
University of Calgary

PRISM Repository https://prism.ucalgary.ca

The Vault Open Theses and Dissertations

2020-10-14

The Natural History of Bone Marrow

Lesions and Cysts in the Dunkin-Hartley

Guinea Pig Knee Osteoarthritis Model

Francis, Destiny

Francis, D. (2020). The Natural History of Bone Marrow Lesions and Cysts in the

Dunkin-Hartley Guinea Pig Knee Osteoarthritis Model (Master's thesis, University of Calgary,

Calgary, Canada). Retrieved from https://prism.ucalgary.ca.

http://hdl.handle.net/1880/112686

Downloaded from PRISM Repository, University of Calgary



UNIVERSITY OF CALGARY 

 

 

The Natural History of Bone Marrow Lesions and Cysts in the Dunkin-Hartley Guinea Pig Knee 

Osteoarthritis Model 

 

by 

 

Destiny Francis 

 

 

A THESIS 

SUBMITTED TO THE FACULTY OF GRADUATE STUDIES 

IN PARTIAL FULFILMENT OF THE REQUIREMENTS FOR THE 

DEGREE OF MASTER OF SCIENCE 

 

GRADUATE PROGRAM IN BIOMEDICAL ENGINEERING 

 

CALGARY, ALBERTA 

 

OCTOBER, 2020 

 

© Destiny Francis 2020



 i 

Abstract 

Idiopathic knee osteoarthritis (OA) is a disease with unknown etiology, where age is de-

scribed as a major risk factor. There is a need to document OA's natural history to gain insight into 

its etiology. Therefore, an animal model like the Dunkin-Hartley (DH) guinea pig that spontane-

ously develops a knee OA phenotype similar to idiopathic OA observed in humans can be used to 

study the disease-related bony degeneration. This phenotype includes osteophyte formation, scle-

rosis, bone marrow lesions (BMLs), and cysts within a relatively short period. This thesis employs 

advanced magnetic resonance imaging (MRI), micro-computed tomography (μCT), and histolog-

ical techniques to assess knee joint degeneration in DH guinea pigs at ages 2, 4, 6, 12, and 24 

months. The results from this project show evidence of cartilage degradation and bone cyst for-

mation in the 6-month age group, which becomes more apparent in the 12 and 24-month age 

groups. When present, cysts were primarily located in the central compartment of the bone and 

often accompanied by osteophytes and sclerosis. Joint degeneration was most severe in the 24-

month age group with the largest cysts as well as the greatest osteophyte size and number. Bone 

microarchitecture was also significantly affected in this age group. Overall femoral and tibial tra-

becular number (Tb.N) was lowest in the 24-month age group, and it had the highest medial fem-

oral subchondral bone plate thickness (Sbp.Th), femoral and tibial subchondral bone plate porosity 

(Sbp.Po), femoral trabecular separation (Tb.Sp), and medial tibial trabecular thickness (Tb.Th). 

The medial compartment also revealed greater joint degeneration, as demonstrated by greater fem-

oral and tibial Sbp.Th and femoral Sbp.Po in the 12 and 24-month age groups compared with the 

lateral compartment. This project demonstrates that age-related joint degeneration occurs in the 

DH guinea pig spontaneous knee OA model with evidence of osteophytes, cysts, and bone micro-

architecture alterations in older age groups. Although histology revealed abnormalities in the bone 
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that have been associated with MRI-defined BMLs, I am unable to conclude whether or not BMLs 

occur in this model as a further investigation with MRI is still required. 
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Preface 

Chapter 1: A general introduction of the thesis. 

 

Chapter 2: A literature review of topics relevant to this thesis. 

 

Chapter 3: A manuscript-based chapter describing age-related joint degeneration in the Dunkin-

Hartley guinea pig using assessments from micro-computed tomography, magnetic resonance im-

aging, and histology. 

 

Chapter 4: A general discussion on the findings in this thesis.  
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CHAPTER 1: Introduction 

Osteoarthritis (OA) is a complex and slowly progressing degenerative disease that affects 

the entire synovial joint. It is among the most common chronic health conditions and a leading 

cause of pain and lower extremity disability in older adults (1,2). It is characterized radiograph-

ically by joint space narrowing, meniscal damage, and bone malformations, such as subchondral 

bone sclerosis, osteophyte formation, and bone cysts (3). OA commonly affects joints of the knees, 

hips, hands, and ankles. In particular, knee OA is highly prevalent. Its incidence increases with 

age, and it is more prevalent in females than males (1). 

There are two main forms of OA: primary and secondary OA. Primary or idiopathic OA is 

a spontaneous form of OA with unknown causes and higher incidence rates with increasing age 

and in women (1). It is a more prevalent form of OA compared with post-traumatic OA, a common 

form of secondary OA that occurs after a joint injury and makes up only approximately 12% of 

symptomatic OA cases (4). Studying the pathogenesis of idiopathic OA in humans has been chal-

lenging due to the lack of a demonstrable acute event that triggers onset, and as a result, there are 

many unknowns in early disease onset and progression.  

