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Abstract 
 

The projects presented here revolve around the utilization of three 

different animal models of developmental and degenerative orthopaedic 

diseases, with the work described in order of typical clinical onset in the relevant 

patient populations. These projects share an integral focus on characterization 

and validation of the chosen models by histological assessment. The objective of 

the first phase of this work was to histologically characterize the effects of 

surgically induced epiphyseal ischemia in a piglet model of Legg-Calvé-Perthes 

disease on the proximal femoral growth plate, with histomorphometry and 

immunohistochemical characterization. The objective of the second phase of this 

work was to determine the sensitivity and specificity of noninvasive quantitative 

MRI methods in detection of early naturally occurring osteochondrosis lesions ex 

vivo in the pig, with co-registration and characterization of lesions identified with 

advanced imaging and identified histologically. The objective of the third phase of 

this work was to determine the optimal approach for histological assessment of 

osteoarthritis in murine models, including comparison of two widely recognized 

murine-specific histological grading schemes and additional microscopic means 

of evaluation relevant to determination of osteoarthritis severity. Collectively, the 

results of this work highlight the need for careful evaluation and validation of 

animal models of orthopaedic diseases, with a focus on repeatability of the 

model, complete evaluation with reflection on how accurately the model mirrors 

the human disease, and statistical support for the approach to analysis.   
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Chapter 1: Introduction – ‘One medicine – one pathology’ 

Animal models of orthopedic diseases are common and provide a key 

foundation for much of our current understanding of the pathogenesis of these 

diseases in both humans and veterinary species. The field of anatomic pathology 

provides an ideal vantage point with which to explore the intersections of human 

and animal disease. Comparative pathology has long been celebrated by some 

of the fathers of modern medicine, including Rudolf Virchow and William Osler, 

who both practiced as pathologists and dramatically increased our understanding 

of anatomy, physiology, and pathology through their work.1 While MD physicians 

by training, Virchow and Osler respected veterinary research and Osler, a 

Canadian physician, is credited with coining the phrase ‘One Medicine’.1 This 

approach holds central an appreciation for the close relationship of humans, 

animals, and public health. While this may be most appreciated in the realm of 

zoonotic diseases, the sentiment also has influenced the development of animal 

research and animal welfare guidelines and the approach to biomedical research 

in general. Research utilizing a ‘one medicine’ or ‘one health’ approach can 

provide mutual benefit to both human and veterinary medicine, leveraging 

models in veterinary species to increase our understanding of pathophysiology, 

disease development, progression, and effective interventions.2 

Chronic, noncommunicable diseases are responsible for 7 in every 10 

human deaths worldwide.3, 4 Costs associated with management and mortality 

attributed to these diseases have been compounded by increasing inefficiency 
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and complexity in the development of therapies and medical devices for 

treatment.3 The pathologist holds an essential role in the interpretation of normal 

anatomy and pathologic lesions within research species in the preclinical stage, 

ensuring appropriate interpretation of legitimate lesions while preventing cases of 

mistaken diagnosis.1, 5 The gross and histological assessment of tissues provides 

key opportunities to 1) validate findings and 2) address research animal use 

through replacement, reduction, and refinement (3Rs).2, 6 While there is a strong 

interest in embracing the principles of the 3Rs, concerns faced by researchers 

include the cost and time associated with implementation, loss of data, lack of 

adequate alternatives, and overall unrealistic expectations within the industry.7 

However, studies have shown reduction of animal numbers up to 50% or greater 

are achievable by improvements in study design and methods including 

optimizing control groups, reducing time points based on previous data, 

combining studies, adjusting dosing regimens, and other strategies.7 These 

strategies, combined with the use of an appropriately characterized and validated 

model of disease, are essential to effective biomedical research that addresses 

the rising demand for effective medical interventions.8, 9  

The objective of this work was to apply knowledge of human and animal 

disease to translational projects utilizing three established models of human 

orthopaedic diseases by using pathology analysis, including histopathology and 

immunohistochemistry, to ensure that the lesions were representative of the 

modeled diseases, that unusual or unique lesions were documented, and that the 
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methods of data analysis were appropriate to the questions at hand. This 

introduction will include a brief overview of the anatomy and development of the 

joints and a brief review of the available animal models for Legg-Calvé-Perthes 

disease, osteochondrosis, and osteoarthritis, including similarities and 

differences to humans and reasons for and against utilization of various species, 

followed by discussion of the specific models utilized in this thesis (piglets as a 

surgically-induced model of Legg-Calvé-Perthes disease, piglets as a natural 

model of osteochondrosis, and mice as models of osteoarthritis). The chapter will 

conclude with a summary of the aims of this work.  

 
1.1 Anatomy and Development of Bone and Joints 
 

The development of the skeleton occurs via a carefully orchestrated series 

of events that is well-conserved across species. Bones develop by either 

intramembranous or endochondral ossification. Intramembranous ossification is a 

process by which progenitor cells differentiate directly into bone-forming 

osteoblasts based on signals from the local microenvironment.10 This process 

primarily occurs in the flat bones of the skull.11 Endochondral ossification is the 

process by which most bones develop, via an embryonic cartilaginous anlage 

that is gradually replaced by bone.12 This process includes an initial proliferation 

of chondrocytes, extracellular matrix production, hypertrophy of chondrocytes, 

matrix mineralization, and eventual chondrocyte death by apoptosis or 

transdifferentiation to osteoblasts.13, 14 Capillary invasion accompanies 
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differentiation of progenitor cells into osteoblasts, osteoclasts, and bone marrow 

cells, which aid in the replacement of cartilage with bone.12 

 There are several types of joints present throughout the body, which are 

often characterized by the degree of joint movement. These include the 

synarthroses (no or minimal movement), the amphiarthroses (some but limited 

movement), and the diarthroses, which permit free movement and include the 

synovial joints in the appendicular skeleton, which are the focus of the disease 

processes described here.15 The structure of the joints directly relates to their 

function. Synovial joints include a fibrous capsule (lined by synovium) that is 

continuous with adjacent tissues and the periosteum, a joint cavity containing 

synovial fluid, and the articular cartilage that lines the epiphyseal ends of the 

articulating bones. A variety of associated ligaments (e.g. the anterior cruciate 

ligament) and bones (e.g. the patella) provide additional support specific to each 

joint.15 The collection of diverse tissues that make up the joint have contributed to 

today’s acceptance of the joint as an organ.16, 17  

 

Bone 

 Bone development is characterized by the initial formation of highly 

cellular woven bone, which is remodeled over time to form mature, stronger and 

slower-forming lamellar bone.13 The outer compact cortex of the bone at maturity 

(cortical bone) is composed of cylindrical osteons and is covered by the 

periosteum, a connective tissue layer that provides nutrients via blood vessels.13 
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The inner portion of the bone consists of trabecular or cancellous bone that lacks 

osteons and is initially composed of woven bone with randomly arranged 

collagen fibrils that gradually organize into parallel collagen lamellae.13 Bone is a 

dynamic tissue that undergoes remodeling throughout life in response to force. In 

the adult human, approximately 80% of the skeleton is composed of cortical bone 

(by weight) with 20% composed of trabecular bone.18 Bone is composed of a 

core of hydroxyapatite mineral that gives bone its stiffness, associated with 

collagenous matrix predominated by type I collagen (90% of organic matrix).19  

While the development of bone shares many features between humans 

and animal species, skeletal maturity occurs much earlier in most animal 

species, including large animals like the horse, dog, and pig, than it does in the 

human, providing unique challenges in performing translational research of 

developmental diseases across species.20 Humans reach skeletal maturity 

between 14-22 years of age (earlier in females than males), while horses reach 

skeletal maturity by three years and pigs by 5-6 months of age.18, 21-23 During 

development, bone repair responses occur more rapidly than after maturity has 

been reached.18  

 

Growth Cartilage 

Initially, avascular cartilaginous tissue is present where bone will later 

develop and provides a template for the future bones that will form through 

endochondral ossification. As chondrocytes hypertrophy, they express type X 
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collagen, a key step in initiation of calcification or mineralization of the matrix, 

and vascular endothelial growth factor (VEGF), which stimulates vascular growth 

from the periosteum at the diaphysis (central region of bone) following the 

development of a bone cuff around the mid-portion of the cartilage anlage.13 This 

vascular in-growth leads to a cascade of events including development of the 

primary ossification center (POC). Following development of the POC, a 

secondary ossification center (SOC) develops within the epiphysis through a 

similar process initiated by vascular invasion, with an additional important step of 

cartilage canal development within the epiphysis and what will become the 

epiphyseal cartilage of the articular-epiphyseal cartilage complex (AECC).13, 24, 25 

The cartilage canals serve to provide nutrients to and remove waste from the 

developing cartilage and to provide osteogenic cells to the SOC.24 During 

development and as the epiphyseal cartilage thins, the cartilage canals are either 

incorporated into the endochondral ossification front or undergo chondrification 

(filling in with chondrocytes and matrix).25, 26 Failures of these processes have 

been implicated in the development of osteochondrosis.27, 28 Transphyseal 

vessels pass through the growth plate from the metaphysis to the epiphysis in 

the neonatal and infant period, but the growth plate is thought to lack 

transphyseal vessels in children by two years of age.29 

As hyaline cartilage matures and the centers of ossification develop, there 

are two types of growth cartilage that are largely responsible for the growth and 

development of both the bone (via endochondral ossification) and the articular 
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surfaces. These are termed the epiphyseal growth plates, situated between the 

POC and SOC, and the AECCs, located at the epiphysis, respectively. These 

regions of growth cartilage have characteristic zonal organization and 

morphology that reflect their specialized roles in growth.30 The epiphyseal growth 

plate contributes to expansion of the POC and the AECC is responsible for 

expansion of the SOC.12, 30-32 This work specifically investigates the effects of 

Legg-Calvé-Perthes disease on the epiphyseal growth plate, although it is 

characterized by involvement of both the epiphyseal growth plate and AECC. 

Osteochondrosis (OC) can affect both types of growth cartilage as well, though 

the focus of this work is on articular OC, which involves the AECC.32, 33  

Cartilage is populated by chondrocytes, which originate from 

chondroprogenitors produced by multipotent mesenchymal stem cells under the 

influence of SOX9.34 SOX9 is a transcription factor that binds to enhancer 

regions in the promoters of extracellular matrix proteins present in cartilage, 

including aggrecan and several collagen types.34, 35 The type of collagen 

subsequently expressed by chondrocytes depends upon the tissue location and 

does not undergo significant variation throughout development, with type II 

collagen expressed more ubiquitously (and predominating in adult articular 

cartilage), type III collagen expressed pericellularly, and type X collagen 

expressed during establishment of the tidemark (junction between mineralized 

and unmineralized cartilage) and in conjunction with mineralization of the 

matrix.16, 36 In adulthood, any need for chondroprogenitors is filled by progenitor 
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cells originating from the inner layer of the perichondrium, a connective tissue 

layer that covers bone and some cartilage (excluding the epiphysis and articular 

surfaces).13  

The epiphyseal growth plate is composed of a disc of cartilage that 

separates the primary spongiosa (cartilage matrix scaffold where bone matrix is 

initially laid down within the metaphysis) and the SOC (bony epiphysis located at 

the ends of long bones).24, 37 Within the growth plate, the resting or reserve zone 

borders the bony epiphysis and is characterized by small round chondro-

progenitor cells scattered individually within matrix.38 These chondrocytes are 

thought to function as a source of chondro-progenitors to the growth plate. The 

proliferative zone is characterized by somewhat flattened cells arranged in 

columns oriented parallel to the long axis of the bone. Within the AECC, columns 

are shorter and less distinct.30 In the proliferative zone, chondrocytes divide 

rapidly and produce matrix. Chondrocytes then proceed to differentiate to a 

hypertrophic phenotype, characterized by large round cells that remodel and 

calcify the cartilage matrix surrounding them.30, 39 Together, these steps 

characterize the process of endochondral ossification.32 Much of the longitudinal 

growth of the bone is attributed not to cell proliferation in the growth plate but to 

chondrocyte hypertrophy and accumulation of matrix.40 Disruptions of this 

process, as may occur in LCPD or other diseases involving the growth plate, can 

lead to altered bone growth and premature growth plate closure.  



 9 

At the articular surface, the cartilage is not replaced by bone but instead 

consists of the articular epiphyseal cartilage complex, which has similar but less 

distinct zones to those observed in the growth plate.24 At maturity, the epiphyseal 

cartilage is replaced by bone and the adult zonal organization of the articular 

cartilage includes a thin superficial zone, a thick intermediate/deep zone with 

columnar organization of the chondrocytes, and a mineralized zone below a 

tidemark with large chondrocytes bordered by subchondral bone.41 The articular 

cartilage that lines the articular surface is avascular throughout life. Many 

diseases that either affect the articular cartilage directly, such as osteoarthritis, or 

indirectly, such as late-stage OC (osteochondritis dissecans), are characterized 

by irreversible damage to the articular cartilage. Conversely, the vascularized 

growth cartilage displays repair capabilities that are absent in mature articular 

cartilage, which is especially evident when considering OC. For example, while 

many studies have found large variation in the prevalence of OC lesions in 

horses, much of this variation is attributed to differences in the age of evaluation, 

given the high propensity of early lesions to undergo complete healing.42 

Confusion regarding the origin of OC in humans has persisted, likely due in large 

part to the limited access to pediatric joint specimens that have only recently 

allowed identification of these early OC lesions in humans.43  

 

Signaling in Cartilage 
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 The proliferation and maturation of the growth cartilage chondrocytes is 

regulated by complex molecular mechanisms that include a central role for 

parathyroid-related protein (PTHrP) and Indian hedgehog (Ihh), which regulate 

the progression of chondrocytes to the hypertrophic zone.39 New bone formation 

is actively occurring in the hypertrophic zone and the primary spongiosa, where 

osteoblasts and osteoclasts replace the calcified cartilage with trabecular bone 

and remodel the bone.39  Cell proliferation in the growth cartilage is dependent on 

cross-talk involving several signaling molecules. Indian hedgehog (Ihh) is 

secreted by pre-hypertrophic chondrocytes in the growth plate. Ihh expression 

stimulates production of TGF-β, which inhibits chondrocyte hypertrophy by 

inducing expression of PTHrP by perichondrial and juxtaarticular cells.37 PTHrP 

binds to its receptor on proliferating and pre-hypertrophic zone cells, delaying 

their differentiation to hypertrophic cells. While previous studies of LCPD have 

often failed to include detailed assessment of the effects on the growth plate of 

the proximal femur, these pathways may be relevant to the growth disruption 

reported in roughly one third of patients with LCPD.44, 45   

 

Articular Cartilage Structure and Function 

 Articular cartilage is avascular and lacks innervation.46 The metabolic 

needs of the chondrocytes and matrix are satisfied through either diffusion from 

the articular surface or the subjacent marrow. Reparative capacity is very low, 

with reduction in the ability of chondrocytes to maintain and restore articular 
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cartilage with increasing age, despite the presence of a chondroprogenitor cell 

population in both immature and mature hyaline cartilage.36, 46, 47 Chondrocytes 

have low resting energy requirements that are largely addressed by glycolysis, 

and are thought to persist for decades based on the lack of cell division in 

articular cartilage.48 Given the low cellularity of the cartilage (approximately 1% of 

the cartilage volume in adult human articular cartilage), the matrix is a subject of 

great interest.36 The matrix in adulthood is sparsely populated by chondrocytes 

and is composed of water (up to 80% of wet weight of articular cartilage), 

collagen, and proteoglycans, with small amounts of noncollagenous proteins and 

glycoproteins.36, 46 Proteoglycans, predominated by aggrecan, are composed of a 

protein core with one or more glycosaminoglycan chains, with a negative charge 

that helps in attracting water.36, 40 The glycosaminoglycans found in cartilage 

include hyaluronic acid, chondroitin sulfate, keratan sulfate, and dermatan 

sulfate. Chondrocytes are responsible for both synthesis of matrix components 

and assembly and organization of matrix, typically in response to biomechanical 

stimuli.36 The articular cartilage has integral roles in both protecting the surfaces 

from loads up to 10 times the body weight and producing various 

macromolecules that help lubricate the joint, reduce friction, and contribute to the 

synovial fluid.15, 16, 41 Over time, there is a decrease in the hydration of the matrix 

that corresponds with an increase in stiffness to compressive forces.46 Newly 

developed quantitative MRI techniques for assessing cartilage injuries are 

informative due to their sensitivity to changes in the composition of cartilage, 
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including water content, collagen orientation, and proteoglycan content, amongst 

others.49-52 

 Several excellent reviews exist that summarize many of the general 

anatomical and biomechanical differences affecting the musculoskeletal system 

in various species of interest.2, 20, 53, 54 

 

1.2  Animal Models of Legg-Calvé-Perthes disease 

Legg-Calvé-Perthes disease (LCPD) is a childhood disease characterized 

by osteonecrosis of the femoral head. Many different theories related to the 

inciting factor in development of LCPD have been considered, including trauma, 

disorders of thrombosis, inflammation, abnormalities of growth factor signaling or 

collagen structure, and exposure to cigarette smoke.55 Although the underlying 

cause of LCPD remains to be determined, the result is ischemia to the femoral 

head, leading to variable incongruence of the hip joint due to collapse of the 

femoral head that can lead to long-term deformity and osteoarthritis.56, 57 In some 

patients, effects extend beyond the bony epiphysis to the growth plate and 

metaphysis.56 LCPD is typically diagnosed in children ages 4 to 6 years old, 

though patients may present between 2 and 14 years of age.58 LCPD is difficult 

to treat, with success rates varying from 27-69% following various approaches 

including both medical management (activity restriction) and surgical 

management (Scottish Rite orthosis, femoral osteotomy, or Salter innominate 

osteotomy).59  
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LCPD represents the rarest condition of the three studied in this work, and 

this is reflected in the limited animal model options that recapitulate the human 

condition, with small numbers of studies in goats, rabbits, mice, dogs, and piglets 

providing insight to the disease pathogenesis and treatment options.60 LCPD 

occurs spontaneously in young, small-breed dogs, but its relative rarity makes it 

difficult to study. A surgically induced model in the piglet is the most widely used 

and was utilized in this work (described in detail below). While models specific to 

LCPD are limited, there are a wide variety of animal models that have been used 

to study osteonecrosis of the femoral head (ONFH), the adult-onset disease 

characterized by femoral head necrosis and collapse. A previous review 

categorized the available animal models of osteonecrosis into traumatic models 

(surgical vascular occlusion, physical insult, chemical insult), non-traumatic 

osteonecrosis models (chemically-induced, steroid-induced, alcohol-induced, 

LPS-induced, dysbaric, and spontaneous), and combinations of these models.61 

Several surgical models, including in the adult dog, immature goat, and the rat, 

failed to develop joint collapse as seen in ONFH or LCPD.60, 62, 63 Rabbits 

develop osteonecrosis following systemic administration of glucocorticoids, 

similar to humans who are susceptible to steroid-induced osteonecrosis. 

Unfortunately, the distribution of lesions in rabbits is often random and not limited 

to the femoral head. Indeed, some studies have failed to confirm the induction of 

osteonecrosis following glucocorticoid treatment or have not disclosed details 

relating to the size and distribution of the induced lesions, leaving unresolved 
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questions about how well this lagomorph model replicates human disease.64-66 

Most rabbit studies utilize adult rabbits, likely recapitulating ONFH more closely 

than LCPD. A steroid-induced mouse model of osteonecrosis has been 

developed associated with an arteriopathy characterized by transmural necrosis 

and thickening of arterioles, but lesions tend to affect the distal femoral epiphysis 

rather than the femoral head.67  

Models specifically looking at the role of ischemic injury in growth plate 

disruption are extremely limited. While early studies utilizing an ablation 

procedure at the proximal femoral growth plate in the goat induced growth 

disturbance in the operated femur similar to that observed in some LCPD 

patients, the regions of the growth plate affected and the degree of femoral head 

deformity fell short of an ideal model.60 While the skeletal system, and cartilage in 

particular, is well-conserved in development and structure among species, it is 

worth noting that porcine growth plates have been reported to include a thicker 

resting/reserve zone compared to rats and adolescent humans.68 Much of the 

past work comparing various animal model anatomy and physiology to that of 

humans has focused on adults, particularly in large animal models. Uniquely, rats 

and mice do not undergo growth plate closure; the rate of growth slows with age 

but the cells remain active.9 
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Porcine Models of LCPD 

 A common model of LCPD thought to closely recapitulate the clinical, 

imaging, and pathophysiological mechanisms of disease utilizes a surgical 

technique to induce femoral head ischemia in Yorkshire or Yorkshire cross 

piglets at six to eight weeks of age. Ischemia is induced by placement of a 

circumferential ligature at the femoral neck, coupled with transection of the 

ligamentum teres to cause complete ischemia to the femoral epiphysis.69, 70. 

