessment
tools.
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