Studies using imaging to understand OA are important in describing the tissue-level de-

generation associated with the disease and can be conducted in vivo throughout the disease process. 

While a weak correlation exists between symptoms and radiographic findings (5), advanced im-

aging techniques are useful to characterize the presence and timing of the disease-related changes. 

Such techniques include magnetic resonance imaging (MRI) and quantitative computed tomogra-

phy. 

Magnetic resonance imaging has allowed for the non-invasive diagnosis of bone marrow 

lesions (BMLs), which are associated with pain in late-stage knee OA (2). Specifically, Felson et 



 2 

al. (2001) found that approximately 78% of people with knee pain had BMLs, while 30% of people 

without knee pain had BMLs (2). BMLs appear as irregularly shaped regions of hyperintense sig-

nal on fluid-sensitive MR sequences (6). These lesions have been observed in weight-bearing re-

gions of the knee and associated with histological abnormalities, such as adipocyte necrosis, bone 

marrow fibrosis and subchondral cysts (6,7). Some BMLs have been found to progress to cysts 

(92% incidence rate), which can be visualized using MRI as well as radiography (8,9).  

Advanced computed tomography (CT) imaging techniques, such as high-resolution periph-

eral quantitative computed tomography (HR-pQCT) and micro-computed tomography (μCT), 

have allowed for quantitative measurements of bone microarchitecture parameters, such as bone 

mineral density, subchondral bone plate thickness, subchondral bone plate porosity, and trabecular 

thickness, number, and separation (10,11). Bone microarchitecture is affected during OA. Specif-

ically, regions in the subchondral bone where BMLs were present, paradoxically, had a more plate-

like trabecular structure with increased trabecular thickness, higher volumetric bone mineral den-

sity (BMD), and little to no overlying articular cartilage compared to regions in the same samples 

where they were absent, suggesting that they are likely associated with the progression of OA (7). 

Despite these advancements, the etiology of primary OA is still not well understood. There 

is a need to document the entire natural history of OA. This can be made possible with an animal 

that models human idiopathic knee OA. The Dunkin-Hartley (DH) guinea pig develops a sponta-

neous knee OA phenotype over its life span, and BMLs have not been studied extensively in this 

model. 
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1.1 Purpose and Aims 

The overall purpose of this project is to describe the natural history of knee OA in a spon-

taneous knee OA model. This project will address the following aims: 

1. Document the knee joint degeneration in the DH guinea pig with complementary information 

from MRI, μCT, and histology. 

2. Investigate the presence and timing of BMLs and cysts in the subchondral bone of the DH 

guinea pig relative to other pathological features associated with the development of knee 

OA. 

3. Characterize the development of insertional cysts and whether they are associated with 

pathological features of knee OA. 

 

1.2 Thesis Outline 

Chapter 1 introduces the thesis, the rationale behind this project, and its purpose and aims. 

Chapter 2 is a literature review on knee osteoarthritis describing the anatomical and morphologi-

cal components involved in the disease, and the techniques developed to study it. 

Chapter 3 is a manuscript-style chapter on this project titled Age-related Joint Degeneration in 

the Dunkin-Hartley Guinea Pig: Joint Assessments with Micro-computed Tomography, MRI and 

Histology. 

Chapter 4 is a general discussion addressing the aims, limitations, and future directions of this 

project. 

Appendices include additional figures, extended methods and scripts used in this project, as well 

as copyright permissions obtained for this thesis.  
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CHAPTER 2: Background and Literature Review 

2.1 Knee Joint Anatomy 

 The knee joint is the largest synovial joint in the human body. As a synovial joint, it is 

made up of a fluid-filled capsule, the synovium, lined with a synovial membrane. Within the syn-

ovium, the articulating surfaces of the bones covered by thin layers of hyaline cartilage meet. There 

are two articulations in the knee joint: the tibiofemoral and patellofemoral. The tibiofemoral joint 

consists of the femur and the tibia, and it is the weight-bearing component of the knee. Two me-

nisci (medial and lateral) are located within this joint, while the collateral and cruciate ligaments 

connect the bones (Figure 1). 

 

Figure 1. Anterior view of a coronal section of the knee (patella not depicted). Netter illustration 

used with permission of Elsevier Inc. All rights reserved. www.netterimages.com (12). 
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The patellofemoral joint is made up of the patella and femur, and it enables knee extension 

movement because of the quadriceps femoris tendon that attaches to the patella. The quadriceps 

femoris tendon extends into the patellar ligament, which attaches to the tibia (12). Around this 

joint are several synovial fluid-filled sacs called bursa. 