Within the first two weeks following surgery, the femoral head becomes necrotic 

and remains avascular (avascular stage).55 At three to four weeks following 

ischemia induction, the vascular repair stage begins with revascularization and 

resorption of necrotic epiphyseal tissue by osteoclasts coupled with delayed 

bone formation.55, 70 Femoral head deformity may be observed by eight weeks 

after ischemia induction.70 Studies using this model have contributed both to the 

understanding of the pathogenesis of the disease and to the evaluation of novel 

diagnostic and treatment strategies.55, 71-75 Abnormalities of the physis and 

metaphysis have been previously reported in this model, with morphological 

changes to the proximal femoral growth plate and metaphyseal radiolucent 

changes (due to retained cartilage, cyst formation, or fibrovascular tissue) 

reported in a subset of piglets by four to eight weeks following ischemia 

induction.44, 45 While there are some facets of the model that may not replicate 

the human disease, such as the invasive nature of the surgical procedure 

required to induce ischemia, over two decades of utilization demonstrate the 
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many shared radiographic, MRI, gross, and histological features that support the 

use of this model to study LCPD in children.44, 45, 69-73, 76-79  

 

1.3  Animal Models of Osteochondrosis (OC) 

Osteochondrosis (OC) is a developmental disorder affecting the articular-

epiphyseal cartilage complex. While the name osteochondrosis is widely 

accepted in the veterinary literature, osteochondritis dissecans (OCD), or juvenile 

osteochondritis dissecans (JOCD) in patients with open growth plates, is more 

commonly used in the human medical literature. A host of specific names based 

on the affected site also exist in the human literature, but it is highly likely that 

these represent a similar pathogenesis and single disease manifesting at 

different joints.20 OC causes pain and swelling of joints, secondary to 

development of a region of epiphyseal cartilage necrosis and subsequent 

delayed endochondral ossification.28, 32 In the end-stage, this may lead to fracture 

of the overlying articular cartilage and clefting through the diseased epiphyseal 

cartilage that can progress to development of a loose cartilaginous or 

chondrosseous intraarticular fragment. While the underlying cause of disease 

remains unclear, animal studies have shown that predilection sites correlate with 

areas of low vascularity and vascular regression. The inciting factor is focal 

failure of blood supply to the epiphyseal cartilage of the articular-epiphyseal 

cartilage complex. This is supported by studies in pigs, goats, and horses that 

demonstrate the relationship between vascular supply to predilection sites and 
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the ability to induce lesions by targeted surgical transection.80-83 The epiphyseal 

cartilage lesions may progress with involvement of the articular cartilage and/or 

the subchondral bone in the later stages of disease.28, 32, 84 This understanding of 

the pathogenesis has been accepted in veterinary medicine and has gained 

significant traction in human medicine in recent years as the earlier stages of the 

disease have increasingly become recognized.85-87 

OC has been characterized in several large animal species, given its 

natural occurrence in dogs, horses, pigs, chickens, and more. Much of the insight 

into the disease pathogenesis in both humans and animals has come from 

studies of veterinary species, due to the ready availability of postmortem samples 

for histological study at different stages of disease.20, 33, 84, 88-90 Due to economic 

impact and a high prevalence, much of what we know comes from studies of 

commercially bred pigs, where lameness is an important welfare issue that can 

lead to increased culling91, 92, and horses, which often undergo orthopedic 

screening at a young age.20, 89 Studies in pigs and horses have allowed 

development of the etiologic understanding that OC develops due to disruption of 

the blood supply to the growth cartilage during development.28, 32, 89, 93 There are 

clinical similarities in the presentation between humans and animal species. The 

rates of OC have been increasing in parallel with an increase in enrollment in 

youth sports, suggesting athletic involvement contributes to development of 

clinical disease, similar to the increased rates of the disease in horses involved in 

athletic activities.94  
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Predilection sites are often conserved among species, with a few notable 

exceptions, and characteristic stages of disease have been described 

histologically with conservation of features across species. The earliest stage of 

disease, consisting of a well-defined region of chondrocyte cell death with 

associated matrix pallor, is termed osteochondrosis latens. The intermediate 

stage of the disease is characterized by chondrocyte cell death and associated 

delay of endochondral ossification termed osteochondrosis manifesta.32 These 

early stages both have the potential to heal without long-lasting damage to the 

joint; in a small portion of cases, osteochondrosis manifesta lesions progress and 

develop clefting to the overlying articular surface, entering the end-stage termed 

osteochondrosis dissecans.32 These clefts may ultimately lead to separation of 

an osteochondral fragment that becomes a loose body in the joint, causing pain 

and necessitating surgical removal.95, 96 In humans, if lesions are detected prior 

to major clefting and/or separation, they may be stabilized surgically.  

Horses are a popular choice for the study of OC, given the high disease 

prevalence in this species and the economic incentive to reduce disease 

occurrence through selective breeding. Advantages to the use of horses to study 

OC include the frequency of imaging studies prior to intervention, the size of the 

joints, and the high frequency of surgical intervention to assess and treat 

disease, providing opportunities to evaluate new treatment methods.20 

Disadvantages include their large size and associated implications for imaging 

and surgical management and the limited availability to study horses in a 
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research setting, given the costs involved in upkeep, management, and ethical 

concerns.20 Other large animal models of OC include small ruminants, which do 

not develop OC naturally but provide the opportunity to study surgically-induced 

lesions that may provide some additional insights into factors related to healing 

or progression.80, 81, 97  

Pigs have gained acceptance in preclinical research as one of the best 

models regarding similarities to human anatomy and physiology.98 Both 

conventional pigs and minipigs are frequently utilized in biomedical research, 

with minipigs providing advantages for extended studies (duration of months to 

years) due to their slower growth rates, given that conventional pigs can reach a 

weight of several hundred pounds by 6 months of age.82 While the lamellar bone 

structure closely resembles that of humans, the trabecular network in adult 

minipigs is more dense than in humans.99 The rate of bone regeneration in pigs 

is closer to that in humans than the rate in dogs (human, 1.0-1.5 mm/day; pig, 

1.2-1.5 mm/day; dog, 1.5-2.0mm/day).100 The composition of bone is similar 

between pigs and humans, as are the bone remodeling processes and 

accompanying mechanical parameters.18, 100  These features further justify the 

use of pigs as animal models of OC. 

 

Conventional Pigs as Models for OC 

  Specifically regarding OC, pigs provide many advantages over other 

existing models. The incidence of early lesions of naturally occurring OC is nearly 
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100% in domestic pigs at predilection sites, providing ample opportunities for 

studying the progression or resolution of lesions and risk factors for development 

of clinical disease.20, 101 In humans, the sites most often affected by OC are the 

knee (medial femoral condyle), elbow (humeral capitellum), and ankle joints.20 

Similarly, OC in pigs most often occurs at the medial femoral condyle within the 

knee/stifle joint and also affects the elbow (humeral condyle). Genetic risk factors 

are thought to be involved in development of OC in both humans and animals, 

though the sporadic occurrence of most human cases suggests a polygenic and 

more complex genetic component in most cases. Heritability estimates in the pig 

range from 0.14-0.52 depending on the site affected and the definition of 

disease.102, 103 The application of susceptibility weighted imaging (SWI) and 

quantitative susceptibility mapping (QSM) approaches have allowed visualization 

of the cartilage canals in piglets and human cadaver samples, revealing nearly 

identical vascular architecture at the shared predilection sites in the distal femoral 

condyles of pigs and humans.26, 97, 104, 105 These findings have both supported the 

hypothesis that vascular failure is central to the pathogenesis of OC and that 

domestic pigs are an ideal naturally occurring model based on anatomic 

similarities key to the underlying pathogenesis of the disease.97   

 
1.4  Animal Models of Osteoarthritis 
 

Osteoarthritis (OA) is the most common form of arthritis and a major 

cause of joint pain and disability in older adults. There are many risk factors for 

OA, which include age (by far the most important risk factor), joint injury, gender, 
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obesity, genetic factors, and structural abnormalities.106, 107 The characteristic 

lesions include degeneration and loss of the articular cartilage, formation of 

osteophytes at the joint margins, subchondral bone thickening, degeneration of 

the menisci and ligaments, hypertrophy of the joint capsule, and variable 

synovitis.17 OA can lead to remodeling of the subchondral bone and thickening 

and alterations to the calcified cartilage that can cause duplication of the 

tidemark that separates the articular and calcified cartilage histologically.17 While 

the features of OA are generally well-defined and accepted, several phenotypes 

have been defined based on differences in clinical presentation, progression, and 

response to treatment that complicate the study of the disease and add to the 

importance of selecting of an appropriate animal model.107, 108 

Numerous naturally occurring and induced animal models have been 

utilized to study OA, with a continued predominance of small animal models 

dominated by mice, rats, and the Dunkin Hartley guinea pig, particularly as gene-

editing techniques and genetically modified strains of mice have become more 

widely available. The literature is complicated by the increasingly complex 

understanding of osteoarthritis as a disease process in humans, as several 

different phenotypes with varying clinical features, rates of progression, and 

response to treatment have been defined that preclude a single model from 

accurately representing all facets of OA as we currently understand it.2, 107  

Of the small animal models, Dunkin Hartley guinea pigs are one of the 

more commonly utilized due to the high rate of spontaneous disease.109 Male 
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Dunkin Hartley guinea pigs develop histologic lesions of OA by three months of 

age, with progression by six months to lesions that are morphologically similar to 

human OA.18 While this provides an efficient model, the propensity of relatively 

young animals to develop OA suggests there may be underlying differences in 

pathogenesis from that of human OA. Mice are small and readily available, 

provide many options for evaluation, particularly extensive histological 

evaluation, and are inexpensive to manage in a research setting. Spontaneous 

OA in mice is considered representative of human disease from a pathogenetic 

standpoint, though it requires a long study duration (a year or more) to onset.110 

A myriad of surgical models have been developed in mice, including partial or 

total meniscectomy, destabilization of the medial meniscus (DMM), anterior or 

posterior cruciate ligament transection, medial and/or lateral collateral ligament 

transection, meniscal tears, and transarticular impact-induced OA.53 While the 

advantages of small animal models for the study of OA are the same as for the 

study of many disorders, there are several skeletal-system-specific 

disadvantages to the use of mice. First, the articular cartilage is much thinner 

than that in people, averaging just 0.03 mm thick as compared to 2.2-2.5 mm 

thick, respectively.53 In addition, the animal age, sex, and strain all can have 

major effects on the resulting OA lesions observed, the progression of disease, 

and the molecular pathophysiology.107   

Studies utilizing large animal models of OA are less common but are 

important in the modeling of human disease and determining efficacy of 
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interventions. This is especially true given the frequency of development of 

spontaneous OA with age in many species (dogs, cats, horses, non-human 

primates, etc.).53 Dogs have similar bone composition to humans and are 

similarly able to undergo rehabilitation. They naturally develop spontaneous OA 

with age and are prone to post-traumatic OA, particularly following cruciate 

ligament rupture.111 Dogs have higher rates of trabecular bone turnover than 

humans (averaging 94-100% per year vs. 10-55% per year in adult humans).112, 

113 Despite the abundance of both spontaneous and surgically-induced small and 

large animal models of disease, there has been an ongoing failure of drugs 

tested in animal models to translate to effective disease-modifying osteoarthritis 

drugs in humans.114 This failure appears multifactorial, with possible contributors 

including the variability in the methods and experimental design of OA studies, 

inadequate large animal studies to determine translatability of results, and the 

selection of animal models.9, 115 For example, many preclinical studies are 

performed in young male animals without comorbidities, which fail to replicate the 

disease as observed in older adult humans, the target of clinical trials evaluating 

disease-modifying OA treatments.107, 116, 117 

 

Mouse Models of OA 

 While there are some notable disadvantages to using mice to study OA,9 

the wide variety of available murine models of OA provides a unique opportunity 

to align the features of the model to best represent the patient population and 
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disease phenotype one hopes to study, assuming the features of disease in that 

model have been well-defined. Two models were utilized in this work: one 

utilizing OA induced by destabilization of the medial meniscus (DMM) (surgically 

induced) and one spontaneous (aged). These models are highly complementary, 

with the DMM model providing an opportunity to study post-traumatic OA that 

develops more rapidly and at a younger age in humans, while spontaneous 

murine models of OA mirror human disease developing with advancing age, a 

major risk factor for human OA development.114 Importantly, both models have 

been extensively studied and the histological features have been well-defined.118-

121 The DMM model has a slower rate of progression than surgically induced 

models that utilize anterior cruciate ligament transection and has been shown to 

be highly reproducible.114 Certain strains of mice have higher incidences of 

spontaneously occurring OA, including the Balb/c and C57Bl/6 strains and 

STA/1N and STR/ort substrains.122-124 Several studies have been published 

demonstrating the features of age-related OA in C57Bl/6 mice, the strain that 

was utilized in this work. These studies demonstrated more severe medial tibial 

plateau OA than lateral tibial plateau OA, similar to humans and most veterinary 

species, with a correlation of articular cartilage thickness and area with 

increasing severity of OA based on scoring using a published and validated 

histological grading scheme.120, 121, 123 Together, the young DMM C57Bl/6 mice 

and aged C57Bl/6 mice provide both a post-traumatic and spontaneous model of 
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disease, representing complementary and potentially differing mechanisms of OA 

pathogenesis.  

 

1.5 Objectives of Thesis Work 

The general aim of this thesis was to use a combination of orthopaedic 

small and large animal models of human diseases to both advance the 

understanding of the human conditions and to validate the use of the models in 

achieving the specific study objectives. These projects included the use of 

surgically induced lesions in the piglet to investigate the pathogenesis of the 

growth disturbances occurring in LCPD, the use of early-stage naturally occurring 

lesions of OC in the pig to validate MRI methods for identification as a step 

towards applying the methods to in vivo diagnosis in humans, and the 

comparison and validation of commonly used histological grading schemes and 

techniques for assessment of murine models of OA. This constellation of projects 

met two important objectives: 1) develop expertise in the use of a diverse group 

of animal models of orthopedic diseases and 2) further our understanding of how 

these models mirror human disease and address the needs of translational 

research.  
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The specific objectives are to: 

 
I Determine the effects of acute femoral head ischemia (surgically induced) 

on the proximal femoral growth plate in a piglet model of Legg-Calvé-

Perthes disease (Chapter 2) 

II  Determine the capability of quantitative MRI techniques (T2, T1ρ) at 

ultrahigh magnetic fields (10.5T) for identification of naturally occurring 

early osteochondrosis lesions in the pig at predilection sites in the distal 

humerus and distal femur (Chapter 3) 

III Compare two published histological grading schemes for murine 

osteoarthritis (the Osteoarthritis Research Society International (OARSI) 

and Articular Cartilage Structure (ACS) grading schemes) when applied to 

multiple and single sections, along with additional histologic measures, in 

two mouse models of osteoarthritis (Chapter 4) 

  



 27 

Chapter 2: Effects of acute femoral head ischemia on the 
proximal femoral growth plate and metaphysis in a piglet 
model of Legg-Calvé-Perthes Disease 
 
2.1 Introduction 

Legg-Calvé-Perthes disease (LCPD) is an idiopathic form of osteonecrosis 

of the femoral head that affects children between the ages of 2 and 14 years 

old.125, 126 LCPD can lead to permanent deformity of the femoral head and 

premature osteoarthritis.56 While its underlying cause has not been determined, 

the disease is characterized by a period of disruption to the blood supply 

(ischemia) of the femoral head, with subsequent development of necrosis of the 

tissues of the femoral head.56, 127 Controversy exists regarding the optimal 

treatment protocols for LCPD because its underlying etiology, the ideal method 

for monitoring its progression, and the efficacy of different treatment options have 

not been determined. 56, 57, 128, 129 Prospective studies have found unsatisfactory 

outcomes with both conservative and surgical treatment of LCPD, with patients 

having persistent deformation of the femoral head in 49-64% of cases and 

growth disturbance of the affected hip in approximately 30% of cases.59, 129 

These poor outcomes indicate a complex pathogenesis involving not only 

ischemic injury to the bony epiphysis but also to the growth cartilage surrounding 

the developing femoral head.  

While the major site of ischemic injury in LCPD is the bony proximal 

femoral epiphysis, there is evidence that the epiphyseal growth plate is also 

injured. The structure of the proximal femur in growing individuals includes the 
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epiphysis (where the secondary center of ossification is located), overlying layers 

of epiphyseal and articular cartilage, and the proximal femoral growth plate (i.e., 

physis), which separates the epiphysis from the metaphysis of the femur.29 This 

growth plate is responsible for the longitudinal growth of the femoral neck, and 

injury can lead to proximal femoral growth disturbance in the form of angular and 

shortening deformities.44 The occurrence of growth disruption in a third of LCPD 

patients implicates damage to the proximal femoral growth plate in the course of 

disease.130, 131 This is supported by the histological identification of growth plate 

lesions in patients with LCPD.132 Up to 90% of patients with LCPD also have 

metaphyseal radiolucent changes, which is evidence that injury extends into the 

femoral neck.45, 133 Interestingly, increased diffusion in the metaphysis as 

detected by diffusion MRI has also been shown to be predictive of radiographic 

outcomes including femoral head deformation.134-136 Collectively, these findings 

support that the effects of ischemia on the growth plate and metaphysis are 

important contributors to clinical outcomes for patients with LCPD.   

Given the scarcity of samples for histological assessment from patients 

with LCPD, animal model studies have been critical to advance the 

understanding of this disorder and evaluate diagnostics and treatments. The 

most established model of LCPD involves surgical induction of femoral 

epiphyseal ischemia in piglets, with the contralateral hip acting as an unoperated 

control.137 Previous studies using the piglet model of LCPD have found effects of 

ischemia on the growth plate to vary from mild (thickening of the growth plate) to 
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severe (complete disruption of the growth plate) by 4 to 8 weeks following 

induction of ischemia.45, 69, 137 However, morphologic changes to the growth plate 

have not been reported in the two weeks following induction of ischemia.44, 45, 69 

Furthermore, prior studies did not include histological assessment of the 

metaphysis (which includes the primary spongiosa, where endochondral 

ossification is occurring) at acute time points (<2 weeks following induction of 

ischemia).45, 69 By assessing both the growth plate and the metaphysis together 

in the initial period following ischemic injury, there is an opportunity to develop a 

more complete understanding of the effects of epiphyseal ischemia on growth in 

the early phases of LCPD, potentially leading to identification of lesions relevant 

to pathogenesis, prognosis, and treatment selection.  

The objective of this study was to conduct histological assessment of the 

proximal femoral growth plate and metaphysis in the LCPD piglet model at three 

early time points (2 days, 7 days, and 28 days) following onset of ischemia. 

Evaluation included both qualitative and quantitative histological assessment of 

the growth plate zones and primary spongiosa using histomorphometry and 

immunohistochemical characterization.  

 

2.2 Methods 

Animals 

This work was approved by the Institutional Animal Care and Use 

Committee at the University of Minnesota and Scottish Rite for Children. 28 
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Yorkshire piglets (22 male and 6 female) were sourced from a commercial 

provider (either Change of Pace, Aubrey, TX or Manthei Hog Farm, Elk River, 

MN). Piglets were assigned to one of three post-operative time-points: 2 days 

(n=8), 7 days (n=6), or 28 days (n=14). Group sizes were chosen based on the 

needs of prior studies evaluating quantitative MRI methods.76, 78, 79, 138 At six 

weeks of age, piglets underwent unilateral surgical induction of ischemia to the 

whole proximal femoral epiphysis by placement of a ligature around the femoral 

neck and transection of the ligamentum teres, as previously described.69, 70 

Piglets were operated on by one of two surgeons (HKWK or FT). Two 2-day 

animals and five 28-day animals (all male) underwent surgery at Scottish Rite for 

Children, and the remaining 21 animals (15 male, 6 female) underwent surgery at 

the University of Minnesota. The contralateral hip was unoperated and served as 

a control. Piglets were euthanized with an intravenous injection of potassium 

chloride (75-150 mg/kg) or sodium pentobarbital (100 mg/kg) to allow for 

collection and histological assessment of the femoral heads. The 2-day samples 

(n=8) and a subset of the 28-day samples (n=5) underwent a freeze/thaw cycle 

prior to preparation for histology.  