All structures in the knee joint play unique roles that allow for mobility, stability, strength, 

shock absorption and reduce/prevent friction. 

 

2.1.1 Articular Cartilage 

 The articular cartilage is a thin layer of hyaline cartilage that covers the bones of a synovial 

joint, like the knee joint. It is an avascular structure made up of a dense extracellular matrix (ECM) 

and specialized cells known as chondrocytes (13). The ECM contains water, collagen, proteogly-

cans and other proteins that contribute to the cartilage’s biomechanical properties, such as its abil-

ity to resist significant loads. Chondrocytes are essential to the development, maintenance, and 

repair of the ECM (13).  

 There are three zones in the articular cartilage: the superficial/tangential zone that is located 

at the proximal end of the articular surface and in contact with synovial fluid, the middle/transi-

tional zone, and the deep zone, which is situated distally. All three zones have distinct cellular and 

molecular organization that allow for their unique properties (Figure 2). In the superficial zone, 

collagen fibrils are arranged parallel to the articular surface and tightly packed, and a relatively 

large number of chondrocytes are present and flattened (13). This arrangement allows the cartilage 

to resist forces caused by articulation. 
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Figure 2. Diagrammatic representation of the articular cartilage zones. The organization of chon-

drocyte (left) and collagen fibrils across all three zones (right). Used with permission from Wolters 

Kluwer Health, Inc., Journal of the American Academy of Orthopaedic Surgeons. 

 

The middle zone is specialized to resist compressive forces (13). It is the largest of the 

three zones and serves as a bridge between the other two zones. It contains randomly organized 

collagen fibrils and spherical chondrocytes that are at low density (13,14).  

Similar to the middle zone, the deep zone is also responsible for resisting compressive 

forces. However, it is designed to have the greatest stiffness (13). The chondrocytes in this zone 

are in a columnar organization while the collagen fibrils are arranged radially, with both parallel 

to each other and perpendicular to the joint line. The deep zone is separated from the calcified 

layer of the cartilage by a tidemark. The calcified layer secures the cartilage to the bone by con-

necting the collagen fibrils in the deep zone to the subchondral bone (13).   
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2.1.2 Subchondral Bone 

 The subchondral bone is the bone underlying the articular cartilage. In the knee joint, this 

means the femur, tibia and patella. At the tibiofemoral articulation, the femur and tibia are long 

bones with epiphyses above their growth plates, metaphyses below their growth plates, and a di-

aphysis. Both the epiphysis and metaphysis consist of a shell of dense cortical bone that borders a 

spongy trabecular bone, while the diaphysis is a hollow shaft of cortical bone (15).  

 Directly below the calcified cartilage, in the epiphysis, is a thick plate of cortical bone 

known as the subchondral bone plate. The cortical bone in the subchondral bone plate is dense and 

solid, similar to cortical bone in other skeletal locations, but less stiff than the cortical bone in the 

diaphysis (15,16). Beneath this bone plate is the trabecular bone, a mesh-like structure of trabecular 

plates and rods spread around the bone marrow. The trabecular bone is more porous and has a 

lower ratio of bone volume to total volume compared with the cortical bone (15,16). 

 Bone undergoes changes during life. It grows, changes its shape, and gets renewed over 

time. The subchondral bone can grow longitudinally and radially. During longitudinal growth, 

which happens at the growth plate, cartilage proliferates in the epiphysis and metaphysis then be-

comes mineralized to form primary new bone (15).  

Bone can gradually change its shape due to biomechanical forces or physiological influ-

ences (15). Bone remodelling is a lifelong process whereby mature bone is resorbed and replaced 

with a newly formed bone (15). Bone remodelling makes use of specialized cells called osteoclasts 

and osteoblasts. Osteoclasts resorb bone while osteoblasts form bone. This process is necessary to 

maintain the mechanical strength of bone (15). The subchondral bone withstands repetitive cycles 

of mechanical loading, and damage may occur due to these loads (17). Bone remodelling may 
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prevent the accumulation of bone microdamage. It might also enable bone to adapt to its mechan-

ical environment to reduce the risk of fracture (17).  

 

2.1.3 Menisci 

 The medial and lateral menisci are crescent-shaped fibrocartilage structures that are at-

tached to the intercondylar part of the tibia. Their functions include load transmission, shock ab-

sorption, joint stability, lubrication, and proprioception (18). The medial meniscus is located on 

the medial aspect of the knee. The anterior and posterior sides of the medial meniscus are attached 

to the intercondylar part of the tibia, anterior to the anterior cruciate ligament (ACL) and the pos-

terior cruciate ligament (PCL), respectively. At the periphery of the medial meniscus, it is fixed to 

the joint capsule. 

 The lateral meniscus is smaller than the medial meniscus and it is more mobile (18). While 

it is attached to a greater portion of the articular surface than the medial, it has an area in the region 

of the popliteus tendon where it is not attached to the joint capsule, making it fairly mobile (19). 

Its anterior side is attached to the intercondylar fossa, which is located near the broad attachment 

site of the ACL, while its posterior is attached to the PCL and medial femoral condyle (18).  

 

2.1.4 Ligaments 

 Ligaments connect bones in synovial joints. They are important for the function of the knee 

joint because they enable joint stability, preventing excessive movement. There are three major 

ligaments in the knee joint, the patellar, collateral and cruciate ligaments. The patellar ligament is 

located at the front of the joint capsule, where it extends as a continuation from the quadriceps 

femoris tendon and attaches onto the tibial tuberosity (12). This ligament is more commonly called 
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the patellar tendon because it contains fibres of the quadriceps femoris tendon. However, it func-

tions as a ligament since it connects bone (patella) to bone (tibia). The medial collateral ligament 

is attached proximally at the medial femoral epicondyle and distally at the medial tibial condyle 

while the lateral collateral ligament is attached proximally at the lateral femoral epicondyle and 

distally on the lateral fibular head (20). Both collateral ligaments function to restrain valgus and 

varus rotation (21).   

 The cruciate ligaments prevent the anteroposterior displacement of the tibiofemoral joint. 

The ACL starts at the posterior side of the femoral intercondylar notch, medial to the lateral con-

dyle and ends in a groove that is anterior and lateral to the medial tibial tubercle in the intercondylar 

fossa (20). The PCL starts at the posterior side of the femoral intercondylar notch, lateral to the 

medial condyle and ends in a depression that is posterior to the intra-articular upper surface of the 

tibia. 

 

2.2 Medical Imaging 

 Medical imaging allows for the non-invasive visualization of human anatomy. It has been 

valuable for confirming the presence of diseases, tracking their progression, and assessing re-

sponses to treatment. Imaging modalities can be grouped according to the processes that they use 

to form an image. For example, X-ray planar radiography and computed tomography (CT) modal-

ities are based on the principles of x-ray transmission while MRI is based on the electromagnetic 

induction of nuclei with angular momentum. 

 The fundamental physics underlying each imaging modality enables them to provide con-

trast between objects or tissues based on the physical characteristics the objects possess. This re-

view will focus on imaging physics that allow certain modalities to image the knee joint. For this 
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purpose, the knee is divided into two components: bone and soft tissue, where the modalities that 

excel for providing contrast in bone imaging are planar radiography and CT, while soft tissue 

displays excellent contrast on MRI. 

 

2.2.1 X-ray Planar Radiography and Computed Tomography 

X-ray planar radiography and CT imaging are based on how various tissues absorb x-rays 

(22). The various tissues in the knee joint have different x-ray attenuation coefficients, which is a 

measure of the degree to which x-rays are scattered and absorbed within tissues (23). Radiographs 

have dark regions that correspond to low attenuation and varying degrees of bright regions with 

the brightest region corresponding to the highest attenuation. Bone has a higher attenuation coef-

ficient than soft tissue because of its relatively high density; therefore, it appears brighter on radi-

ographs (23). 

In planar radiography and CT, x-rays are generated from a source and directed towards a 

patient. The x-rays that pass through the patient are detected on a detector located opposite the 

source. The detector converts the x-ray energy to light, which is then converted into a voltage and 

is digitized (22). In planar radiography, the digitized image is a two-dimensional projection of the 

tissues situated between the x-ray source and detector.  

Computed tomography images are three-dimensional radiographs. In CT, there is a syn-

chronous rotation of the x-ray tube, which houses the source, and multiple detectors to obtain one-

dimensional projections at multiple angles around the patient (22). The one-dimensional projec-

tions undergo image reconstruction to create a two-dimensional image. The third dimension is 

obtained when the source and detectors acquire projections at multiple locations in the horizontal 

direction (22).  
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2.2.2 Magnetic Resonance Imaging 

 Magnetic resonance imaging makes use of the nuclear magnetic resonance properties of 

the protons in tissues (23). Most MRI is designed to image hydrogen nuclei in various tissues, 

because of the abundance of the hydrogen atom in biological tissues (23,24). A patient placed in 

an MRI scanner is placed in a relatively strong magnetic field. The magnetic field of the scanner 

causes all charged and moving hydrogen nuclei to become magnetized according to the law of 

electromagnetic induction (25).  