 

Overview of Histological Methods 

Harvested ischemic and control femoral heads from the piglets were 

bisected in the coronal plane and fixed in 10% neutral buffered formalin. Tissues 

were decalcified using 10% ethylenediaminetetraacetic acid, and 3.0 mm thick 
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mid-coronal slabs were routinely processed. Consecutive 5-µm thick sections 

were collected and were stained with hematoxylin and eosin (H&E), safranin O, 

and toluidine blue. Histological sections (operated and control femoral heads), 

special stains, and immunohistochemical results were assessed in a blinded 

fashion by a board-certified veterinary pathologist (ARA) with four years of 

experience in musculoskeletal pathology with secondary review by a board-

certified veterinary pathologist with over 30 years of musculoskeletal pathology 

experience (CSC). Several techniques were chosen to provide insight into 

morphological changes affecting the growth plate and primary spongiosa. First, 

histomorphometry was used to quantify the thicknesses of the growth plate, 

growth plate zones, and primary spongiosa and the size and number of cells 

within the hypertrophic zone (largest cells and most distinct zone based on 

morphologic features; H&E-stained sections). Second, special stains were used 

to determine the relative proteoglycan content of the chondroid matrix (toluidine 

blue and safranin O staining) and the number of osteoclasts (i.e., the cells 

responsible for bone resorption) within the primary spongiosa (tartrate-resistant 

acid phosphatase [TRAP] staining). Third, immunohistochemistry was performed 

to further assess the mechanism of alteration in growth plate morphology. 

 

Histomorphometry 

Exclusion criteria for histomorphometry were complete full-thickness 

disruption of the growth plate by fibrosis and/or fibrovascular tissue or the 
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presence of a secondary or superimposed disease process (e.g. inflammation). 

Based on these criteria, seven animals did not undergo further assessment: for 

the 2-day time-point, one animal was excluded due to a focal full-thickness 

disruption of the physis; for the 7-day time-point, one animal was excluded due to 

the presence of bacterial osteomyelitis; and for the 28-day time-point, five 

animals were excluded due to full-thickness physeal disruption, which precluded 

meaningful evaluation of the growth plate zones (Appendix 1 - Supplementary 

Figure 1). Thus, in total, 7/8, 5/6, and 9/14 pigs were included in the 

histomorphometry assessment at the 2-, 7-, and 28-day time points, respectively. 

All measurements were performed using ImageJ (version 1.53a; 

imagej.nih.gov/ij)139 with photomicroscopy images collected with NIS Elements D 

(version 5.20.00) using a light microscope (ECLIPSE Ci; Nikon Instruments; 

Melville, NY). The growth plate zones were defined by morphological criteria.31, 39 

To measure the full thickness (i.e., height) of the growth plate and the 

thicknesses of the three physeal zones (resting zone, proliferative zone, and 

hypertrophic zone) and primary spongiosa, three adjacent non-overlapping 4× 

fields were evaluated that included the central portion (approximately 75%) of the 

width of the growth plate, excluding the margins of the sections. Within each 

field, the total growth plate thickness and that of each physeal zone were 

measured five times, including a central measurement, one at either margin of 

the visible field, and measurements at the midpoints between the central 

measurement and the marginal measurement (i.e., the field divided into 
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quarters). Means were generated from the 15 total measurements taken per 

region per sample. Care was taken to avoid vascular profiles or areas of 

distortion of the growth plate zones, with measurements taken from the 

described regions in areas with the most even columnar arrangement of cells.  

 

Hypertrophic Cell Number and Size 

Additional assessment was performed on H&E-stained sections from the 

7- and 28-day samples to measure the number and size of hypertrophic cells. 

Samples that underwent a freeze-thaw cycle were excluded due to confounding 

artifacts for these measurements, including loss of small to moderate numbers of 

hypertrophic chondrocytes, changes in cell morphology (shrinkage), and 

accumulation of eosinophilic material within marrow spaces of the primary 

spongiosa. This left n=4 samples at 7 days (one excluded due to extent of 

chondrocyte cell death and disorganization within the growth plate) and n=4 

samples at 28 days (five excluded due to freeze-thaw cycle). To evaluate the 

number and size of the hypertrophic chondrocytes, five adjacent nonoverlapping 

20× fields were assessed. The widest diameter of 10 randomly selected 

hypertrophic chondrocytes within the 1-2 cell rows nearest the metaphysis were 

measured and the mean was calculated. To determine the mean number of 

hypertrophic chondrocytes, these cells were counted in 10 linear columns per 

20× field, using the same images for assessment as those used to assess 

hypertrophic cell size.  
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Special Stains 

Tartrate-resistant acid phosphatase (TRAP) staining was performed on 

one section per femoral head for piglets at 7 days (n=4) and 28 days (n=4) post-

ischemia to evaluate the number of osteoclasts within the primary spongiosa in 

control and ischemic samples (same animals that were assessed with cell 

counting/measuring as described above). Deparaffinized sections were hydrated 

with water, treated with acetate buffer (0.2M; 20 min), and placed in TRAP stain 

for 1-4 hours (37ºC) until osteoclasts were bright red. To evaluate the number of 

osteoclasts within the primary spongiosa, three adjacent non-overlapping 10× 

fields were evaluated in TRAP-stained sections. All multinucleated cells with 

strong red staining were counted using ImageJ and a mean TRAP-positive cell 

count per 10× field was generated for each femoral head. Additional sections 

were stained with safranin-O and Toluidine blue.  

 

Immunohistochemistry 

Immunohistochemical protocols for TGFβ1 (regulator of chondrocyte 

proliferation and differentiation140) and Indian hedgehog (Ihh; inhibits chondrocyte 

hypertrophy141) were performed on consecutive sections from 7-day (n=4) and 

28-day (n=4) post-ischemia femoral heads and their contralateral controls (the 

same pigs as described for the hypertrophic cell and TRAP measurements). The 

TGFβ1 antibody was purchased from Invitrogen (#PA1-29032) and applied at a 

dilution of 1:100 following trypsin (Biocare) digestion. For Ihh, a polyclonal Ihh 
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antibody from Novus Biologicals (NBP1-59443) was applied at a dilution of 1:100 

following pepsin (Biocare) digestion. Both protocols utilized the Dako Rabbit 

Envision detection system with 3,3’-diaminobenzidine (DAB, brown staining) as 

chromogen and Harris hematoxylin as the counterstain. The distribution and 

immunoreactivity pattern (cytoplasmic, nuclear, membranous) were evaluated for 

both TGFβ1 and Ihh.  

 

Statistical Analysis 

Statistical analyses were performed using GraphPad Prism (version 9.2.0 

for macOS; GraphPad Software; San Diego, CA). Within each time-point, control 

and ischemic femoral head histomorphometry values (total physis thickness, 

mean zonal thicknesses, and mean primary spongiosa thickness) were 

compared with two-tailed paired t-tests. To determine the difference in overall 

growth plate thickness between the three time points, one-way analysis of 

variance was used. For all tests, p<0.05 was considered statistically significant. 

 

2.3 Results 

Histological Findings 

 Two days following ischemia (n=7), histological evaluation of the growth 

plate identified minimal changes in the H&E-stained sections. Chondrocyte cell 

death was not observed in the growth plate and there was no fibrosis, 
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microfracture, inflammatory infiltrate, or osteolysis observed at the growth plate 

or within the epiphysis. The primary spongiosa was present. 

By 7 days post-ischemia (n=5), morphological alterations to the growth 

plate were readily apparent in H&E-stained sections. Chondrocyte cell death was 

frequent and widespread, with multifocal areas of chondrocyte cell death in the 

physis in 4/5 samples (Figure 2-1A, 2-1B). Loss of intensity of safranin O and 

toluidine blue staining from the growth plate matrix directly corresponded with 

areas of chondrocyte cell death. The primary spongiosa was markedly thinned to 

absent in all the examined ischemic samples (n=5), with an abrupt transition from 

the hypertrophic zone to the bone and bone marrow of the metaphysis (Figures 

2-2, 2-3).  

 By 28 days post-ischemia (n=9), morphologic changes were more variable 

between individual samples. Chondrocyte cell death was seen in 8/9 samples but  

varied in extent, with some samples demonstrating chondrocyte cell death 

confined to the resting zone while others had widespread chondrocyte cell death 

or focal areas of full-thickness chondrocyte cell death additional zones (Figure 2-

1C). Changes to the primary spongiosa were similar to those observed in the 7 

day samples, with thinning to absence of the primary spongiosa and abrupt 

transition from the growth plate to subchondral bone and marrow spaces.   
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Figure 2-1. Histological lesions within the proximal femoral growth plate at 7 days 

and 28 days post-ischemia. (A) Focal region of chondrocyte cell death affecting the 
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resting and proliferative zones at 7 days post-ischemia outlined in black. Inset (40×) 

shows chondrocyte cell death within area indicated by box, characterized by 

condensation and eosinophilia of chondrocytes with loss of nuclear detail. * = necrotic 

vascular profile containing cellular debris. H&E, 10×. (B) A large variably well-defined 

region of chondrocyte cell death affecting the proliferative zone at 7 days post-ischemia 

(within black outline); inset shows 40× magnification of chondrocyte cell death indicated 

by box. H&E, 4×. (C) At 28 days post-ischemia, there is a large area of chondrocyte cell 

death (outlined in black) affecting the proliferative zone (inset shows detail from area in 

box at 40×), with smaller numbers of dead chondrocytes in the resting zone. Several 

columns of chondrocytes in the hypertrophic zone also appear to be undergoing 

necrosis, with fading nuclear detail and increased cytoplasmic eosinophilia (arrows). 

H&E, 10×. 

  



 39 

Histomorphometry Findings 

The resting zone, bordering the bony epiphysis, was of similar thickness in 

ischemic and control samples until 28 days following induction of ischemia, when 

it was significantly thickened in ischemic samples (p=0.009; Table 2-1). The 

mean thickness of the proliferative zone was consistently reduced (thinned) in 

the ischemic growth plates by 2 days following ischemia (p=0.009; Figure 2-2A, 

B). This thinning persisted at 7 days (p=0.041) and 28 days (p=0.049) days 

following induction of ischemia. Similarly, the hypertrophic zone was thinned by 2 

days (p=0.015) with thinning persisting at 7 days (p=0.026) and 28 days 

(p=0.0003) following induction of ischemia (Figure 2-2A-F). Interestingly, the 

primary spongiosa was thickened in all (7/7) of the ischemic samples at 2 days 

following induction of ischemia (p=0.041) but was thinned as compared to the 

control primary spongiosa at 7 days (p=0.020) and 28 days (p=0.003) following 

induction of ischemia (Figure 2-2A-F; Figure 2-3). This thinning of the primary 

spongiosa affected all animals at 7 days (5/5) and most animals at 28 days (8/9). 

The total growth plate thickness (including resting zone, proliferative zone, and 

hypertrophic zone) was not significantly different between ischemic and control 

growth plates at any time point (Table 2-1). There was no significant difference in 

the total growth plate thickness between time points within either the control 

(p=0.440) or ischemic (p=0.103) growth plates.  
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Table 2-1. Histomorphometry of the proximal femoral growth plate.  
Timepoint Mean 

thickness, 
physis 
(µm) 

Mean 
thickness, 
resting 
zone (µm) 

Mean 
thickness, 
proliferative 
zone (µm) 

Mean 
thickness, 
hypertrophic 
zone (µm) 

Mean 
thickness, 
primary 
spongiosa 
(µm) 

2 days (n=7)      
Control 767.0 (90) 285 (66) 330 (78) 108 (11) 404 (116) 
Ischemic 697 (105) 305 (63) 267 (66) 89 (15) 458 (150) 
p-value  0.086 0.155 0.009 0.015 0.041 
7 days (n=5)      
Control 845 (161) 262 (37) 421 (104) 181 (33) 453 (179) 
Ischemic 711 (71) 271 (22) 311 (44) 100 (23) 141 (62) 
p-value 0.142 0.518 0.041 0.026 0.020 
28 days 
(n=9) 

     

Control 799 (68) 243 (62) 377 (65) 168 (46) 345 (96) 
Ischemic 799 (100) 314 (114) 325 (78) 119 (36) 296 (80) 
p-value 0.998 0.009 0.049 <0.001 0.003 

Values reported = mean (SD).  
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Figure 2-2. Thinning of the proliferative zone, hypertrophic zone, and primary 

spongiosa at 2-, 7-, and 28-days post-ischemia. (A) and (B) By 2-days post-induction 

of ischemia, the mean thickness of the proliferative zone and hypertrophic zone were 

thinned in ischemic femoral heads (right), with thickening of the primary spongiosa. (C) 
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and (D) By 7-days post-induction of ischemia, the mean thickness of the proliferative 

zone, hypertrophic zone, and primary spongiosa were thinned in ischemic femoral heads 

as compared to controls. (E) and (F) By 28-days post-induction of ischemia, the mean 

thickness of the proliferative zone, hypertrophic zone, and primary spongiosa were 

thinned in ischemic femoral heads as compared to controls, with thickening of the resting 

zone of the ischemic growth plates (right) as compared to the control growth plates (left). 

H&E, 4×. Magenta arrows = resting zone; light blue arrows = proliferative zone; yellow 

arrows = hypertrophic zone; black arrows = primary spongiosa.  
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Figure 2-3. Abrupt transition with loss of primary spongiosa at 7 days and 28 days 

following induction of ischemia. (A) Control growth plate (left) in a piglet 7 days 

following induction of ischemia at the contralateral hip demonstrating distinct primary 

spongiosa characterized by trabeculae of mineralized chondroid matrix (purple 

trabeculae within bracketed zone), extending down from the hypertrophic zone, which is 

populated by several layers of loosely columnar hypertrophic chondrocytes that are 

approximately equal in width and height. (B) Abrupt transition in a representative 

example at 7 days following induction of ischemia with nearly complete absence of 

primary spongiosa. Scant chondroid matrix forms short, irregular trabeculations (black 

arrow) that abruptly transition to marrow contents and remodeled bone (eosinophilic 

trabeculae; white arrow). (C) At 28 days following induction of ischemia, there is an 

absence of distinct primary spongiosa with abrupt transition to broad, blunted and 

anastomosing trabeculae composed of a mix of chondroid and osseous matrix. H&E, 

10×. 
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Hypertrophic Cell Number and Size 

By 7 days post-ischemia, the mean cell diameter of chondrocytes in the 

hypertrophic zone of the ischemic femoral head was significantly less than that of 

control hypertrophic chondrocytes (p=0.011; Table 2-2). The mean cell number 

per column within the hypertrophic zone was also reduced in the ischemic 

samples as compared to the controls (p=0.007), and this difference persisted at 

28 days post-ischemia (p=0.007).  

 

Osteoclast Cell Number 

The mean number of osteoclasts within the primary spongiosa based on 

TRAP staining did not vary significantly between ischemic and control growth 

plates at either time point (Table 2-2).  
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Table 2-2. Hypertrophic zone histomorphometry.  
 Mean cell 

diameter (µm) 
Mean cell number* per 
10 columns of 
hypertrophic cells (20× 
field) 

Mean osteoclast 
number, primary 
spongiosa (10× 
field) 

7 days (n=4)    
Control 29.5 (2.0) 61.8 (6.9) 47.8 (9.6) 

Ischemic 23.2 (1.5) 41.4 (6.9) 41.0 (5.4) 
p-value 0.011 0.007 0.427 

28 days (n=4)    
Control 28.2 (1.8) 62.0 (4.3) 55.8 (17.5) 

Ischemic 25.9 (1.2) 46.0 (1.6) 39.4 (17.9) 
p-value 0.095 0.007 0.262 

*Cell count = mean number of hypertrophic chondrocytes in 10 adjacent columns 
within the hypertrophic zone (SD).  
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Immunohistochemistry Findings 

TGF-β1 expression was uniformly strong in the resting zone chondrocytes 

at all time points and in both ischemic and control growth plates. At 7 days post-

ischemia, the hypertrophic zone chondrocytes in the ischemic growth plates had 

moderate to strong cytoplasmic expression of TGF-β1, which was absent in the 

control growth plates (Figure 2-4). At 28 days post-ischemia, this pattern of 

immunoreactivity was not observed in the hypertrophic zone, with expression 

only within the resting zone in both the control and ischemic growth plates. This 

suggests that TGF-β1 plays a role in cessation of endochondral ossification in 

the more acute phase following induction of ischemia, but this effect did not 

persist to 28 days following induction of ischemia.  

Indian hedgehog (Ihh) was expressed ubiquitously throughout the growth 

plate zones at all time points, without significant variation in expression between 

ischemic and control growth plates, suggesting that Ihh expression by growth 

plate chondrocytes is not altered during the acute period following induction of 

ischemia.  
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Figure 2-4. Expression of TGF-β1 by the hypertrophic zone chondrocytes at 7 

days post-ischemia but not at 28 days post-ischemia. (A) Control (left) and (B) 

growth plates from ischemic samples (right) at 7 days following induction of ischemia. 

Control and ischemic samples have strong cytoplasmic immunoreactivity (brown) within 

most resting zone chondrocytes (indicated by black brackets), with strong cytoplasmic 

immunoreactivity within hypertrophic zone chondrocytes in the ischemic sample only 

(inset, brown). Some of the resting zone chondrocytes lack counterstain in the ischemic 

sample due to chondrocyte cell death. 4×. Inset, 20×. (C) Control and (D) ischemic 
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growth plates at 28 days following induction of ischemia have strong cytoplasmic 

immunoreactivity within most resting zone chondrocytes (brown), without expression in 

the other growth plate zones. 4×. Inset shows higher magnification (20×) of 

chondrocytes without TGF-β1 expression within the hypertrophic zone. 
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2.4 Discussion 

 Our results indicate that the proximal femoral growth plate and primary 

spongiosa are impacted within 2 days of onset of epiphyseal ischemia in piglets, 

with persistence of abnormal morphology at 28 days post-ischemia. We found 

that the proliferative and hypertrophic zones of the growth plate were persistently 

thinned at 2, 7, and 28 days following ischemic injury. This finding was 

accompanied by profound thinning of the primary spongiosa at 7 and 28 days 

without concurrent increases in osteoclast activity, indicating a disruption of 

endochondral ossification. We also observed TGF-β1 expression within the 

hypertrophic zone of the ischemic femoral heads at 7 days following induction of 

ischemia, but expression was absent in the hypertrophic zone by 28 days. Our 

findings suggest growth at the proximal femur may be disrupted at an earlier 

timepoint than previously reported.  

By assessing the growth plate and primary spongiosa together, we were 

able to appreciate the effects of ischemia on multiple unique types of tissue 

involved in the process of endochondral ossification. The thinning of the 

proliferative and hypertrophic zones at 2, 7, and 28 days following induction of 

ischemia suggest that growth disruption may occur earlier than previously 

thought. The longitudinal growth of bones depends largely upon the rates of 

proliferation and hypertrophy of the growth plate chondrocytes.142, 143 In our 

study, we found that both the zone of proliferation and zone of hypertrophy were 

thinned in response to epiphyseal ischemia and that this thinning was already 
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evident at 2 days following induction of ischemia. Early studies in a rabbit model 

of osteonecrosis found similar reduction in the layers of chondrocytes within the 

growth plate to those reported here144 and determined that disruption of the 

resting zone of the growth plate had major impacts on endochondral ossification, 

suggesting this zone was most important regarding growth potential.145 In 

contrast, while there may be biochemical effects on the resting zone secondary 

to ischemia prior to 28 days following ischemic injury, in our study the thickness 

of the resting zone was not significantly altered until 28 days following ischemia. 