 To obtain an MR image, a patient is placed in a scanner with a radiofrequency transmitter 

positioned around them. The transmitter sends radiofrequency waves of energy equal to the Lar-

mor frequency of hydrogen. This causes the hydrogen nuclei to achieve resonance, which varies 

by position in the patient because of the magnetic field gradient coils in the scanner (23). When 

the transmitter is switched off, the nuclei tries to return to equilibrium, which causes a radiofre-

quency wave signal to be emitted (26). This signal is detected by the receiver coils in the scanner, 

which uses the frequency and phase information of the signal to determine their position in the 

patient.  

 A knee joint imaged with MRI will display varying intensities based on the magnetic prop-

erties of the tissues. Since bone has a relatively low concentration of hydrogen atoms, it has a 

relatively low signal intensity on an MRI. However, in adult humans, where bone marrow may be 

fatty, the shape of the bone can still be visualized. Soft tissues have much better contrast than bone 

because of the high concentration of hydrogen atoms from water and lipid molecules (24). Image 

contrast between various soft tissues can be achieved in MRI acquisition techniques that utilize 

the specific times it takes tissues to return to equilibrium after the radiofrequency transmitter is 

switched off (27).  
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2.3 Knee Osteoarthritis 

 Osteoarthritis is the most common type of arthritis (28). Compared with osteoarthritis in 

other joints, knee OA most commonly leads to clinical symptoms and disability (29). The Fram-

ingham Osteoarthritis Study reported that both radiographic and symptomatic knee OA prevalence 

increased with age in a population >65 years, and women were more likely to have symptomatic 

knee OA than men (29). This study demonstrated that age and sex play a role in OA prevalence, 

but its etiology is unclear. 

Age-related knee OA with unknown etiology is often referred to as primary or idiopathic 

knee OA. It is different from secondary OA that results from a predisposing condition. One exam-

ple of secondary OA is post-traumatic knee OA, which stems from injury to one or multiple com-

ponents of the joint, such as an ACL or meniscal tear. Idiopathic OA in the knee has been postu-

lated to result from the intersection of biological, morphological, and neuromuscular changes to 

the musculoskeletal system during ageing (30).  

 

2.3.1 Risk Factors 

 Idiopathic OA etiology is often described as multifactorial, as such complex interactions 

between mechanical, cellular and biochemical factors likely contribute to its onset. Several cross-

sectional studies have explained that there are certain risk factors for OA (31–33). Johnson and 

Hunter (2014) divided these risk factors into person-level and joint-level risk factors (34). 

 In idiopathic knee OA, person-level risk factors could be age, sex, genetics, obesity and 

diet. Age has been described as the main risk factor of OA (33). While its exact mechanism for 

etiopathogenesis is unknown, it has been proposed that OA onset can be explained by kinematic 

changes to cartilage loading driven by ageing over a long period coupled with older cartilage that 



 13 

cannot adapt to load-bearing changes, leading to articular surface damage and increased collagen 

fibrillation (30). Sex has also been proposed as an important risk factor because several studies 

have reported higher OA incidence rates in postmenopausal women (33,34). Family history has 

also been linked to OA incidence, and candidate genes, such as insulin-like growth factor 1, genes 

for vitamin D receptors, type 2 collagen and growth differentiation factor 5, involved in the disease 

inheritance have been identified (34). The link between obesity and OA has been discussed exten-

sively in the literature (35). The Framingham Study found that obesity precedes OA development, 

and that could be due to increased joint loading on the knee (32).  While some studies have agreed 

that the relationship between obesity and knee OA could be biomechanical, there has also been a 

reason to suggest that there might be some metabolic and inflammatory systemic effects at play 

(33). Investigations on diet and OA have highlighted the importance of adequate intake of vitamins 

D, C and K because of their roles in articular cartilage and bone metabolism, antioxidant activity, 

and the regulation of bone and cartilage mineralization, respectively (34).  

A joint-level risk factor for idiopathic knee OA is knee malalignment. The Tanamas et al. 

(2009) systematic review concluded that knee malalignment is an independent risk factor for radi-

ographic knee OA progression (36). Abnormal knee alignment was strongly correlated with in-

creased deterioration in whichever compartment was under greater mechanical stress (34).  This 

means that individuals with a varus knee alignment were more likely to have knee OA in their 

medial compartment; however, this may not necessarily predict OA incidence (34,37).                                                                                                                                                                                                                                                                                                                                                                                                                                                                              

 

2.3.2 Pathology 

 In knee OA, the entire synovial joint often undergoes degeneration. The cartilage matrix 

structure and composition changes. Specifically, the collagen network that is responsible for the 
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matrix integrity and strength is weakened. As a result, there is a decreased ability of the collagen 

network to counteract the swelling of proteoglycans, leading to cartilage swelling (38). Fibrilla-

tions to the cartilage surface, fissuring and degradation develop, which eventually leads to the 

exposure of the underlying calcified cartilage and subchondral bone (39). While cartilage volume 

initially increases due to swelling, fissuring and degradation lead to a loss in volume. 

Knee OA progression in the subchondral bone is associated with damage to the trabecular 

bone structure, the increased thickness of the bone plate, known as sclerosis, as well as the for-

mation of osteophytes (bony outgrowths that form along bone edges), bone marrow lesions and 

cysts (39). In early-stage OA, it has been proposed that the trabecular bone is lost and the subchon-

dral bone plate becomes thinner due to the increased rate of bone remodelling that occurs (16). 

However, as the disease advances, bone turnover, which refers to the rates of bone remodelling, is 

reduced. A decline in bone resorption occurs, but it is not accompanied by a similar decline in 

bone formation (16). Late-stage OA also involves subchondral bone sclerosis, which is the hard-

ening of bone.  

Bone marrow lesions are MRI-defined features observed on fluid-sensitive MR sequences, 

such as the fat-suppressed T2-weighted and short tau inversion recovery (STIR) sequences, as 

irregularly shaped regions of hyperintense signal in the bone (6). They have been associated with 

pain in OA (40). Felson et al. (2001) compared MRI data of OA patients with pain versus those 

without and found that BMLs were found statistically to predict patients with pain (2,40). These 

lesions were previously referred to as bone marrow “edema”, but edema is not always present 

when they occur (41). BML etiology is poorly understood; however, a retrospective study that 

used histology to analyze arthroplasty samples with BMLs reported the presence of adipocyte ne-

crosis and bone marrow fibrosis where these lesions were present (7). Adipocyte necrosis is the 
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death of fat cells possibly due to the lack of blood supply, while bone marrow fibrosis is the pres-

ence of fibrotic tissue in the bone marrow, which occurs most likely due to pathology. Another 

study found these features in addition to trabecular abnormalities, including cysts and cartilage 

fragments (6).  

Subchondral cysts in OA have been studied extensively and for much longer than BMLs  

(8,9,42). Cysts are round voids surrounded by trabecular bone, so they can be visualized on radi-

ographs. Subchondral cysts also contain a fluid-like substance, similar to BMLs, and they appear 

bright on fluid-sensitive MR sequences. However, they can be differentiated from BMLs because 

of their well-delineated margins (43). Cysts have been frequently observed in advanced knee OA, 

and there are two main theories explaining their cause (8,42). The first theory is the synovial fluid 

intrusion theory, which states that cysts form due to raised intraarticular pressure that causes leak-

age of synovial fluid in the bone through fissures or breaks in the cartilage. This means that for 

this theory to be valid, subchondral cysts would only occur in areas of the bone with complete 

cartilage loss or fissuring (8). The other theory, bone contusion/bruise theory, explains that cysts 

occur as a result of bone necrosis, which is induced by abnormal mechanical stress and subsequent 

microfracture (8,42). Research that supports the bone contusion theory expects BMLs to precede 

these cysts because there should be evidence of bone trauma like necrosis and fibrosis (6,8). Poud-

ers et al. (2008) explained that in their clinical experience with MRI, cysts are more common in 

the central region of the tibia, a non-weight bearing area that is not covered by cartilage, and this 

finding does not support either theory (9). However, upon MRI and histological evaluation of ar-

throplasty samples from advanced knee OA patients, they found that both central and weight-

bearing cysts were very prevalent and showed evidence of necrosis in the bone, which is more 

consistent with the bone contusion theory. This led to the proposal that the cysts in the central 
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region might be experiencing mechanical stresses from the cruciate ligaments (9). Another study, 

Son et al. (2018), also reported these cysts and termed them insertional cysts because they occurred 

near the site of attachment of the cruciate ligaments and could have originated due to possible 

abnormal stresses at the ACL insertional site (44).  

  

2.3.3 Diagnosis 

  Knee OA is diagnosed based on clinical and radiographic data. Diagnosing OA is chal-

lenging because there is a poor correlation between knee OA symptoms and radiographic evidence 

of the disease (5). This means that patients with knee OA symptoms may show no radiographic 

evidence of OA and vice-versa. The presence of symptoms in patients with OA is the driving factor 

for diagnosis. Symptoms are more common in advanced OA cases, so diagnosis is easier in ad-

vanced OA (39).  

 There are specific diagnostic criteria for clinical and radiographic knee OA to differentiate 

the disease from other forms of arthritis (39). The ACR clinical classification criteria for knee OA 

include patient history and physical examination, often combined with radiographic and laboratory 

findings (45). This criterion states that knee pain and at least a number of other characteristics must 

be present to warrant a knee OA classification depending on the components (history and physical 

examination + radiographic/laboratory findings) used to make the classification (Figure 3). 
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Figure 3. The ACR clinical classification criteria for knee OA (45). Chart reproduced from (46). 