The growth plate zones have different functions and may respond differently to 

injury, with varying impacts on endochondral ossification.145 These findings 

suggest early (<28 days) assessment of the thickness of the zones of 

proliferation and hypertrophy might demonstrate the extent of ischemic injury 

prior to these types of injury becoming apparent at the resting zone, despite its 

closer proximity to the bony epiphysis.  

In contrast to a previous study that did not identify metaphyseal changes 

prior to 28 days following ischemic injury, we observed significant variation in the 

primary spongiosa thickness at all time points.45 Interestingly, the primary 

spongiosa was thickened at 2 days following induction of ischemia in all (7/7) of 

the examined ischemic femoral heads as compared to the controls. This 

suggests the effects of epiphyseal ischemia, including thinning of the proliferative 

and hypertrophic zones, precedes the interruption of endochondral ossification at 

the primary spongiosa. We also found the effects on the primary spongiosa to be 
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highly uniform at the examined timepoints, with the primary spongiosa thinned in 

eight of nine animals in our study and altered in just one of fourteen animals at 

28 days post-ischemia.45 Histologically, lesions in the primary spongiosa were 

limited to cessation of endochondral ossification with thinning of the primary 

spongiosa, without any animals developing retained tongues of growth plate 

cartilage or diffuse resorption of the growth plate cartilage.45 The frequency of 

primary spongiosa disruption and the variability in histological appearance 

between studies using this model reinforces the importance of including 

examination of the metaphysis in studies of growth disturbance in LCPD that use 

this model.   

Our findings suggest that TGF-β1 expression is temporally regulated in 

response to ischemia. TGF-β1 has important roles in maturation of chondrocytes 

within the proliferative and hypertrophic zones, and the roles in different zones 

are thought to vary in the mechanisms of action.146 The increased expression of 

TGF-β1 by hypertrophic chondrocytes at 7 days post-ischemia but not at 28 days 

post-ischemia suggests some temporal specificity of TGF-β1 regulation related to 

the acute stage of ischemia. Transforming growth factor βs (TGFβs) are secreted 

proteins that bind to a variety of receptors to trigger kinase activities, and past 

studies have found treating chondrocytes with TGF-β1 decreases Ihh.147 Ihh 

stimulates chondrocyte proliferation through by promoting synthesis of 

parathyroid related protein.148 Despite the relationship between these factors, we 

did not identify decreases in Ihh expression in ischemic samples at either 7- or 
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28-days following ischemia. There are several possible reasons for the lack of an 

observed effect on Ihh expression, including 1) the magnitude of increase in 

TGF-β1 within the hypertrophic zone was not great enough to cause a noticeable 

alteration on Ihh expression, 2) Ihh expression was not altered at the time points 

examined, or 3) a different mechanism is responsible for the observed decrease 

in proliferation by growth plate chondrocytes. 

Our study has several limitations. First, immunohistochemistry was not 

conducted on 2-day specimens, with only four piglets per time point assessed at 

7 and 28 days. However, the findings in this subset of animals were quite uniform 

and suggest a strong effect, given the consistency of the results. Second, 

immunohistochemical evaluation was limited to two antibodies. Additional 

antibodies relevant to growth plate biology (RUNX2, osteocalcin, SOX9, type II 

and X collagen, VEGF) underwent evaluation and were not selected for further 

work-up due to lack of specificity and/or poor immunoreactivity or artifactual loss 

of cartilage from decalcified porcine tissues. The developmental biology of the 

growth plate is complex and there are many markers of chondrocyte 

differentiation and signaling that have high potential for future investigations. 

Given the unique structural arrangement of the growth plate with distinct 

morphological zones, novel spatial transcriptomic techniques may provide a 

better opportunity to shed light on the mechanistic role of ischemia in growth 

plate injury.149 Lastly, this study was limited to histological assessment. The 

addition of MRI assessment of the growth plate and metaphysis could extend 
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findings to three dimensions and create a direct link to imaging techniques that 

can be utilized in children with LCPD, highlighting possible clinical applications as 

we develop an increased understanding of injury to the growth plate and 

metaphysis secondary to epiphyseal ischemia.76, 79  

In conclusion, femoral epiphyseal ischemia has a significant impact on the 

proximal femoral growth plate morphology and function as early as 2 days 

following induction of ischemia. These acute effects of ischemia lead to 

disruption of endochondral ossification and persist to 28 days post-ischemia. 

Given the frequency with which children with LCPD may experience disruptions 

in growth of the proximal femur, these alterations in the piglet model may provide 

the opportunity to study growth disturbances and evaluate the efficacy of 

interventions in affected individuals.  
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Chapter 3: Naturally occurring osteochondrosis latens 

lesions identified by quantitative and morphological 10.5T 

MRI in pigs  

3.1 Introduction 

Juvenile osteochondritis dissecans (JOCD) is a pediatric orthopaedic 

disorder affecting the articular-epiphyseal cartilage complex and the underlying 

subchondral bone. Clinically apparent disease is characterized by pain and gait 

deficits that are associated with a focal delay of endochondral ossification and, in 

a subset of patients, development of chondrosseous flaps and fragments. 

Lesions are most commonly diagnosed in the knee (distal femur), elbow (distal 

humerus), and ankle joints of young athletes and, if left untreated, they may 

progress to early-onset osteoarthritis.86 Although the exact pathogenesis of 

JOCD in people remains incompletely understood, the ischemic theory, 

implicating disruption of endochondral ossification secondary to ischemic 

necrosis of the epiphyseal cartilage, has recently been gaining traction.85, 97  

Much of the current understanding of JOCD in humans stems from 

extrapolating findings from osteochondrosis (OC) in animals, a disorder that 

shares the imaging, histologic and clinical features of JOCD.20, 150  Histological 

sentinel studies conducted at JOCD predilection sites in asymptomatic juvenile 

pigs and horses have identified two early stages of OC that precede the 

formation of the osteochondral clefts and fragments that are characteristic 
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features of the late stage of disease, termed osteochondrosis dissecans 

(OCD).84, 150 The earliest lesions, termed osteochondrosis latens (OCL), are 

confined to the epiphyseal cartilage and consist of areas of chondrocyte necrosis 

associated with necrotic cartilage canals, often accompanied by matrix 

degeneration. Delayed ossification of these necrotic areas of epiphyseal cartilage 

is known to result in radiographically apparent focal failure of endochondral 

ossification, consistent with progression to the next stage of the disease, termed 

osteochondrosis manifesta (OCM).32, 84, 151, 152 Exposure of OCM lesions to 

biomechanical trauma is believed to trigger formation of osteochondral flaps and 

fragments, characteristic of OCD. Importantly, regions of epiphyseal cartilage 

necrosis consistent with OCL and OCM recently have been identified in biopsy 

specimens obtained from predilection sites in cadavers of children, bolstering 

support for the theory of a shared pathogenesis between JOCD and OC.87 

Identification of a characteristic, avascular region in the epiphyseal cartilage at 

the distal femoral JOCD/OC predilection sites using specialized MRI techniques 

in juvenile humans and pigs also supports the notion of shared pathophysiology 

across species.97, 105 Indeed, this avascular region was absent in juvenile goats, 

a species that does not naturally develop OC, further supporting the role of 

vascular failure in the pathogenesis of JOCD/OC.97  

Due to limited access to cadaveric specimens of children for histological 

evaluation, further understanding of the pathophysiology of JOCD requires the 

development of a non-invasive approach that can identify and monitor the 
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progression and/or resolution of OCL and OCM lesions in vivo. Implementation of 

quantitative and morphologic MRI techniques in animal models of orthopaedic 

disorders that are characterized by ischemic necrosis of the epiphyseal cartilage 

(OC and Legg-Calvé-Perthes Disease) demonstrated the sensitivity of T2 and 

T1ρ relaxation time maps to acute ischemic injury, suggesting that these are 

suitable methods to further examine the pathophysiology of JOCD.76, 78, 81 These 

quantitative cartilage mapping methods have been used to identify surgically 

induced OCL and OCM lesions in a goat model of OC by focusing on specific 

areas that were rendered ischemic after transection of cartilage canal vessels.81, 

153 The use of these imaging methods to identify naturally occurring OCL and 

OCM lesions at predilection sites has not previously been accomplished.  Doing 

so would demonstrate their value as research tools and diagnostic methods for 

children suspected of developing OCL or OCM lesions.   

The objective of the current study was to demonstrate the utility of non-

invasive MRI methods in identifying naturally occurring OCL and OCM lesions in 

the distal femoral and humeral predilection sites in cadaveric specimens of intact 

knee and elbow joints obtained from juvenile pigs. The nearly 100% prevalence 

of OCL and OCM lesions in both the distal femur and distal humerus in 12-week-

old pigs, along with a joint size that is small enough to allow exhaustive 

histological evaluation for validation of the accuracy of the MRI techniques, 

supported the selection of these animals for the proposed study. Performing 

these studies at 10.5T provided the highest sensitivity for identifying and 
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characterizing these lesions with future studies planned to investigate the 

translatability of these techniques to in vivo studies at lower, clinical field 

strengths (≤7T). 

3.2 Methods 

Animals 

Unilateral elbows (n=3) and knees (stifles) (n=3) were harvested 

immediately after euthanasia from three male Yorkshire-cross piglets aged 4, 8 

and 12 weeks. These ages were chosen to include: 1) an age prior to that when 

OCL and OCM lesions at these sites have been reported (4 weeks); and 2) ages 

in which OCL and OCM lesions would likely be present (8 and 12 weeks, 

respectively).33, 154 The University of Minnesota Institutional Animal Care and Use 

Committee approved the reported experiments (IACUC # 2004-38082A). 

Imaging 

Intact joint specimens were scanned in a whole-body 10.5-T MRI 

scanner155 using an 8-channel dipole transceiver head coil.156, 157 Morphological 

images were acquired with a 3D DESS (repetition time/echo time (TR/TE)= 

21/6.2 ms, resolution= 0.3×0.3×0.3 mm3) using a 19-minute scanning time. T2-

weighted images were acquired with a 2D multiecho spin echo sequence with fat 

suppression (TR= 5800 ms, 13 TEs= 10.4-135.2 ms, resolution= 0.3×0.3×1.5 

mm3) and a 37-minute scanning time. T1ρ-weighted images were acquired using 

an adiabatic T1ρ-prepared 3D turbo spin echo sequence (TR = 6000 ms, 6 spin-

lock times = 0-80 ms, spin-lock frequency = 500Hz, resolution = 0.45×0.45×2.0 
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mm3) and a scanning time of 25 min. Imaging parameters are listed in Table 3-1. 

T2 and T1ρ maps were calculated by fitting a mono-exponential function to MR 

signal decay using a non-linear least-square fitting routine in MATLAB (v2019b; 

MathWords; Natick, MA). Clearly demarcated areas of increased signal intensity 

in 3D DESS, T2- and T1ρ-weighted images within the articular-epiphyseal 

cartilage complex were considered suspicious for the presence of OCL and/or 

OCM lesions. 
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Table 3-1. 10.5T MRI imaging parameters. 
 
 

 

 

 

 

 

 

  

Acquisition Parameters 3D-DESS T2 FS T1ρ 
Sequence Double Echo 

Steady State 
2D Multi Echo 

Spin Echo 
3D Turbo Spin 

Echo 
Repetition time (ms) 21 5800 6000 
Echo time (TE)/ 
Spin lock (SL) time (ms) 6.2 13 TEs: 10.4-

135.2 ms 
6 SL times: 0-80 

ms 
Echo train length 2 13 280 
Number of averages 1 1 1 
Field of View (mm) 128×128 128×128 173×173 
Matrix size 384×384 384×384 384×384 
Resolution (mm) 0.33×0.33 0.33×0.33 0.45×0.45 
Slices / Thickness (mm) /0.33 /1.5 /2 
Flip Angle (degrees) 60 180 180 
Pixel bandwidth (Hz/px) 128 250 766 
Spin-Lock Frequency (Hz) n/a n/a 500 
Scan Time (min) 18:42 37:30 24:36 
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Histology 

At the conclusion of the MRI sessions, the joints were disarticulated, and 

distal humeri and femora were fixed in 10% neutral buffered formalin, decalcified 

in 10% ethylenediaminetetracetic acid, and serially sectioned in the sagital plane 

into 2.0 mm thick slabs that spanned the total thickness of the epiphysis. 

Individual slabs (approximately 7-9/site) were processed into paraffin blocks for 

histological evaluation. At least two 5-μm-thick sections were collected from the 

surface of each slab and stained with hematoxylin & eosin (H&E). Additional 

serial sections at 50-µm intervals were obtained and stained with H&E to confirm 

all OCL and OCM lesions identified in the evaluated specimens (approximately 4-

10 sections per suspected lesion). Histological sections were assessed by a 

board-certified veterinary pathologist with experience in musculoskeletal 

pathology (ARA). OCL lesions were defined as areas of chondronecrosis 

associated with necrotic vascular profiles that were confined to the epiphyseal 

cartilage.32 OCM lesions were defined as areas of chondronecrosis in the 

epiphyseal cartilage that were accompanied by a delay in endochondral 

ossification.32 

 

MRI Data Analysis 

First, 3D DESS, T2- and T1ρ- weighted images were qualitatively 

evaluated by a blinded investigator for the presence of discrete areas of 

increased signal intensity (ROIs) suggestive of the presence of OCL and OCM 
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lesions and compared to the location and size of histologically identified OCL 

(areas of chondronecrosis) and OCM (areas of chondronecrosis with delay of 

endochondral ossification) lesions. Subsequent quantitative evaluation of the 

lesion region was performed by transferring the ROIs onto the corresponding T2 

and T1ρ maps. For precise delineation of the ROIs, the position (i.e., distance 

from articular cartilage surface) and size of the lesions were first measured in 

ImageJ (Version 1.53a) in the histological sections by a board-certified veterinary 

pathologist before co-registration to the corresponding MR images. In samples 

with multiple discrete lesions, the largest lesion was used for MRI assessment 

and statistical analysis. Control ROIs were designated in comparably sized, 

histologically unaffected areas. Average T2 and T1ρ relaxation times were 

calculated from the ROIs comprising each OCL and OCM lesion and control 

regions.  

 

Statistical analysis 

To determine the difference between the lesion and adjacent control ROIs, 

the mean T2 and T1ρ relaxation times from ROIs were compared using paired t-

tests. First, the comparison was performed separately for the OCL and for the 

OCM lesions and their respective control ROIs.  Then, comparisons were made 

across all lesions (OCL and OCM) and control ROIs. Statistical analyses were 

performed using GraphPad Prism (version 9.2.0 for macOS, GraphPad Software, 

San Diego, CA). For all tests, p<0.05 was considered statistically significant. 
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3.3 Results 

Gross and Histological Assessment 

On gross examination, a focal region accompanied by delay of 

endochondral ossification was present in the 12-week-old humeral specimen at 

the trochlea. The other specimens were grossly normal. Histological analysis of 

sections corresponding with MRI slices containing suspected OCL and/or OCM 

lesions confirmed their presence in all suspected MRI locations (Table 3-2), 

which included all distal humeri (3/3) and one distal femur (1/3; 12-week-old) 

(Figures 3-1, 3-2, 3-3, and 3-4). Comprehensive histological evaluation of all 

distal humeri and femora failed to identify any additional OCL or OCM lesions 

that were not identified by MRI. Thus, the MRI techniques used in this study 

allowed detection of all lesions present in the evaluated joints.  

Solitary OCL lesions were identified in one humeral (4-week-old) and one 

femoral (12-week-old) specimen, while the 8-week-old humeral specimen had 

three distinct OCL lesions, the largest of which was used for the quantitative 

comparisons (Figure 3-2). All humeral lesions were located at the trochlea of the 

distal humerus, whereas the distal femoral lesion was located at the medial 

condyle. The OCL lesions (n=5) were discrete areas within the epiphyseal 

cartilage characterized by loss of staining (pallor) of the matrix surrounding a 

central arboriform vascular profile with necrotic endothelium and necrosis of the 

adjacent chondrocytes. The OCM lesions (n=2) were identified in the 12-week-

old pig, one in the distal humeral trochlea and one in the medial femoral condyle. 
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The OCM lesion (Figure 3-3) in the distal humerus was accompanied by an 

additional, separate, and discrete area of epiphyseal cartilage necrosis that was 

diagnosed as a small OCL lesion. The OCM lesion at this site included a 

localized area of necrosis and clefting at the chondrosseous junction, with 

expansion of the underlying marrow spaces by granulation tissue and resorption 

of subchondral bone by osteoclasts, indicative of some degree of chronicity 

(Figure 3-3). In contrast, the OCM lesion at the distal femur in the 12-week-old 

pig lacked bone resorption and fibrosis (Figure 3-4).  This lesion was 

characterized by a focal delay of endochondral ossification accompanied by 

vascular necrosis affecting a central vascular profile within the region of delayed 

endochondral ossification and several regional vascular profiles within the 

epiphyseal cartilage that were arranged in an arboriform pattern.  

The maximum extent of the OCL lesions, measured in histological 

sections, were 2.5 mm and 3.3 mm in the 4-week and 8-week specimens, 

respectively. The OCM lesion in the 12-week humeral and femoral specimens 

both had a maximum extent of 6.5 mm (Table 3-2).   
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Table 3-2. Histological characteristics of lesions identified by 10.5T MRI. 
Specimen Joint 

affected 
Site Maximum 

width* 
(mm) 

Maximum 
thickness** 
(mm) 

Histologic features Diagnosis 

4-week Elbow Humerus 
- 
trochlea 

2.5 mm 1.5 mm Epiphyseal 
chondronecrosis 
Necrotic vascular 
profiles 

OCL 

8-week Elbow Humerus 
- 
trochlea 

3.3 mm 1.5 mm Epiphyseal 
chondronecrosis 
Necrotic vascular 
profiles 

OCL 

12-week Elbow Humerus 
- 
trochlea 

6.5 mm 2 mm Epiphyseal 
chondronecrosis 
Necrotic vascular 
profiles 
Delay of 
endochondral 
ossification 
Cleft formation 
without displacement 
Bone resorption, 
Myelofibrosis 

OCL, 
OCM 

12-week Knee/stifle Femur – 
medial 
condyle 

6.5 mm 5.4 mm Epiphyseal 
chondronecrosis 
Necrotic vascular 
profiles  
Delay of 
endochondral 
ossification 

OCM 

OCL = osteochondrosis latens. OCM = osteochondrosis manifesta. Italics = 

diagnostic features.  

* Width of lesions were measured in the serial histological section that captured 

the lesions at their largest point and refers to the greatest extent of the lesion as 

measured in the plane approximately parallel to the underlying chondrosseous 

junction.  

** Thickness refers to the maximum thickness of affected cartilage as measured 

in the plane perpendicular to the chondrosseous junction.  
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Figure 3-1. OCL lesion at the distal humerus of a 4-week-old pig. A) A 

hyperintense region within the cartilage in the 3D DESS image (indicated by 
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white arrow) that corresponds to B) an area with increased T2 values (orange 

and yellow) within the articular epiphyseal cartilage complex (black arrow) in the 

T2 map with C) corresponding histological section showing associated region of 

chondrocyte necrosis with matrix pallor (outlined in black), consistent with an 

OCL lesion in the distal humerus of a 4-week-old pig. White clefts between the 

cartilage (purple) and marrow and bone of the epiphysis and metaphysis are 

artifactual. Hematoxylin & eosin (H&E), 0.5× magnification. D) Corresponding 

T1ρ map with increased T1ρ values in the OCL lesion (black arrow). E) Higher 

magnification image (20x) showing localized area of chondronecrosis centrally 

(bordered by dotted lines) characterized by matrix pallor and chondrocytes that 

are pyknotic and eosinophilic with loss of detail (chondrocyte cell death). H&E. 