 

 Limitations to the current diagnostic criteria have been discussed in the literature (39). Joint 

space narrowing has been found to occur more often than osteophytes, yet it is not included in the 

criteria. The joint space consists of the articular cartilage, menisci, and other soft tissues that un-

dergo degeneration in knee OA, which are not visible on radiographs. Moreover, structural abnor-

malities seen in MRI can be used to diagnose OA, but only in combination with the ACR diagnos-

tic criteria (47).   
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2.3.4 Imaging 

 Radiographic OA, i.e. the presence of structural changes in OA, is important for under-

standing the disease etiology. The implementation of imaging techniques for researching OA has 

led to significant findings about this disease. Many studies have used conventional radiography, 

MRI, CT, ultrasound, and positron emission tomography (PET) to image knee joints with OA (48–

50). However, ultrasound and PET are not frequently used. 

Conventional radiography is easily accessible in clinical practice and has been used to de-

fine OA changes. Radiographically, knee OA is defined by osteophyte presence, joint space nar-

rowing, and subchondral bone sclerosis (49). Knee OA can be assessed using conventional radi-

ography, both semiquantitatively and quantitatively. A popular semiquantitative scoring system 

for OA is the Kellgren and Lawrence (KL) grade (51). The KL grade is a five-grade system (0 – 

none, 1 – doubtful, 2 – minimal, 3 – moderate, and 4 – severe OA) that can be used to score OA 

severity. This assessment is based on a single x-ray view, where the knee joint is imaged in the 

supine position (52). However, posteroanterior radiographs performed under weight-bearing and 

semiflexion conditions have been demonstrated to be reproducible and allow for better visualiza-

tion of the joint space (52). Quantitative assessment of knee OA using conventional radiography 

consists of measuring joint space width using a ruler (48). This can be done with a physical device 

or software application on a digitized image for improved precision. 

Magnetic resonance imaging has been used extensively in OA research to quantify the soft 

tissue changes associated with the disease since they cannot be visualized with radiography 

(47,48,53). This imaging technique also has semiquantitative and quantitative assessments availa-

ble for knee OA. The Whole-organ Magnetic Resonance Imaging Score (WORMS), Boston Leeds 

Osteoarthritis Knee Score (BLOKS), and MR Imaging Osteoarthritis Knee Score (MOAKS) are 
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three common semiquantitative scoring systems that report OA changes in individual MR imaging 

features (54–56). These scoring systems use different grades and approaches (subregional or site-

specific) to score cartilage, BMLs, subchondral cysts, osteophytes, bone attrition (only in 

WORMS), effusion, synovitis, menisci, ligaments, periarticular features, and loose bodies (48). 

Quantitative assessment of knee OA with MRI involves the use of digital image processing derived 

measurements of articular cartilage thickness and volume, meniscal position and volume, and vol-

umes of BMLs, synovitis, and effusion (48,53).  

Using computed tomography, the knee joint can be imaged in 3D compared to conventional 

radiography. CT may play a useful role in OA diagnosis with its improved visualization of calci-

fied cartilage and subchondral bone changes, such as sclerosis, cysts and osteophytes, but it is 

currently not used diagnostically. In research, quantitative CT techniques, including HR-pQCT 

and μCT, have been used to characterize knee OA changes. The availability of sophisticated 3D 

segmentation and analysis techniques have allowed for quantitative assessments of bone microar-

chitecture parameters, such as bone mineral density, subchondral bone plate thickness, subchon-

dral bone plate porosity, and trabecular thickness, number and separation, all which undergo 

changes during OA progression (10,11,57).  

 

2.3.5 Histological Evaluation of Knee OA 

 Like imaging, histology is an important tool for describing OA pathogenesis. Histology is 

the study of the microscopic structure of biological tissues, and the use of a histopathological ap-

proach is considered the gold standard for confirming the presence and severity of OA (58). Tissue 

removed from the knee, usually following knee arthroplasty, can be examined histologically to 

characterize OA. Animal models have also been used to describe the disease histologically. This 
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is typically performed using one of two grading systems: the Mankin scoring or the Osteoarthritis 

Research Society International (OARSI) grading system (59). Both scoring systems make use of 

cationic histological stains such as hematoxylin, safranin O or toluidine blue. Hematoxylin, safra-

nin O and toluidine blue are acidophilic dyes as they bind to tissues with a high DNA and RNA 

content. The hematoxylin-eosin (H&E) stain is a standard stain for visualizing microscopic anat-

omy, while safranin O-fast green and toluidine blue stains highlight proteoglycans and type II 

collagen in the cartilage. The Mankin and OARSI scoring systems require knowledge of the degree 

of cationic staining in normal cartilage tissue because changes in the volume of stain are used to 

assess pathology. 