10× magnification; scale bar = 100 μm. F) Higher magnification image (40x) of 

the area indicated by the box bordered by dashed lines in E) demonstrating 

necrotic chondrocytes (black arrowheads) with diffuse eosinophilia and 

condensed morphology as compared to unaffected neighboring chondrocytes 

(lower left). H&E. 40× magnification; scale bar = 20 μm. 
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Figure 3-2. OCL lesions at the distal humerus of an 8-week-old pig. A) Three 

distinct neighboring hyperintense (white to pale gray) regions within the 

cartilage on 3D DESS (white arrows) that corresponds to B) areas with 

increased T2 values (orange and yellow) within the articular epiphyseal cartilage 

complex (black arrows) in the T2 map with C) corresponding histological section 

showing associated regions of chondrocyte necrosis with matrix pallor (outlined 

in black), consistent with OCL lesions in the distal humerus of an 8-week-old 

pig. H&E. 0.5× magnification. D) Corresponding T1ρ map with increased T1ρ 

relaxation times (orange and yellow) in the OCL lesions (black arrows).  
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Figure 3-3. OCM lesion at the distal humerus of a 12-week-old pig. A) A 

hyperintense region within the cartilage in the 3D DESS image (white arrows) 

that corresponds to B) an area with increased T2 values (yellow to green) within 

the articular epiphyseal cartilage complex (black arrows) in the T2 map with C) 

corresponding histological section showing associated region of thickened 

articular-epiphyseal cartilage complex with delay of endochondral ossification 

and locally extensive subjacent chondroid matrix necrosis (outlined in black), 

consistent with OCM in the distal humerus of a 12-week-old pig. H&E. 0.5× 

magnification. D) Corresponding T1ρ map with increased T1ρ values (orange 

and yellow) in the OCM lesion (black arrows). E) High magnification image 

oriented with the articular surface towards the top of the panel (not pictured) 

showing clefting between the thickened articular-epiphyseal cartilage complex 

and the subjacent area of necrosis, with fibrosis extending into the subchondral 

bone (bright pink). H&E. 10× magnification; scale bar = 100 μm. F) High 

magnification image (40x) from the box in E) demonstrating necrotic 

chondrocytes (black arrowheads), overlying a cleft (*) and accumulation of 

eosinophilic necrotic debris. H&E. 40× magnification; scale bar = 50 μm. 
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Figure 3-4. OCM lesion at the distal femur of a 12-week-old pig. A) A 

hyperintense region (white arrow) within the cartilage in the 3D DESS image 

(white to pale gray) that corresponds to B) an area with increased T2 values 

(orange to yellow) in a wedge shape within the articular epiphyseal cartilage 

complex (black arrow) in the T2 map with C) corresponding histological section 

showing a region of focal delay of endochondral ossification and chondrocyte 

necrosis with matrix pallor (black circle), consistent with OCM in the distal femur 
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of a 12-week-old pig. H&E. 0.5× magnification; scale bar = 5 mm. D) 

Corresponding T1ρ map with increased T1ρ values (orange and yellow) in the 

OCM lesion (black arrow). E) High magnification image oriented with articular 

surface towards the top of the panel (not pictured) showing focal delay of 

endochondral ossification (black arrows) and pale matrix and necrotic 

chondrocytes. H&E. 4× magnification; scale bar = 500 μm. F) High 

magnification image of the area indicated by the box in E) demonstrating 

necrotic chondrocytes (black arrowheads) with diffuse eosinophilia and pallor of 

the associated matrix surrounding a necrotic vascular profile (*). H&E. 20× 

magnification; scale bar = 50 μm. 
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Morphological and Quantitative MRI Assessment 

The mean T1ρ and T2 relaxation time values were increased by 20% and 

26.9% in the 4-week-old humeral OCL ROI and by 43.9% and 33.7% in the 8-

week-old humeral OCL ROI compared to their respective control ROIs (Table 3-

3). Values in the 12-week-old specimens were increased by 10.3% (T1ρ) and 

5.9% (T2) in the humeral OCM ROI and 15.4% (T1ρ) and 12.6% (T2) in the 

femoral OCM ROI compared to their respective control ROIs (Table 3). The 

comparison of all lesion ROIs (OCL and OCM) to their paired control ROIs 

showed a statistically significant increase in both the mean T2 (n=4, p=0.047) 

and mean T1ρ (n=4, p=0.035) relaxation times. The magnitude of this increase 

was similar for both the T1ρ and T2 values (Table 3-3). The OCM lesion in the 

12-week-old humerus had increased T2 and T1ρ values within the AECC, 

coupled with small increases in signal extending into the subjacent epiphysis 

within the area of focal thickening of the epiphyseal cartilage (Figure 3-3).  

Additionally, qualitative visual assessment of 3D DESS images showed 

increased signal intensities in the locations corresponding to in OCL and OCM 

lesions and no increased signal was detected in the control regions as 

demonstrated in Figures 3-1, 3-2, 3-3, and 3-4 (A in panels).  
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Table 3-3. Comparison of T2 and T1ρ relaxation times between lesion ROIs 
and control ROIs. 

Specimen Control 
T2 (ms) 

Lesion 
T2 (ms) 

T2 % 
Increase 

Control 
T1ρ (ms) 

Lesion T1ρ 
(ms) 

T1ρ % 
Increase 

4-week 
Humerus 

70.65 89.65 26.9% 78.75 94.81 20.0% 

8-week 
Humerus 

65.21 87.22 33.7% 64.45 92.78 43.9% 

12-week 
Humerus 

67.49 71.49 5.9% 76.45 84.44 10.3% 

12-week 
Femur 

74.56 83.96 12.6% 77.39 89.34 15.4% 

Mean ± 
SD 

69.5 ± 4.1 83.1± 
8.1 

19.8 ± 
12.8% 

74.3 ± 6.6 90.3 ± 4.5 22.4 ± 
14.9% 

 
SD = standard deviation. 
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3.4 Discussion 

Our results demonstrate that quantitative MRI methods detect both 

naturally occurring OCL and OCM lesions at the distal humeral and femoral 

predilections sites ex vivo in intact joints of juvenile pigs. Blinded, qualitative 

evaluation of the 3D DESS, T2- and T1ρ-weighted images identified each OCL 

and OCM lesion present in the specimens with no false positive or false negative 

findings, as validated by histology. Quantitative evaluation of the relaxation time 

maps confirmed the initial findings by demonstrating significantly increased T2 

and T1ρ relaxation times within the lesion ROIs compared to adjacent control 

ROIs. These findings suggest that T2 and T1ρ cartilage maps have strong 

potential as diagnostic tools to identify naturally occurring OCL and OCM lesions, 

warranting their further evaluation in vivo at a clinically relevant field strength 

(≤7T). 

The mean T2 and T1ρ relaxation times across all measured OCL (n=2) 

and OCM (n=2) lesions were significantly increased when compared to their 

respective control regions. The difference in T2 and T1ρ relaxation times when 

averaged for the four- and eight-week-old specimens between areas of 

chondronecrosis (OCL) and controls were 30.3±4.8% and 32±16.9%, 

respectively. The differences in the present study were somewhat smaller in 

magnitude than those observed in regions of induced chondronecrosis in a goat 

model of OC, which had a mean percent difference of 58.4±16.7% and 

54.4±30.4% for T2 and T1ρ, respectively.153 The variation in magnitude of the 
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difference between the relaxation times in lesions and normal regions may be 

related to surgical induction causing a complete disruption of local blood supply 

vs. a less extensive vascular failure occurring in natural lesions. Another possible 

cause may be the stage of development in the respective animal models, with 

the goats undergoing surgery to induce ischemia at 4 days of age while the pigs 

assessed in this manuscript likely developed ischemia and subsequent lesions at 

a later timepoint.153 The different tissue composition of OCM lesions, including 

retention of necrotic, and in some cases non-necrotic, cartilage accompanied by 

remodeling of the adjacent subchondral bone and marrow, coupled with the 

greater duration of the lesions, is likely responsible for the smaller differences in 

T2 and T1ρ in the 12-week-old specimens (humeral ∆T2 = 5.9% and ∆T1ρ = 

10.3%, femoral ∆T2 = 12.6% and ∆T1ρ = 15.4%) as compared to the differences 

in OCL lesions in the 4 and 8-week-old specimens. Comparing the magnitude of 

change in T1ρ and T2 relaxation times across all lesions and their respective 

controls demonstrated that both indices increased by a similar degree, with both 

techniques identifying increased relaxation times associated with lesions in each 

specimen. 

All humeral lesions were located at the trochlea of the distal humerus, one 

of the most frequent predilection sites for OC in pigs.158, 159 Interestingly, a lesion 

was identified in the 4-week-old humeral specimen, at an earlier age than OCL 

lesions have been previously reported to develop.20 This may suggest that 

vascular vulnerability at the elbow joint occurs earlier than at the more frequently 
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affected femoral sites, the area examined in the vast majority of JOCD-OC 

studies. Importantly, the 12-week-old humeral lesion exhibited resorption of 

subchondral bone and replacement of marrow spaces by granulation tissue, 

suggesting ongoing reparative processes. This is consistent with our previous 

findings that the majority of OCL and OCM lesions undergo repair, with only a 

small subset progressing to clinical disease in pigs.101 Taken together, our 

findings suggest that it is possible that humeral lesions occur at younger ages in 

pigs than femoral lesions and develop chronic changes earlier than femoral 

lesions. Unsurprisingly, the femoral lesion was found in the medial femoral 

condyle, the primary predilection site of JOCD/OC in the pelvic limb both in 

children and piglets.152, 160  

Our study marks the first time that naturally occurring OCL lesions were 

identified non-invasively in any species and at any location. In pigs, 

osteochondrosis is initially characterized by a focal area of chondronecrosis 

within the growth cartilage (OCL) at regions of vascular vulnerability, which 

correspond to anatomically similar regions in people.97 In a subset of cases, 

these regions of chondronecrosis are large enough that they interfere with 

progression of the ossification front, leading to a focal failure of endochondral 

ossification (OCM). OCL lesions in humans are also suspected to progress to 

OCM, which may undergo stages of osseous repair, including peripheral 

mineralization, progressive ossification, and osseous bridging between the lesion 

and the parent bone in the course of healing.32, 96, 161 This process may fail in 
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some cases, requiring surgical intervention in the hopes of preventing articular 

cartilage clefting and formation of an osteochondral fragment or “loose body” 

within the joint.162 Similarly, studies investigating the pathophysiology of 

osteochondrosis in growing pigs successfully implemented sequential CT scans 

to monitor the progression and/or resolution of OCM lesions.33, 90 These studies 

demonstrated the utility of this technique in screening pigs for early lesions of 

osteochondrosis and established a 51-69% spontaneous healing rate for OCM 

lesions depending on the joint affected.33 The MRI methods outlined here 

improve upon these previously reported diagnostic and monitoring methods by 

not only providing a sensitive and specific means of detecting both OCM and 

OCL lesions, but by having greater translational potential for pediatric 

populations due to the absence of ionizing radiation or contrast material. MRI 

methods such as T2 and T1ρ may provide additional benefits given their 

quantitative nature and sensitivity to biochemical changes, with studies having 

shown a correlation of T2 and T1ρ relaxation times to collagen, proteoglycan, 

and water content as well as to age-related changes in tissue composition and 

structure.163-165 3D-DESS allows evaluation of the cartilage morphology and 

detection of structural defects in the cartilage by providing excellent contrast 

between the synovial fluid and cartilage.166 While 3D-DESS was used only for the 

morphological evaluation in the present study, this technique was also capable of 

identifying regions of chondronecrosis without communication with the synovial 

fluid, confirming its sensitivity to areas with increased T2 relaxation times within 
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OCL lesions. 3D-DESS is a readily available clinical sequence that does not 

need extensive postprocessing, making this technique particularly useful for 

screening pediatric patients.50, 167 While human studies have been performed at 

10.5T under an investigational device exemption and local IRB approval 168, 169, it 

is currently not approved for pediatric or patient studies. Clinical translation of 

these sequences for the diagnosis of elbow OCD in human patients will 

necessitate their further evaluation at lower field strengths (<=7T) which have the 

additional benefit of being clinically approved. Prolonged scan times, another 

important factor in pediatric patients, will also have to be addressed before these 

methods are implemented in clinical practice.50 

The clinical relevance of our findings is underscored by the recent 

description of lesions at JOCD predilection sites in randomly sampled pediatric 

cadavers that were morphologically identical to OCL and OCM lesions seen in 

animal species.87 Given the observed propensity for healing of OCL and OCM 

lesions in pigs, it is reasonable to assume that the prevalence of early 

asymptomatic lesions in children is higher than the prevalence of symptomatic 

JOCD lesions.33 This is supported by the findings of a recent in vivo 3T study of 

25 patients with 34 JOCD-affected knees that found JOCD lesions in five 

asymptomatic knees.161 Furthermore, this 3T study used T2* relaxation time 

mapping as a measure of the degree of lesion ossification and was able to 

distinguish between the different stages of disease progression - from the early, 

predominantly cartilaginous, to the late and almost entirely ossified JOCD 
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lesions.161 Noninvasive methods for detecting and monitoring these early lesions 

may provide insight into factors that contribute to either healing or progression to 

clinical disease, which could ultimately impact clinical recommendations. Based 

on our findings, reasonable next investigative steps include the application of 3D-

DESS, T2, and T1ρ techniques to pediatric cadaveric specimens to identify ex 

vivo OCL and OCM lesions with a clinical (≤7T) MR system, followed by targeted 

histological assessment to confirm their presence.  

The small sample size may be considered a limitation of this study; 

however, the high prevalence of OCL and OCM lesions in growing pigs (present 

in 4 out of 6 specimens in the present study) and the confirmation of all lesions 

by exhaustive histological evaluations (4/4), considered the gold standard for 

identification of early-stage JOCD lesions, supports the ability of these MRI 

methods for the detection of OCL and OCM lesions. Although our study was 

completed using a 10.5T whole body research magnet and optimized RF coil to 

maximize both signal to noise ratio and resolution, there is reason to believe that 

these techniques would also be effective in identifying OCL and OCM lesions at 

clinical field strengths, as demonstrated in a previous study that successfully 

used T2 cartilage maps at 3T to identify surgically-induced lesions of 

chondronecrosis in vivo in a goat model.81 Indeed, during the past 10 years, 

novel MRI methods have been extensively applied to shed light on the 

pathogenesis of JOCD/OC and to describe the evolution of JOCD lesions in 

children.96, 97, 105, 161, 162, 170  
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In conclusion, our results demonstrate that T2 and T1ρ relaxation time 

mapping methods are highly sensitive and specific to OCL lesions (characterized 

by chondronecrosis) and OCM lesions (characterized by chondronecrosis 

accompanied by delayed endochondral ossification). Future clinical 

implementation of these sequences may allow non-invasive identification and 

monitoring of early JOCD lesions and determination of risk factors that contribute 

to their progression in children. 
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Chapter 4: Optimization of histologic grading schemes in 
spontaneous and surgically induced murine models of 
osteoarthritis 
 

This work was also included in the following publication and is reproduced here 

with permission: 

Armstrong AR, Carlson CS, Rendahl AK, Loeser RF. Optimization of histologic 

grading schemes in spontaneous and surgically-induced murine models of 

osteoarthritis. Osteoarthritis and Cartilage. 2021;29(4):536-546.   

 

4.1 Introduction 

Mouse models of osteoarthritis (OA) are commonly used to study the role 

of specific genes that can be manipulated in genetically engineered mice or for 

pre-clinical studies of new therapeutics. OA severity in these studies is commonly 

determined histologically using a variety of grading schemes.114, 121, 171-174  

However, the results of murine OA studies are often difficult or impossible to 

reproduce.53, 175-177 As a result, preclinical efficacy of therapeutics for 

osteoarthritis often fails to translate to clinically effective treatments.53, 175, 178 One 

reason for this failure of translation may be the inconsistency with which grading 

schemes are applied and reported in murine OA studies.  

The Osteoarthritis Research Society International (OARSI) published a 

grading scheme for human OA in 2006 and an updated species-specific set of 

schemes in 2010 as a part of the OARSI histopathology initiative special 
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issue.172, 173, 179 The OARSI grading schemes represent more reproducible and 

species-specific systems than the Mankin score or the Histologic/Histochemical 

Grading System (HHGS), both of which were designed for humans but were 

adapted to animal models.172, 173, 180-182 However, evidence is limited regarding 

which scheme(s) to use for a particular study and how to apply them to various 

OA models in order to provide the best and most consistent determination of OA 

severity.  

The widely used OARSI grading scheme for mice focuses on lesions 

involving articular cartilage and uses a scale of severity ranging from 0-6.173 This 

method was developed based on a surgically-induced model of OA and was 

validated with a set of 10 static images of the medial tibial plateau (MTP) and the 

medial femoral condyle (MFC). The authors suggested scoring of the entire 

articular surface using up to 13-16 coronal sections per joint, harvested at 80 um 

intervals and stained with either safranin-O/fast-green or toluidine blue to identify 

loss of proteoglycans from the cartilage matrix.173  

The articular cartilage structure (ACS) grading scheme provides a similar 

method of assessment of the articular cartilage, except that it uses hematoxylin 

and eosin (H&E) stained sections, with grades ranging from 0-12 depending on 

the width and depth of the lesions.17, 121, 183 Notably, the ACS scheme was 

developed based on assessment of stifle joints with either naturally occurring 

(aged) or surgically-induced OA using the destabilized medial meniscus (DMM) 

model.120, 121 A goal of the ACS scheme is to use it in conjunction with scoring of 
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osteophytes, synovium, and histomorphometric measures of cartilage and 

subchondral bone to provide a comprehensive assessment of the joint as a 

whole.17 In order to limit expense and time in processing multiple sections, a 

representative mid-coronal section is used (identified based on specific tissue 

landmarks), rather than the 13 or more sections suggested for the OARSI 

scheme.53 Importantly, a direct comparison of the OARSI and ACS schemes has 

not previously been reported. 

The primary objective of the present study was to determine the 

ramifications of applying the ACS or OARSI grading schemes to either single 

mid-coronal or multiple sections to determine the outcome of a murine OA study 

using two models: younger mice with OA induced using DMM surgery and older 

mice with naturally occurring OA. The secondary objective was to compare the 

performance of the OARSI and ACS grading schemes in their ability to determine 

murine OA severity. Because the ACS scheme was developed for H&E stained 

sections, our third objective was to determine the relative importance of a specific 

stain on the ability to evaluate OA severity, evaluated by applying a modified 

OARSI scheme to H&E sections. In addition to ACS and OARSI scores applied 

to the articular cartilage, and in recognition of the fact that OA is a disease of the 

entire joint, other features of murine OA were also assessed, including 

osteophyte and synovial hyperplasia grading and histomorphometry of the 

cartilage and subchondral bone.  A principal components analysis (PCA) was 

performed to assess the contribution of these semi-quantitative and quantitative 
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measures to the OA severity and the association of the included features with 

one another (OARSI and ACS grades, osteophyte and synovial grades, 

histomorphometry features).  

 

4.2 Methods 

Animals 

This work was approved by the Institutional Animal Care and Use 

committee at the University of North Carolina, Chapel Hill, NC, USA. Mouse 

colonies were maintained in a standard specific pathogen-free facility. Animals 

were housed in cages holding an average of 3-5 mice per cage with access to 

water and food ad libitum. The cohort for this study of 40 C57BL/6J background 

wild-type male mice included aged controls (~18 months of age; n=15) and 

young (12-week-old) mice that either underwent DMM surgery (n=15) or a sham 

surgery (n=10) and were sacrificed 8 weeks later (20 weeks of age). Group sizes 

were powered to detect a significant difference between sham and DMM mice in 

mean mid-coronal OARSI and ACS grades, using a mean difference of 2 with an 

estimated standard deviation of 2 for the OARSI scheme and a mean difference 

of 3 with an estimated standard deviation of 2.9 for the ACS scheme (power=0.8, 

α=0.05, 2-sided T-test). The DMM and sham surgeries were performed on the 

right knee in separate groups of mice as previously described.117, 118 
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Histology 

Joints were collected and prepared for histology as previously described 

(see Appendix - Supplementary Methods).120  Joints were serially sectioned with 

collection of six representative 4-µm-thick sections at approximately 100 µm 

intervals throughout the joint, based on the size of the joints and the ability of six 

total sections taken at 80-120 µm intervals to span the extent of the joint where 

landmarks for orientation are evident (span of approximately 700 µm) and to 

include the mid-coronal region (see Appendix - Figure S1). Sections were stained 

with hematoxylin and eosin (H&E). One additional mid-coronal section was 

stained with toluidine blue. 

 

Grading of cartilage 

Historically, lesions in aging and DMM murine models of OA have been 

most severe at the tibial plateaus 18. Because the mid-coronal grades in the tibial 

plateaus were equal to or higher than those for the femoral condyles in the 

majority of individuals (Appendix - Table S1), further evaluation focused on the 

tibial plateaus. The ACS grading scheme was applied as previously described, 

except that it was applied to all 6 representative coronal H&E-stained sections 

through each joint (Figure 4-1). A modified OARSI grading scheme, using the 

presence of an area composed of chondrocyte cell death (CCD) within the 

articular cartilage without other structural changes to determine the grade of 0.5 

as a substitute for loss of toluidine blue staining, was applied to the same 6 
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representative coronal H&E-stained sections (Figure 4-1). The OARSI grading 

scheme of 0-6 was also applied as previously published173 to a single toluidine 

blue stained mid-coronal section from all mice (toluidine blue section not 

available for one aged mouse). Grading of the MTP and LTP in each section was 

performed by both an inexperienced grader (trained veterinary student) and an 

experienced grader (AA; boarded veterinary anatomic pathologist). The 

interobserver variation is reported in the Supplementary Results. Toluidine-blue 

sections were also scored from 0-12 based on the extent of loss of staining as 

described.121  

The  grading methods were defined as follows: sum grade – summed 

scores generated from six total sections; average grade – average score 

generated from six sections; highest grade – highest score selected from six 

sections; and mid-coronal grade – single score generated from a mid-coronal 

section chosen based on known landmarks.53  
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Figure 4-1. Histologic comparison of hematoxylin & eosin (H&E) staining and 

Toluidine blue staining of the articular cartilage with different grades of 

osteoarthritis. (A) and (B) The medial tibial plateau of a sham mouse with intact 

articular cartilage and grades based on the ACS scheme and modified OARSI 

schemes = 0 (A; H&E) and standard OARSI scheme = 0 (B; Toluidine blue). (C) 

and (D) The medial tibial plateau of a DMM mouse with an ACS grade = 2 (C; 

H&E), modified OARSI grade = 2 (C; H&E), and standard OARSI grade = 2 (D; 
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Toluidine blue). (E) and (F) The medial tibial plateau of a mouse after DMM with 

an ACS grade = 10 (E; H&E), modified OARSI grade = 4 (E; H&E), and standard 

OARSI grade = 4 (F; Toluidine blue). (G) and (H) The medial tibial plateau of an 

aged mouse with complete loss of the articular cartilage across the full width of 

the plateau with an ACS grade = 12 (G; H&E), modified OARSI grade = 6 (G; 

H&E), and standard OARSI grade = 6 (H; Toluidine blue). Connected arrows = 

articular cartilage, arrowheads = tidemark, * = meniscus.  
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Additional histologic and histomorphometric analysis 

Abaxial osteophytes (0-3) and synovial hyperplasia (0-3) were graded as 

previously described (see Appendix - Supplementary Methods, Figure S2).118, 121 

The details of the histomorphometry have been previously published and are 

included in the Appendix - Supplementary Methods.121  

 

Statistical analysis 

All statistical tests were performed in R (R version 3.5.1, 2018, Boston, 

MA) unless noted otherwise, with figures generated in Prism (Prism version 

8.3.0, La Jolla, CA). A bimodal distribution was observed in both the OARSI and 

ACS grades when assessed for normality visually using a QQ plot and 

statistically with the Shapiro-Wilk test of normality, indicating that the grades 

were not normally distributed, with the exception of the sum OARSI grades and 

the MTP+LTP mid-coronal OARSI grades (used for linear regression). Simple 

linear regression and determination of the Pearson (OARSI) and Spearman 

(ACS) correlation coefficients to determine the effect of the grading method 

(single mid-coronal section vs. sum of multiple sections) on the determination of 

OA severity were used to compare the relationship of a summed score to the 

mid-coronal score for all mice. Additional comparisons within each grading 

scheme were made by comparing the grading methods (average vs. mid-coronal, 

highest vs. mid-coronal) against another using a Wilcoxon matched pairs signed 

rank test (non-parametric test), which was also used to compare between the 
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OARSI (Toluidine blue) and modified OARSI (H&E) grades. The 

histomorphometry data were continuously and normally distributed and were 

compared using Students T-tests between the two OA models (DMM and 

naturally occurring age-related OA) and between the sham-operated and aged 

mice. 

Details of the PCA and interobserver variation analysis are included within 

the Appendix - Supplementary Methods.  

4.3 Results 

 Comparison of Grading Results Using Single Versus Multiple Histologic Sections 

A key point of interest in this study was determination of the effect of 

evaluating multiple (six) equally spaced coronal sections compared to a single 

mid-coronal section. In the mice from all experimental groups (n=40), simple 

linear regression indicated a strong linear correlation between the sum grades 

from multiple sections and the individual mid-coronal grades, regardless of 

grading scheme used (OARSI R2 = 0.8413, p<0.0001; ACS R2 = 0.8455, 

p<0.0001) with a strong positive correlation based on Pearson correlation 

coefficients (OARSI r = 0.917, 95% CI: 0.848, 0.956; ACS r = 0.919, 95% CI: 

0.852, 0.957; Figure 4-2). Given the lack of normality of the sum ACS grades and 

MTP+LTP ACS mid-coronal grades, the Spearman correlation was also 

calculated and was 0.917. This indicates that the mid-coronal grade from a single 

section per joint consistently generated a similar result for cartilage lesion 

severity to that determined by a sum grade from multiple sections.  
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The location of the most severe grade was mid-coronal or within one 

section of mid-coronal (within 120 um) in 77.5% of OARSI-graded MTP sections 

and 80% of ACS-graded MTP sections (Appendix - Table S2). For both grading 

schemes, the average grade of six sections (average MTP + average LTP grade) 

produced a lower mean grade compared to the MTP+LTP mid-coronal grade 

(Table 4-1, Figure 4-3).  As expected, the highest MTP grade from six sections 

produced a significantly higher mean grade compared to a single mid-coronal 

grade (OARSI p<0.0001, ACS p<0.0001), given that the highest grade will 

always be equal to or greater than the mid-coronal grade. The grades from 

young sham mice were compared with those of aged animals. Both grading 

schemes detected a significant difference in mean OA severity, regardless of the 

number of sections evaluated or the method of calculating the overall grade 

(Table 4-1). Overall, the OARSI and ACS grading schemes performed similarly 

across the variety of grading methods that were applied (highest grade, average 

grade, mid-coronal grade), with small but statistically significant differences 

between the means generated from the various methods. A bimodal distribution 

of grades was particularly apparent in ACS grading; OARSI grades tended to 

group in the lower range of the 0-6 scale (Figure 4-3).  
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Figure 4-2. Comparison of OARSI and ACS grades from multiple sections 

(summed) to those from a single section. Simple linear regression showing the 

strong positive correlation between the summed grade (sum of MTP + LTP 

grades from six total coronal sections) to the mid-coronal grades from a single 

section (MTP+LTP) for n=40 mice (n=10 sham mice, n=15 young DMM mice, 

and n=15 aged mice). (A) The OARSI sum grades were strongly positively 

correlated to the OARSI mid-coronal grades; R2=0.8413, linear regression, slope 

p <0.0001. (B) The ACS sum grades were strongly positively correlated to the 
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ACS mid-coronal grades; R2=0.8455; linear regression, slope p <0.0001. Dotted 

lines = 95%CI. 
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Figure 4-3. Comparison of different ways to present the results for OARSI and 

ACS scores.  (A) Comparison of the OARSI grade by method (average, mid-

coronal, highest grade) for the MTP+LTP (n=40). The OARSI grades tend to 

cluster lower on the scale, with fewer high-scoring individuals relative to the ACS 

grades. (B) Comparison of the OARSI grade by method (average, mid-coronal, 
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highest grade) for the MTP only (n=40). (C) Comparison of the ACS grade by 

method (average, mid-coronal, highest grade) for the MTP+LTP (n=40). The 

frequently bimodal distribution of ACS grades is particularly evident when 

assessing the mid-coronal and highest grade. (D) Comparison of the ACS grade 

by method (average, mid-coronal, highest grade) for the MTP alone (n=40). The 

bimodal distribution of ACS grades is particularly evident when assessing the 

mid-coronal and highest grade within this group of 40 mice. Wilcoxon signed 

rank test, paired. Boxplot with whiskers = minimum, maximum values. 
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Table 4-1. Summary statistics for the ACS and OARSI grades by group.  
 

   

p-value for 
difference between 
aged and DMM 
mice (Wilcoxon test) 

p-value for 
difference between 
aged and sham 
mice (Wilcoxon test) 

Sum Grade 
(MTP+LTP)   ACS±SD  OARSI±SD ACS OARSI ACS OARSI 

Aged mice 39.1±27.3 21.2±9.6 0.6629 0.3294 <0.0001* <0.0001* 

DMM mice 36.7±27.2 17.5±9.1 
  

  

Sham mice 5.1±3.1 6.2±4.0 
  

  

Sum Grade (MTP)      
  

  

Aged mice 16.1±20.0 9.7±8.4 0.0707 0.0439* 0.0003* 0.0001* 
DMM mice 30.5±20.5 12.7±6.5 

  
  

Sham mice 2.1±2.0 2.5±1.7 
  

  
Sum Grade (LTP)     

  
  

Aged mice 22.9±16.5 11.5±4.4 <0.0001* <0.0001* <0.0001* <0.0001* 
DMM mice 6.3±10.9 4.7±4.6 

  
  

Sham mice 3.0±2.0 3.7±2.5 
  

  
Average Grade 
(MTP+LTP)      

  
  

Aged mice 6.5±4.5 3.5±1.6 0.6782 0.2671 <0.0001* <0.0001* 
DMM mice 6.1±4.5 2.8±1.5 

  
  

Sham mice 0.9±0.5 1.0±0.7 
  

  
Average Grade 
(MTP)     

  
  

Aged mice 2.7±3.3 1.6±1.4 0.0646 0.05358 0.0004* 0.0001* 
DMM mice 5.1±3.4 2.1±1.1 

  
  

Sham mice 0.4±0.3 0.4±0.3 
  

  
Average Grade 
(LTP)      

  
  

Aged mice 3.8±2.8 1.9±0.7 <0.0001* <0.0001* <0.0001* <0.0001* 
DMM mice 1.0±1.8 0.8±0.8 

  
  

Sham mice 0.5±0.3 0.6±0.4 
  

  
Highest Grade 
(MTP+LTP)      

  
  

Aged mice 11.9±6.1 5.5±2.1 0.1695 0.2123 0.0001* 0.0001* 
DMM mice 9.6±5.7 4.6±1.9 

  
  

Sham mice 2.2±1.0 2.2±1.3 
  

  
Highest Grade 
(MTP)      

  
  

Aged mice 4.9±4.1 2.6±1.7 0.203 0.178 0.0002* 0.0019* 
DMM mice 7.7±4.2 3.1±1.2 

  
  

Sham mice 1.0±0.7 1.0±0.6 
  

  
Highest Grade 
(LTP)     

  
  

Aged mice 6.9±3.9 2.9±1.0 <0.0001* 0.0002* 0.0005* 0.0002* 
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DMM mice 1.9±2.7 1.5±1.1 
  

  
Sham mice 1.2±0.6 1.2±0.8 

  
  

Mid-Coronal 
Grade (MTP+LTP)      

  
  

Aged mice 7.8±6.5 4.2±1.5 0.7861 0.5375 <0.0001* 0.0013* 
DMM mice 8.2±6.1 3.8±1.7 

  
  

Sham mice 1.1±0.7 1.5±1.5 
  

  
Mid-Coronal 
Grade (MTP)      

  
  

Aged mice 3.7±3.8 1.9±1.4 0.3598 0.0704 0.0001* 0.0046* 
DMM mice 6.6±4.8 2.7±1.3     

Sham mice 0.3±0.5 0.6±0.8     
Mid-Coronal 
Grade (LTP)          

Aged mice 4.1±3.9 2.3±0.9 0.0024* 0.0006* 0.0002* 0.0003* 
DMM mice 1.6±2.5 1.1±0.9 

  
  

Sham mice 0.8±0.4 0.9±0.7 
  

  
 

Sham n=10, DMM n=15, aged n=15. * indicates p<0.05. Average and sum 

grades were generated from 6 scored sections (MTP or LTP) or from 12 total 

scores (MTP+LTP). 
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Comparison of Hematoxylin & Eosin Staining and Toluidine Blue Staining 

Both safranin O and toluidine blue stains allow quantification of 

proteoglycan content within articular cartilage. Although widely used, safranin O 

staining is prone to variability and is affected by fixation method, length of 

decalcification, and staining time.184-186 Toluidine blue staining is often suggested 

as an alternative stain, although it can also vary in intensity based on the 

application methods.187 A comparison of the standard OARSI scheme applied to 

toluidine blue-stained sections revealed similar results to the modified OARSI 

scheme using the presence of CCD on H&E to assign a 0.5 score (Figure 4-4). 

The modified OARSI grading scheme resulted in the same score in all mice 

except one, which was graded 0 with the modified OARSI scheme and 0.5 with 

the standard OARSI scheme.  
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Figure 4-4. Comparison of modified OARSI grading to standard OARSI grading. 

The modified OARSI scheme uses presence of articular chondrocyte cell death 

(CCD) on H&E as a substitute for loss of Toluidine blue staining (proteoglycan 

loss; n=40) to assign a grade of 0.5. Boxplot with whiskers = minimum, 

maximum values.  
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Comparing the DMM Model and the Aging Model 

The ACS and OARSI schemes identified a similar severity of MTP disease 

for the aged mice (18 months old) and DMM mice (evaluated 8 weeks after 

surgery), with the exception of a significant difference in the MTP OARSI sum 

score, with the DMM mice having a mean sum OARSI grade of 12.73 (95%CI = 

9.165, 16.30) and the aged group having a mean sum OARSI grade of 9.67 

(95%CI = 5.017, 14.32) (Mann Whitney U test, p=0.044; Table 4-1). Given that 

the DMM procedure is performed on the medial side of the joint, this model is 

expected to induce more severe cartilage lesions at the MTP. Both schemes 

detected an increased severity of LTP cartilage lesions in the aged mice as 

compared to the LTP lesions in DMM mice using the sum grade (OARSI and 

ACS p<0.0001; data not shown), the average grade (OARSI and ACS p<0.0001), 

the mid-coronal grade (OARSI p=0.0006; ACS p=0.0024), and the highest grade 

(OARSI p=0.0002, ACS p=0.0006).  

Based on histomorphometry, the aged mice had significantly increased 

area and average thickness of subchondral bone compared with DMM mice 

(area p=0.0016; thickness p=0.0023; Table 4-2) but had a similar area and 

thickness of articular and calcified cartilage. The percentage of CCD was much 

higher in aged mice compared to the DMM mice (aged mean = 56.2% vs. DMM 

mean = 12.58%; p<0.0001). There was no significant difference in the MTP 

osteophyte or synovial hyperplasia grades (Figure 4-5; Wilcoxon signed rank 

test; osteophytes p=0.1838, synovial hyperplasia p=0.0792).  
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Figure 4-5. Osteophyte and synovial hyperplasia grades by group. (A) 

Osteophyte grades included the full range from 0 to 3 for all groups, with no 

significant difference between DMM and aged mice. (B) Synovial hyperplasia 

grades were limited to either 0 or 1 in all groups. Box plots with whiskers 

indicating minimum and maximum values. 
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Table 4-2. Histomorphometry values by group.  
 

PARAMETER 
SHAM    
MEAN 
(SD) 

DMM     
MEAN 
(SD) 

AGED 
MEAN 
(SD) 

SHAM 
VS DMM  

P VAL 

SHAM 
VS 

AGED  
P VAL 

DMM VS 
AGED 
P VAL 

Art Cart Area (µm2) 38,880 
(8,011) 

29,466 
(10,855) 

30,030 
(8,585) 

0.0215* 0.0168* 0.876 

Art Cart Thickness 
(µm) 

48.43 
(8.7) 

36.93 
(10.5) 

40.45 
(7.2) 

0.0074* 0.0281* 0.304 

Subchondral Bone 
Area (µm 2) 

65,600 
(20,892) 

85,067 
(21,409) 

149,283 
(63,334) 

0.0353* 0.0001* 0.0016* 

Subchondral Bone 
Thickness (µm) 

64.76 
(21.7) 

84.85 
(23.3) 

138.4 
(54.5) 

0.0391* 0.0001* 0.0023* 

Calcified cartilage 
area (µm2) 

51,300 
(8,642) 

46,200 
(7,757) 

 

42,283 
(7,469) 

0.1497 0.0151* 0.169 

Calcified cartilage 
thickness (µm) 

49.87 
(9.5) 

46.67 
(9.0) 

42.11 
(7.0) 

0.4111 0.0427* 0.132 

% Chondrocyte cell 
death 

(area cell death/art 
cart area*100) 

1.66 
(1.5) 

12.58 
(6.3) 

56.2 
(28.4) 

<0.0001* <0.0001
* 

<0.0001* 

 
Articular cartilage (Art Cart), subchondral bone, and calcified cartilage 

measurements were collected from a mid-coronal section from the medial tibial 

plateau with analysis performed by Osteomeasure Histomorphometry System 

(OsteoMetrics®). Sham: n=10, DMM: n=15, aged: n=15.  Bold* indicates p-

values <0.05 based on a Student’s T-test (unpaired). 
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Principal Components Analysis (PCA) of Histologic Features of Murine 

Osteoarthritis  

PCA resulted in retention of four factors (principal components) that 

together accounted for 78.4% of the total variance of the data (Factor 1, 36.4%; 

Factor 2, 20.8%: Factor 3, 11.3%; Factor 4, 9.9%) (Table 4-3). Factor 1 was 

driven predominantly by measures of the articular cartilage damage, which 

included the OARSI grade, ACS grade, Toluidine blue grade, articular cartilage 

area, and articular cartilage thickness, with the osteophyte grade also 

contributing significantly to this factor. The second factor was largely driven by 

the loss of calcified cartilage area and thickness, despite these variables not 

playing a significant role in distinguishing between the groups (sham, DMM, 

aged) based on histomorphometry results alone (Table 4-2). The subchondral 

bone thickness also contributed significantly to variation in Factor 2, with synovial 

hyperplasia being inversely related to subchondral bone thickness. Variation 

explained by Factor 3 was largely driven by %CCD, followed by subchondral 

bone thickness, ACS grade, articular cartilage thickness, and OARSI grade.  
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Table 4-3. Principal components analysis.  
Factor 1: 
Responsible for 
36.4% of variation 

Factor 2: 
Responsible for 
20.8% of variation 

Factor 3: 
Responsible for 
11.3% of variation 

Factor 4: 
Responsible for 
9.9% of variation 

ACS grade (0.41) CC thickness (-
0.50) 

%CCD (0.55) SCB area (0.62) 

Tblue grade (0.40) CC area (-0.50) SCB thickness 
(0.38)  

CC thickness 
(0.41) 

OARSI grade 
(0.40) 

SCB thickness 
(0.36) 

ACS grade (-0.33) AC area (0.34) 

Osteophytes 
(0.36) 

Synovial 
hyperplasia (-0.33) 

AC thickness (-
0.31) 

SCB thickness 
(0.33)  

AC area (-0.35) %CCD (0.28) OARSI grade (-
0.31) 

AC thickness (0.28) 

AC thickness (-
0.34) 

AC thickness (0.26) AC area (-0.29) CC area (0.25)  

%CCD (0.21) AC area (0.19) CC area (0.25) Osteophytes (0.23) 
SCB thickness 
(0.18) 

SCB area (0.17) Tblue grade (-0.23) Synovial 
hyperplasia (-0.09) 

CC area (-0.15) Tblue grade (-0.16) CC thickness (0.20) %CCD (-0.08) 
SCB area (0.14) OARSI grade (-

0.09) 
Osteophytes (0.07) ACS grade (0.08) 

CC thickness (-
0.09) 

ACS grade (-0.08) Synovial 
hyperplasia (0.06)  

Tblue grade (0.08) 

Synovial 
hyperplasia (-0.09) 

Osteophytes (-
0.05) 

SCB area (0.00) OARSI grade 
(0.02) 

 
The first four factors accounted for 78.4% of the variation within the data set 

(n=40). Features with a factor loading of > 0.3 or <-0.3 are highlighted in bold. 

Articular cartilage (AC), calcified cartilage (CC), and subchondral bone (SCB) 

area and average thickness. %CCD indicates chondrocyte cell death within the 

articular cartilage (area of articular cartilage chondrocyte cell death/total area of 

articular cartilage *100). 
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4.4. Discussion 
The ACS and OARSI grading schemes showed a strong correlation 

between grades generated from multiple sections (sum grade) and the mid-

coronal grade from a single section. This suggests that a single mid-coronal 

section is sufficient for producing a representative cartilage lesion severity grade 

across a wide range of OA severities, regardless of whether the OARSI or ACS 

grading scheme is used or whether the model was an aging or surgical model. 

This contradicts the original recommendation that the mouse OARSI scheme be 

applied to multiple sections per mouse.173 Use of a single mid-coronal section 

reduces the time and expense of preparing and grading multiple slides, while 

allowing time for more detailed assessment, such as histomorphometry, to 

complement cartilage grading data.  

While the mid-coronal section represented the most severe lesions in a 

majority of mice, there was variation in the location of the most severe lesions by 

model, with some aged mice having more severe lesions posterior to the mid-

coronal point and a portion of DMM mice having more severe lesions anterior to 

the mid-coronal point (Appendix - Table S2). Additional caveats to focusing on 

the mid-coronal region are that the individual doing the sectioning should be well 

trained in the appropriate landmarks that allow identification of a truly mid-coronal 

plane of section and the model used does not have a propensity for developing 

lesions at a location that is not mid-coronal, as in the ACL tear model that 

develops posterior compartment lesions.53, 188, 189  
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Both the OARSI and the ACS scheme produced different mean grades for 

the overall OA severity when analyzed using the average or highest grade from 

multiple sections as compared to the grade from a single mid-coronal section. 

This indicates that the method of reporting cartilage lesions (average, mid-

coronal, highest) may impact the overall severity of cartilage lesions that in some 

cases might explain differences in cartilage lesion severity within or between 

studies that use different reporting methods. The use of an average grade from 

multiple sections may lead to a decreased standard deviation, affecting the 

power calculation and potentially reducing the necessary group size. However, 

the use of an average grade may also reduce the overall effect size (difference 

between group means), reducing or eliminating any perceived advantage in 

using an average grade based on a power calculation. An additional point of 

interest is that the variation in these mean grades on the ACS and OARSI scales 

was small (ACS average = 3.0, mid-coronal = 3.9, highest = 5.0; OARSI average 

= 1.5, mid-coronal = 1.9, highest = 2.4). The biological significance of such small 

differences is not clear, suggesting any of these reporting measures would lead 

to similar conclusions about the results. Importantly, murine OA studies should 

be appropriately powered to detect biologically significant differences between 

groups (chosen by the investigator when designing the study), with experimental 

design fully taking into consideration the range of the chosen histologic grading 

scheme.190  
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The observed bimodal distribution of the ACS grades is attributed to the 

tendency for murine articular cartilage to form tidemark clefts, with subsequent 

full-thickness loss of the articular cartilage across the tibial articular surface 

rather than loss of articular cartilage from the surface down, leading to a higher 

(10-12) ACS grade in severely affected animals.120, 121 The addition of evaluation 

of articular chondrocyte cell death (CCD) may provide a useful parameter that is 

more sensitive to early pathologic changes preceding articular cartilage loss.  

The presence of focal chondrocyte cell death on H&E to give a score of 

0.5 was an effective alternative for the standard 0.5 OARSI score measured by 

loss of Toluidine blue staining. The standard OARSI scores did not generate a 

significantly different mean OA severity compared to the modified OARSI grades 

using sham mice, young DMM mice, or aged mice. Toluidine blue or safranin O 

staining have commonly been utilized in murine OA studies due to their ability to 

detect loss of proteoglycans from the articular cartilage, thought to represent an 

early change in the progression of OA.173, 186 However, staining intensity can vary 

significantly between individuals, between staining batches, and between 

laboratories, necessitating internal positive controls and careful assessment of 

sections to validate the success of the staining procedure.186, 191 Decalcification 

can affect the proteoglycan content of tissue, and loss of proteoglycan content 

during processing can be significant.176, 192, 193 H&E staining is the gold standard 

for evaluation of cell and tissue morphology, is widely used by laboratories 

performing routine histopathologic assessment, and produces highly consistent 
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results. An added advantage of H&E staining is the ability to evaluate viability of 

articular cartilage chondrocytes, allowing determination of the %CCD. 

Interestingly, the grading scheme outlined by Pritzker et al. incorporated 

chondrocyte cell death, but the OARSI scheme for murine OA studies dropped 

this feature.172, 173 Given our findings, H&E is considered a reasonable and 

effective method for evaluation of murine OA using either the OARSI or ACS 

grading scheme. Toluidine blue or safranin O stains may be used to provide 

supplementary information, as both the OARSI and ACS publications include 

supplemental schemes using these techniques. This allows more detailed 

evaluation of the articular cartilage when a significant portion of samples lack 

articular cartilage structure changes (e.g., fibrillation or cartilage loss) to 

distinguish severity of OA using the OARSI or ACS scheme.  

DMM mice and aged mice had a similar severity of OA in the MTP by the 

majority of the methods used, while aged mice had significantly greater severity 

of OA at the LTP regardless of the grading scheme (ACS or OARSI) or method 

of analyzing the data (sum, average, mid-coronal, highest grade). These results 

indicate the importance of scoring the LTP in addition to the MTP when 

evaluating age-related OA. While the OARSI recommendations advocate for 

evaluation of all four quadrants (MTP, LTP, MFC, and LFC), the femoral condylar 

articular cartilage is thinner and can be more difficult to evaluate than that of the 

tibial plateau. In our study and past work, the femoral lesions have been less 

severe than those of the medial tibial plateau.120, 121 However, given the fact that 
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40% of the aged mice in this study had more severe LFC OA than LTP OA, with 

differences greater than 2 grades (ACS) and greater than 1 grade (OARSI) in 2 

mice (13.3%), evaluation of the LFC in addition to the LTP may be informative in 

aging studies. Embedding and sectioning with the focus on alignment of the tibia 

to obtain optimal mid-coronal sections with maximal consistency also favors 

evaluation of the tibial compartment.176 While these recommendations are based 

on assessment of established models (aging and DMM), new models may 

require a separate assessment to determine the location of greatest OA severity. 

While this study was limited to one time-point for the DMM model (eight weeks 

post-surgery), we would not expect the location of the lesions to vary at other 

time points.  

Several additional histological features showed variation between the 

models, including the subchondral bone area and width (increased in aged mice) 

and the % CCD (increased in aged mice). Evaluation of these features in murine 

OA studies could be useful in capturing the effects of successful interventions 

and in aligning murine OA findings more closely with those of human OA 

phenotypes. For example, subchondral bone has been recognized as having an 

important role in some subsets of human OA and using a model such as the 

aging model that recapitulates these changes and reporting histomorphometry 

findings regarding these features are important.172, 194 Other commonly used 

murine models, such as the ACL tear model, may have similar subtle changes in 
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disease measures that may be missed if histomorphometry is not included as a 

study endpoint. 

PCA allows for the combination of semiquantitative assessments (grades) 

with continuous measurements (histomorphometry) into a single assessment that 

simplifies complex data while correlating features that behave similarly in terms 

of outcome (OA severity) with one another. Four factors were retained by PCA, 

accounting for 78% of the variance in the MTP data. Both OARSI and ACS 

grades grouped together in Factor 1, along with the articular cartilage area and 

width and Toluidine blue staining. Interestingly, calcified cartilage area and 

thickness were responsible for much of the variation explained by Factor 2. CCD 

has been reported in past murine OA studies, with limited studies suggesting 

apoptosis as the causative mechanism, but remains to be investigated in detail 

18. The % CCD was the primary driver of Factor 3, along with subchondral bone 

width, ACS grade, articular cartilage with, and the OARSI grade. The % CCD 

was significantly higher in aged mice compared to DMM and sham mice, 

differentiating these models.  

Overall, this study establishes that the OARSI and ACS schemes perform 

similarly when applied to a murine aging or DMM model and suggests a single 

H&E-stained mid-coronal section is effective in determination of OA severity in 

these models. The results also demonstrate the utility of H&E-stained sections 

with evaluation of cell death as a reliable replacement for proteoglycan-based 

special stains such as toluidine blue in early disease. The use of 
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histomorphometry to supplement either grading scheme may be useful in 

capturing morphologic changes beyond fibrillation/loss of articular cartilage, such 

as changes to the subchondral bone and %CCD, that may contribute 

substantially to variation in severity between treatment groups or models.  
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Chapter 5: Future Directions 

Each of these diseases and research areas offer a wealth of opportunities 

for future investigations with potential for important research and clinical impacts. 

This section will focus on the specific areas that I find of greatest interest and 

highest impact, along with the greatest relevance to where I envision my future 

work leading.    

 

5.1 Legg-Calvé-Perthes Disease 

 While LCPD is considered an uncommon to rare disease, the limited 

understanding of etiology, risk factors, prognostic indicators, and ideal treatment 

regimen support the need for ongoing preclinical research to guide clinical care. 

Refinement of the animal model and applications of novel molecular techniques 

to further understand the pathophysiology provide two avenues for advancing our 

work in this area.  

 

Model Refinement  

While the piglet model of LCPD utilized in this work represents a 

significant improvement over models in mice, rats, or rabbits, it utilizes an open 

approach and requires dislocation of the hip, which may cause significant local 

inflammation and tissue damage that does not reflect the natural disease course, 

in which effects are limited largely to the epiphysis. A less invasive approach, 

such as an intravascular administration of embolic agents to obstruct the vessels 



 115 

supplying the femoral head, has the advantage of causing minimal trauma to the 

tissues of the hip and may also allow modulation of the extent of induced 

ischemia. This would represent a significant improvement over the current model, 

which is only able to demonstrate global femoral head ischemia. Studies of 

perfusion in patients with LCPD have shown that the extent of ischemic injury to 

the femoral epiphysis varies, with initial percent perfusion averaging 35%,195 

drawing into question the translational relevance of the current global femoral 

head ischemia model (initial induction of ~0% perfusion) in modeling the human 

disease. It is possible that the severity of the lesions described in Chapter 2 and 

their consistency between animals is related to either the global extent of induced 

femoral head ischemia or the extent of local trauma that occurs secondary to the 

surgical procedure.69 A study of the lateral epiphyseal artery supply to the 

femoral head in LCPD found interruption in the blood supply by these vessels in 

68% of hips, which suggests an intravascular model would recapitulate the 

pathophysiology observed in LCPD in human patients.196 Given recent studies 

demonstrating a role for the ligamentum teres in revascularization of LCPD, a 

model that avoids transection of the ligamentum teres and associated vessels 

may also improve on the currently accepted porcine model.197, 198 Histological 

assessment will be an important first step in validating new preclinical models of 

LCPD and will allow assessment of the epiphyseal structures, including the 

growth plate, for direct comparison to studies utilizing the ligature method of 

ischemia induction.  
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Spatial genomics 

Bone and cartilage present some unique challenges for diagnostic 

techniques that are complementary to histological assessment, particularly 

immunohistochemistry, which is useful both for diagnostic purposes and for 

adding mechanistic information to that which can be gleaned from routine tissue 

sections.199 Thorough fixation and decalcification with an appropriate agent is 

necessary for paraffin embedding, along with adequate processing.200 Charged 

or coated slides may be necessary to achieve adequate tissue adherence, and 

protocols for immunohistochemistry may need to be altered to ensure that the 

tissue of interest is present in treated sections for evaluation. A long postmortem 

interval can result in loss of epitopes (targets of antibodies) used in 

immunohistochemistry and can be a confounding factor due to overlap in some 

pathways associated with both autolysis and ischemic injury, including several 

pathways/mechanisms of apoptosis.199, 201 Given variation between laboratories, 

suppliers, and protocols, many techniques require laboratory-specific validation 

even in commonly utilized species. This evaluation can be time-consuming and 

expensive when it involves novel species without previously established 

protocols and validation. 

Additional challenges are presented by utilization of uncommon animal 

species; although pigs are widely used in biomedical research, the validation of 

various antibodies for immunohistochemical assessment in this species is 

limited. Even with the wide incorporation of pigs into preclinical research over the 
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past several decades, laboratory technology has lagged in providing validated 

reagents and techniques for evaluating cells/tissues from this species.202 A small 

number of publications exist documenting validation of reagents or techniques 

between pigs and humans, particularly for neurofibromatosis-1 modeling and 

certain lung disease models.202, 203 When in situ hybridization and 

immunohistochemistry are available, they are typically limited to the evaluation of 

a small number of genes or proteins.204 While there also are interesting and 

unique staining opportunities for non-decalcified bone samples, these techniques 

are often expensive and limited in availability and may require prolonged 

processing for resin-embedding and staining. Other methods of characterizing 

cartilage, such as RNA sequencing, also present challenges in extraction of high-

quality RNA given the low cellularity of cartilage and its high proteoglycan 

content, along with the requirement of removing cells from their native 

architecture and thus disrupting their relationships with the extracellular 

matrix.205-207  

New techniques may provide an opportunity to streamline these 

processes and generate more comprehensive sets of data.  Spatial genomics 

represents an exciting and novel technique that may be well-suited to 

accelerating what we can learn from animal models of orthopedic diseases. The 

spatial genomics or ‘spatialomics’ technology builds on the methods utilized for 

single-cell genomics by adding spatial registration of genomic activity in the 

context of tissue architecture.208 Instead of limiting assessment to a small 
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number of genes, the full genome, transcriptome, or proteome of cells can be 

assessed (currently several thousand to tens of thousands of transcripts 

available for assessment). From a technical standpoint, techniques may be 

applied to formalin-fixed paraffin-embedded tissue, which represents the majority 

of tissue analyzed histologically.149 Combining these techniques with 

histopathology provides unique context to the molecular data through retention of 

tissue organization, which is often disrupted in response to pathological insults 

ranging from developmental abnormalities to inflammation and infection or 

neoplasia.  

There are several platforms available, including the Visium spatial gene 

expression platform (https://www.10xgenomics.com/products/spatial-gene-

expression) from 10xGenomics and Nanostring’s GeoMx digital spatial profiler 

(DSP) system (https://nanostring.com/products/geomx-digital-spatial-

profiler/geomx-dsp-overview/). Visium relies on a kit-based assay that uses a 

combination of H&E staining and RNA capture based on oligo-dT overhangs 

combined with RNA-sequencing of fresh-frozen samples.209 GeoMx DSP is also 

kit-based and starts with tissue incubation with antibodies or RNA probes 

conjugated to UV-cleavable oligonucleotides, followed by scanning with the use 

of fluorescence markers to help define regions of interest, selection of ROIs, UV 

cleavage of the oligonucleotides for collection from the ROIs, and probe counting 

by nCounter or other next-generation sequencing techniques.209 It can be applied 

to formalin-fixed paraffin-embedded sections, tissue microarrays, or fresh-frozen 
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samples. Importantly, several studies have found strong conservation of gene 

expression within the same organs across species, suggesting findings using 

these techniques would provide insight to human disease even if performed in 

tissue from animal models.210 

These methods also have tremendous potential for adding insight to the 

processes occurring in developing embryos and young animals. Defining the 

developmental programs at work in various tissues and species can add 

important context to information gained from diseased samples. The application 

of single-cell RNA sequencing in combination with spatialomics to developing 

chicken hearts allowed identification of spatiotemporal interactions between cells 

during cardiogenesis, allowing the characterization of unique progenitor and 

differentiated cell types by location and in context with various regulatory 

factors.211 While this technology is still in its infancy, its rapid development will 

likely lead to profiling of most tissues across species and to application to many 

disease states, quickly advancing our knowledge and providing interesting 

opportunities to better understand disease pathogenesis in a spatial context.212 

Spatialomics has already led to significant advances in knowledge. 

Observations of similar gene expression across cell types has helped show that 

characterizing cells based on just a few morphologic features or surface markers 

is likely insufficient to fully characterize cell types and activity in the tissue or 

organism context.213 The central nervous system has provided a rich opportunity 

for better understanding degenerative nervous system diseases. Spatialomics 
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demonstrated spatial dysregulation of expression of genes (GRM3 and USP47) 

across the cerebral cortex that were not appreciated using previous techniques in 

patients with amyotrophic lateral sclerosis.214 The growth cartilage is well-suited 

for spatialomics, given the unique morphology of chondrocytes within the 

different tissue zones that would preclude the need for specific markers to define 

the target cell populations for assessment of differential gene expression.31, 39 

Regions of interest (ROIs) can be defined, at least initially, based on morphologic 

characteristics. Expression could be compared between subpopulations of 

chondrocytes, between control and ischemic samples in the context of LCPD 

models, and across species to determine the mechanisms underlying the 

observed histological changes. In the context of LCPD, we may be able to define 

the response of different subtypes of chondrocytes to hypoxia and ischemic 

injury comprehensively within the growth cartilage, elucidating new biological 

pathways and treatment targets.   

 

5.2 Osteochondrosis 

 Our work identifying early lesions of OC in pigs using quantitative MRI 

provides a foundation for both future studies of OC in the pig to further elucidate 

the pathogenesis of this disease and to noninvasively evaluate the efficacy of 

treatments. While logical next steps include applications of these techniques at 

lower clinical field strengths (≤7T) and to additional predilection sites to 

demonstrate the shared pathogenesis across articular surfaces, these 
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techniques are also well-suited for application to other poorly understood 

developmental orthopaedic diseases affecting humans and animals.  

 

Advanced Imaging 

 Imaging of the cartilage continues to present unique challenges due to the 

variation in zonal structure and composition that changes across very small 

areas.46, 49 While histology continues to be the gold standard for diagnosis of 

many diseases, the increasing resolution of MRI systems combined with 

development of new morphological and quantitative MRI methods, especially 

when used in combination, has the potential to provide additional detailed 

information about the health of the bone and cartilage noninvasively that would 

not otherwise be obtainable. There are several advanced quantitative MRI 

techniques in development or currently being applied to orthopaedic disorders 

that represent significant advancements over historically favored radiographs and 

contrast-based techniques.49 These are particularly useful during development, 

given that radiographs fail to provide detailed information about cartilage and the 

associated vascular networks intimately involved in diseases like OC and 

LCPD.50, 51 They also provide a quantitative means for evaluating structures in 

the joint that may be followed temporally or compared across disease states in a 

more objective manner than typical clinical MRI techniques that are qualitative in 

nature.  
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T2 relaxation time mapping of cartilage is used to assess degeneration or 

biochemical alteration to the cartilage without structural damage, producing a 

color-scaled map through post-processing that demonstrates regional variation 

within hyaline cartilage.50 T2 mapping captures the interaction of extracellular 

matrix and water molecules, with relaxation times increasing with increased 

water mobility secondary to collagen damage.50 T2 mapping applied to the in vivo 

monitoring of growth plates in a rabbit model of premature growth plate closure 

detected variation in values in the adjacent, uninjured growth plate following 

drilling through the growth plate, though the underlying cause of T2 variation was 

not determined.215 T2* mapping is the transverse relaxation time constant that 

characterizes how quickly the MR signal declines in the tissue due to variability 

within the local static magnetic field.161  T2* mapping is used to assess cartilage 

integrity and microstructure, and has been shown to increase in early OC 

lesions.162, 216 T2* values have been shown to vary related to underlying 

disorders, with variation across stages of disease in human JOCD patients 

reflecting the degree of ossification of lesions.161 Advantages of T2* include the 

faster rates of acquistion, which are particularly useful in pediatric patients, and 

the reflection of microscopic field gradients in the values that may have clinical or 

structural significance.162 T1 in the rotating frame (T1ρ) is an MRI parameter that 

has been hypothesized to reflect the proteoglycan content within the cartilage 

matrix, with variation in several conditions associated with proteoglycan loss 

including osteoarthritis.50, 51 T2 and T1ρ are sensitive to ischemic injury in the 
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described piglet model of LCPD as early as 48 hours following induction of 

ischemia.76, 79 While several of these techniques are already being utilized in a 

research context, they have not been widely introduced in a clinical context 

pending sufficient preclinical research to demonstrate safety, efficacy, and 

clinical relevance of changes in signal in vivo and at clinical field strengths.   

While these techniques are already being applied to the study of LCPD 

and OC, they provide an opportunity to shed light on other important 

developmental orthopaedic diseases. A particular disease of interest is 

developmental dysplasia of the hip. By applying a combination of advanced 

imaging, gross, and histological assessments to this disorder, there are 

opportunities to investigate the role of the acetabular vascularity in development 

of DDH. Many of the same imaging techniques and histological techniques would 

be useful in evaluating the vascularity of the hip both as a possible inciting factor 

in development of DDH and as a relevant biomarker of the condition that could 

be useful in screening infants and children noninvasively.  

 

5.3 Osteoarthritis 

 Major hurdles in the translation of preclinical work to clinical impact in 

osteoarthritis include the widespread use of small animal models, primarily mice, 

with a relatively limited utilization of large animal models. The high volume of 

preclinical small animal studies also producing tissue for evaluation that can be 

time-consuming, require specialty expertise, and be expensive.2 By incorporating 
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large animal models into OA studies in larger numbers, there is greater potential 

to translate effective interventions to human patients in a timely manner, while 

streamlining data collection through technological advances like artificial 

intelligence could increase both the thoroughness of evaluation and the 

consistency and efficiency of data generation.  

 

Large Animal Models of Osteoarthritis 

Large animal studies are considered expensive and time-consuming and 

are constrained by available research space. Researchers may be biased 

against these studies due to perceived differences in physiology or 

pathophysiology between these species and humans.2 There is a critical need to 

address these biases and highlight the value and necessity of large animal 

research in the orthopedic research field. While genetic engineering is now 

available for pigs, with examples including novel pig models of Duchenne 

muscular dystrophy and cystic fibrosis, the complexity of OA and absence of a 

model of spontaneously occurring OA in pigs limits the usefulness of this 

advance for OA research.217 More promising future directions include expansion 

of the use of canine, small ruminant, and equine models to help bridge the gap 

from rodent studies to clinically meaningful human advances in the treatment of 

disease.2 Client-owned animals may provide a means to address this gap, given 

the high prevalence of naturally occurring osteoarthritis in dogs and horses.218, 219  
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Using client-owned animals for clinical studies presents some unique 

challenges, including a potentially high proportion of animals being lost to follow-

up, the need for unbiased evaluations of the response to treatment (e.g. 

veterinary assessment rather than self-reported owner assessment), and the 

added risk of owner distress in the case of adverse events.220 However, if the 

early stages of evaluation of interventions can be completed with confidence in 

the safety profile prior to introduction in client-owned animals, these populations 

can provide a large patient base and may enhance successful translatability of 

results to human patients. While use of client-owned animals could address a 

significant gap in preclinical research, concerns exist regarding the ethics of this 

research. Additional regulation to limit bias in these studies and ensure 

consistency among institutions may be necessary to ensure the scientific integrity 

of these studies.220 A recent review of studies assessing the efficacy of intra-

articular mesenchymal stem cell administration at the hip joint for treatment 

osteoarthritis in dogs demonstrated the challenges in comparing multicenter 

studies among institutions due to lack of standardized techniques for evaluation 

along with a moderate to high risk of bias based on study design.219 These 

issues are complex but addressable, with a focus on rigor and reproducibility 

going forward.  
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Artificial intelligence 

An ongoing challenge in preclinical research is developing consistent, 

easily applied, and widely accepted methods for histopathologic evaluation of 

lesions. While our work regarding murine models of osteoarthritis represents a 

small step in addressing this critical gap, much work remains to be done across 

systems and models to improve the consistency and validity of histopathologic 

evaluations. It can be hard or impossible to find pathologists with expertise in this 

area, and many published studies depend on researchers with other 

backgrounds and variable training to analyze histopathologic results.221 One 

emerging area that will likely help address these issues is expansion of digital 

pathology (generating, managing, and interpreting pathology information from 

digitized glass slides) and expansion of the application of artificial intelligence 

(AI) to histological assessment.222 While whole-slide imaging and the use of 

digital slides for diagnostic and research purposes has existed for quite some 

time, these technologies have recently become more efficient, less expensive, 

and more widely available, making expansion of the applications of AI more 

realistic. Several large veterinary diagnostic companies adopted fully digital 

workflows in 2014, while clearance by the FDA for digital pathology systems for 

diagnostic purposes in human specimens were not approved until 2017.222 

 Histopathologic scoring is typically a means for producing semi-

quantitative data from tissue samples. Histologic scoring systems may include 

various features of the tissue of interest and ideally are validated through 
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evaluation of both the repeatability and validity of the tissue pathobiological 

processes and their representation in the system.223, 224 Certain features of 

cartilage, bone, and joints that are amenable to quantitative analysis through 

histomorphometry assessment (e.g. articular cartilage area and thickness) may 

be amenable to semi-automated or automated assessment. Advantages to 

adoption of AI include gathering more quantitative data from tissues with large 

numbers of samples, sections, or large tissue areas, reduction in bias, and often 

the creation of a permanent record of results (imaging and data) that can be 

referred to as needed.224 Studies of osteoarthritis utilizing histomorphometry 

provide an excellent opportunity to apply AI technology, allowing rapid evaluation 

of multiple sections per individual and detailed quantitative assessment of the 

varied structures that compose the joint and that may be altered in disease. 

However, studies applying these techniques to osteoarthritis are fairly limited, 

particularly when it comes to histological assessment. For example, strategies 

are still being developed to accurately distinguish the medial and lateral 

compartments of the stifle, which may differ in disease severity.224-226 Major effort 

will be needed to advance the current technology to the point of utility and time 

and cost-savings for investigators.  

Hurdles to adoption include the initial cost of equipment and the need for 

adequate storage space and bandwidth for the large data files produced, a 

method for backup of data, and access to an appropriate program for reading 

and analyzing slides.222, 224 Open-source software like ImageJ (FIJI), a Java 



 128 

program based on NIH Image for Macintosh, and QuPath (specific for digital 

tissue image analysis) have increased accessibility to appropriate tools for many 

applications and provide options for customizability, with many options for 

analysis of still photomicroscopic images.222, 227 Several tools have been 

developed for assessment of the musculoskeletal system in ImageJ, including: 

Myosoft, which analyzes muscle fiber type and size; ZFBONE, which provides 

semi-automatic analysis of zebrafish bony structures; and BoneJ, which can be 

used to assess various skeletal features from CT and microCT images.228, 229 

While these methods can provide valuable savings in time, they often still require 

oversight by a trained specialist such as a pathologist to ensure that the input is 

high-quality and that the selected parameters are appropriate to the question at 

hand, to ensure consistency in analysis and interpretation.222, 230 

 

5.4 Conclusion 

 To better understand the effects of epiphyseal ischemia on the growth 

plate, we used a piglet model of LCPD to characterize the histologic, 

histomorphometric, and immunohistochemical alterations in the 28 days following 

ischemia and demonstrated significant acute effects on the growth plate zones 

and associated disruption of endochondral ossification. We demonstrated in a 

piglet model of OC that quantitative MRI methods can identify the earliest lesions 

in development of disease ex vivo at predilection sites. Finally, we compared the 

utility of two widely accepted grading schemes for determination of murine OA 
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severity, finding the schemes perform comparably, that evaluation of chondrocyte 

cell death may complement grading in the determination of severity, and 

highlighting differences between the destabilization of the medial meniscus 

model and spontaneously developing disease. Collectively, these findings 

support the ongoing use and refinement of the pig as a model of LCPD and OC 

and provide guidance in utilizing mice to study OA. Preclinical research in 

orthopaedics is not a new concept, but the advent of new technologies including 

paradigm-shifting molecular techniques like spatialomics, novel advanced 

imaging methods, and advances in artificial intelligence have poised the field for 

rapid advancement in the coming decades and have direct applications to the 

continuation and expansion of this work.  
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Appendix 1. Chapter 2 Supplementary Material 

A1. Supplementary Figure 

 
Figure S1. Piglet with extensive disruption of growth plate precluding 

histomorphometry at 28 days following induction of ischemia. (A) Normal 

contralateral control femoral head and (B) ischemic femoral head with focal 

bridging and replacement of physis by fibrovascular tissue. E = bony epiphysis, 

M = metaphysis, P = physis. 0.5× magnification, H&E. (C) Higher magnification 

(4×) of area in box in (B) showing fibrovascular bridging and replacement of 

physis (*), with adjacent physeal chondrocyte cell death and loss of matrix 

staining of growth cartilage bordering fibrovascular bridge. E = bony epiphysis. 

H&E. (D) Higher magnification (10×) of chondrocyte cell death within the remnant 

of physeal cartilage within box in (C), accumulation of cellular debris within the 



 164 

epiphysis and metaphysis, and disorganization of remaining viable chondrocytes 

(arrows). Star = necrotic vascular canal containing cellular debris. H&E.  
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Appendix 2. Chapter 4 Supplementary Material 

A1. Supplementary Methods 

Histology 

Right knee (stifle) joints were collected from each animal and fixed in 10% 

neutral buffered formalin with the joint angle at approximately 120 degrees. After 

fixation, the joints were decalcified in 10% EDTA for approximately two weeks 

and processed for histology as previously described.18.The specimens were 

relabeled and randomized at the time of histologic processing to blind the 

evaluators to group assignments. The joints were embedded intact in paraffin 

with the patella down and the femur and tibia forming equal angles to the 

margins of the embedding cassette to minimize medial or lateral rotation of the 

joint.  

 

Power Calculations 

Group sizes were powered to detect a biologically significant difference 

between sham mice and DMM mice based on the mean mid-coronal OARSI and 

ACS grades, using a mean difference of 2 with an estimated standard deviation 

of 2 for the OARSI scheme and a mean difference of 3 with an estimated 

standard deviation of 2.9 for the ACS scheme (power=0.8, α=0.05, 2-sided T-

test).  

 

Statistical Analysis of Histomorphometry Data 
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The histomorphometry data were continuously and normally distributed 

and were compared using Students t-tests between the two OA models (DMM 

and naturally occurring age-related OA) and between the sham-operated and 

aged mice. 

 

Statistical Analysis of Interobserver Variation 

The correlation (interobserver variation) between graders was determined 

by generation of non-parametric Spearman correlation values for the 

experienced and inexperienced grader for the MTP and LTP grades from six 

sections per specimen for both OARSI and ACS scheme (Prism). A non-

parametric test was chosen based on a visual assessment of the Q-Q plots and 

lack of normality on the Shapiro-Wilk test (OARSI W=0.8449, p<0.0001; ACS 

W=0.6645, p<0.0001).  

 

Grading of Tibial Plateaus 

The focus of both OARSI and ACS grading was placed on the medial and 

lateral tibial plateaus (MTP and LTP), given evaluation of the femoral condyles 

that indicated the femoral condyles consistently scored the same or less than the 

coinciding tibial plateau.  

 

Osteophyte and Synovial Hyperplasia Grading 
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Osteophytes were evaluated as previously published on a scale of 0-3, 

with 0 = no osteophyte, 1 = small osteophyte (approximately the same thickness 

as the adjacent cartilage), 2 = medium  osteophyte (approximately 1-3 times the 

thickness of the adjacent cartilage), and 3 = large osteophyte (greater than 3 

times the thickness of the adjacent cartilage).5,20,32 Synovial hyperplasia was 

evaluated as previously published on a scale of 0-3 with 0 = 1-3 cell layers of 

synoviocytes, 1 = 4-6 cell layers of synoviocytes, 2 = 7-9 cell layers of 

synoviocytes, and 3 = 10 or more cell layers of synoviocytes.5,20  

 

Histomorphometry 

Histomorphometry was performed on a single representative mid-coronal 

H&E-stained section from each joint (n=40) as previously described 5 and 

included measurements of the area and average thickness of the articular 

cartilage (cartilage above the tidemark), area and average thickness of the 

calcified cartilage (cartilage below the tidemark), and area and average thickness 

of the subchondral bone (Supplemental Figure 3). Area of articular cartilage 

containing dead chondrocytes (chondrocyte cell death, CCD; identified by 

shrunken, eosinophilic chondrocytes lacking identifiable nuclei; Supplemental 

Figure 4) was also measured and used to generate a percentage of CCD (area 

of CCD/total articular cartilage area *100). These measurements were collected 

using an OsteoMeasure bone histomorphometry system (OsteoMetrics, Atlanta, 

GA) based on a 700-μm wide by 600-μm field of view centered on the tibial 
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plateau, which included at least 75% of its width (methods described in detail 

previously) 5.  

 

Principal Components Analysis 

PCA included 12 OA parameters measured on a single mid-coronal 

section for each individual (n=40): OARSI grades, ACS grades, Toluidine blue 

grades, synovial hyperplasia grades, osteophyte grades, and histomorphometry 

measurements (articular cartilage area and thickness, calcified cartilage area and 

thickness, subchondral bone area and thickness, and %CCD). These 12 

parameters were reduced to four factors that were responsible for 78% of the 

variation in the data. Parameters with factor loadings >0.30 were considered to 

contribute substantially to the factors.   

 

A2. Supplementary Results 

Interobserver Variation 

An important feature of grading systems is the repeatability and ease of 

application, particularly when utilized by both experienced and novice graders. 

ACS and OARSI scores were determined by both an experienced grader and 

novice grader as described in the methods. The Spearman correlation value for 

the modified OARSI scheme across all graded H&E sections (6 per mouse; 240 

total grades) between the two graders was 0.8418 (95% CI: 0.8217, 0.8668) 

while the Spearman correlation value for the ACS scheme was 0.776 (95% CI: 
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0.7383, 0.8116), indicating a somewhat greater correlation between graders 

when applying the OARSI scheme as compared to the ACS scheme.  

 
A3. Supplementary Figures 
 

 
 
Figure S1. Features of an ideal mid-coronal section. The alignment of the 

tibia and menisci are the primary indicators of symmetry, with the femur and 

patella serving as secondary indicators. (A) Unstained mid-coronal section from a 

DMM mouse, with landmarks present to indicate a mid-coronal location. The 

tibial plateau is generally flat within the mid-coronal region, with symmetry of the 

femoral condyles and the growth plates of the femur and tibia and a central and 

symmetrical patella. The medial aspect is on the right with the lateral aspect to 

the left. Menisci are symmetrical and taper sharply. The fibula is not observed 

(present in coronal sections from the posterior portion of joint). Arrows indicate 

the cartilage of the physis, which normally remain open in the mouse tibia and 
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femur. (A) An unstained section can be used to determine alignment and adjust 

as coronal sectioning takes place. Sections may be stored unstained long-term 

for later use, with staining and evaluation reserved for mid-coronal section(s). 

The section shown unstained in (A) is immediately adjacent to the H&E-stained 

section shown in (B). (B) and (C) H&E-stained mid-coronal sections with ideal 

features for assessment of the articular cartilage structure along with 

histomorphometry. Subtle variation is present in the femur alignment and depth 

of section, where the growth plate is apparent proximally and distally (arrows) in 

(B) and only in the proximal portion in (C). Star = patella. Arrow heads = menisci. 

Cr = cruciate ligament insertions.  
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Figure S2. Osteophyte grading. (A) A normal abaxial joint margin without 

osteophyte formation (osteophyte grade = 0). A smooth layer of articular cartilage 

overlies the medial tibial plateau and extends to the margin of the joint. (B) 

Fibrocartilage and bone forming a small osteophyte at the abaxial margin of the 

medial tibial plateau. Osteophyte grade = 1 with the thickness approximately 

equal to the thickness of the adjacent articular cartilage. (C) A medium 

osteophyte at the abaxial margin of the tibial plateau that is approximately three 

times the thickness of the articular cartilage (osteophyte grade = 2). (D) A large 

osteophyte composed of bone and cartilage markedly expands the margin of the 

joint, with complete loss of the articular cartilage at the tibial plateau (osteophyte 
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grade = 3). Vertical line = approximate natural margin of the tibia. Double-sided 

arrows indicate widest point of the abaxial osteophyte. 200x magnification, H&E 

staining.  
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Figure S3. Examples of the tidemark separating articular cartilage from 

calcified cartilage. Depending on the balance of hematoxylin and eosin stains, 

the tidemark varies from deep purple to deep pink and forms a continuous line 

separating the articular cartilage from the calcified cartilage. (A) (B) 200x 

magnification. (C) (D) 400x magnification. F = femur, T = tibia, M = meniscus. 

Hematoxylin and eosin (H&E) stain.  
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Figure S4. Chondrocyte cell death. (A), (B), and (C): Three examples 

highlighting regions of chondrocyte cell death within the articular cartilage. Areas 

are included if they consist of two or more necrotic chondrocytes, which are 
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characterized by nuclear eosinophilia, loss of nuclear detail, and condensation. 

Associated matrix is included and may add some subjectivity to the 

measurement, but this can be addressed by having all graders in a study use 

consistent guidelines when they make their measurements. Often, there are so-

called “kissing” lesions consisting of chondrocyte cell death within the femoral 

articular cartilage in direct apposition to areas of cell death at the tibial plateau 

(indicated by *). M = region of chondrocyte cell death in the meniscus in (A). 

400x.  
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A4. Supplementary Tables 
 
Table S1. Comparison of the femoral condyle grades to the corresponding 
tibial plateau grades.  
 MFC≤MTP LFC≤LTP 
OARSI grading 
   Total (n=40) 
      Sham (n=10) 
      DMM (n=15) 
      Aged (n=15) 

 
90% 
   100% 
   86.7% 
   86.7% 

 
80% 
   100% 
   86.7% 
   60% 

ACS grading 
   Total (n=40) 
      Sham (n=10) 
      DMM (n=15) 
      Aged (n=15) 

 
90% 
   100% 
   86.7% 
   86.7% 

 
82.5% 
   100% 
   93.3% 
   60% 

 
In the majority of mid-coronal sections, the grade of the femoral condyle was 

equal to or less than the grade of the corresponding tibial plateau.  
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Table S2. Location of most severe lesions.  
Location of 
Highest Grade 

Anterior Mid-Coronal Posterior Highest grade within 
one section of the mid-
coronal section 

OARSI MTP 
  Total (n=40) 
     Sham (n=10) 
     DMM (n=15) 
     Aged (n=15) 

 
20% 
10% 
46.7% 
0% 

 
45% 
50% 
46.7% 
40% 

 
35% 
40% 
6.6% 
60% 

 
77.5% 
80% 
73.3% 
80% 

OARSI LTP 
  Total (n=40) 
     Sham (n=10) 
     DMM (n=15) 
     Aged (n=15) 

 
7.5% 
0% 
13.3% 
6.7% 

 
65% 
80% 
60% 
60% 

 
27.5% 
20% 
26.7% 
33.3% 

 
87.5% 
90% 
80% 
93.3% 

ACS MTP 
  Total (n=40) 
     Sham (n=10) 
     DMM (n=15) 
     Aged (n=15) 

 
15% 
0% 
40% 
0% 

 
52.5% 
50% 
53.3% 
53.3% 

 
32.5% 
50% 
6.7% 
46.7% 

 
80% 
90% 
73.3% 
80% 

ACS LTP 
  Total (n=40) 
     Sham (n=10) 
     DMM (n=15) 
     Aged (n=15) 

 
12.5% 
0% 
6.7% 
26.7% 

 
57.5% 
70% 
80% 
26.7% 

 
30% 
30% 
13.3% 
46.6% 

 
75% 
70% 
93.3% 
60% 

 
Overall, the most severe lesions tended to be mid-coronal for both the medial 

and lateral tibial plateau regardless of grading scheme used. However, the 

models showed a significant variation in the location of most severe lesions when 

they were not located in the mid-coronal section, with DMM mice frequently 

having most severe lesions anterior to mid-coronal and aged mice more 

frequently having most severe lesions posterior to the mid-coronal section. 

Overall, the most severe lesions were frequently either mid-coronal or within one 

section of mid-coronal, suggesting the mid-coronal region (encompassing a 150-

250 µm span of the joint) is still a relevant region for focus in both the DMM and 

aging model.  

 