 Mankin scoring, also known as the Histologic Histochemical Grading System (HHGS), 

recommends H&E and safranin O-fast green histological stains (60). This scoring system uses a 

14 point score to assess the articular cartilage cellular changes, histochemical distribution of saf-

ranin O matrix staining, and structural changes, such as erosion and vessel penetration through 

tidemark (61).  

 The OARSI grading system is a six-grade scoring system that is also used to assess carti-

lage histopathology (61). Grades are used to characterize the severity of OA. The principle behind 

this is that the earliest cartilage changes would be observed near the surface of the cartilage, while 

changes in the deeper parts of the cartilage would become apparent as OA progresses (61). Con-

sequently, normal cartilage is grade 0, while grade 1 OA is defined by fibrillation, cartilage matrix 

swelling, chondrocyte death, clustering, and hypertrophy in the superficial zone of the cartilage. 

Grades 2 to 6 OA build on grade 1 and previous grades. They include deep fibrillation, matrix 

vertical fissures, cartilage erosion and lesion formation extending to the mid and deep zones of the 

cartilage. Grades 5 and 6 OA include changes to the subchondral bone, such as sclerosis of the 
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bone plate and microfracture, respectively, because of the complete erosion of the hyaline cartilage 

followed by deformation of the articular surface (61). 

 

2.3.6 Treatment  

 Osteoarthritis is managed through the use of non-pharmacological, pharmacological, 

and/or surgical interventions. These treatments can be combined and are tailored according to the 

individual needs of the patients (62). Some non-pharmacological interventions include patient-

centred education, self-management, exercise, weight loss, encouragement and frequent reassess-

ments (39).  

Pharmacological treatments can be administered to target the pain experienced by individ-

uals with OA. Among these are topical and oral NSAIDs (nonsteroidal anti-inflammatory drugs), 

oral paracetamol (acetaminophen), and intra-articular corticosteroids (39). Topical NSAIDs and 

oral paracetamol are considered first-line therapies, while oral NSAIDs and intra-articular corti-

costeroids might be recommended if there is a need for a greater analgesic effect because of their 

associated toxicities. If non-pharmacological and pharmacological interventions fail, a surgical 

approach could be recommended (39).  

Arthroplasty has been effective in removing OA. However, surgical risks exist, and there 

have been more favourable outcomes in the elderly population compared to younger patients, who 

are characterized as < 55 years of age (63). There is a need for developing safe and effective 

disease-modifying treatments for OA. However, this knowledge gap is correlated with the poor 

understanding of the disease etiology. 
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2.3.7 Preclinical Models 

 Animal models have been used to study OA. While there is no gold standard animal model 

to mimic the human disease, they have been advantageous in providing insight into both the natural 

history and treatment response of knee OA (64). Knee OA animal research has included both small 

and large animal models. Small animal models, such as mice, rats, rabbits and guinea pigs, offer 

advantages like their relatively short lifespan that allow for complete documentation of their 

growth and development. However, they can be disadvantageous because their histopathology may 

look different from that of humans (64). On the other hand, large animal models include dogs, 

sheep, goats, and horses, which are more likely to have similar histopathology to humans, but it 

becomes difficult to observe the entire natural history of idiopathic OA.   

 The availability of state-of-the-art high-resolution imaging modalities, such as high-field 

MRI and μCT, has allowed for the evaluation of morphological and biochemical OA changes in 

small animal models (65). Various guidelines have also been developed to quantify histopatholog-

ical changes in these models (66). While a vast amount of information exists, the method of OA 

induction is relevant to distinguish the type of OA being studied. When knee OA is induced 

through surgical injury to the joint (64), the joint damage following injury likely occurs via a 

mechanism similar to that of post-traumatic OA in humans. To model human idiopathic knee OA, 

OA should arise spontaneously without inducing damage in a model that shares similar risk factors 

as humans with the disease. This means that single-gene knockout mouse models, while useful in 

highlighting the genetic mechanisms of joint degradation and possible targets for drug develop-

ment, do not replicate human idiopathic knee OA because there are a lot more genes that contribute 

to disease pathogenesis that are not targeted in these models (67).  
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A model that has been used to study idiopathic knee OA for decades is the Dunkin-Hartley 

guinea pig (3,68). This model appears to spontaneously develop a knee OA-phenotype similar to 

primary OA in humans because the incidence is associated with increasing age, weight, and me-

chanical load (3).   

 

2.4 Dunkin-Hartley Guinea Pig 

To study the joint tissue changes that lead to knee OA, DH guinea pigs are frequently 

compared with other guinea pig strains that develop knee OA-like features later in life. These 

include the Strain 13 (69) and Bristol Strain 2 (BS2) guinea pigs (70). However, this animal model 

is not without disadvantages. One of them is the absence of a true control because all guinea pigs 

eventually develop joint degeneration in their lifetime. Also, it is difficult to study the behavioural 

response to pain in this model. Pain is an important aspect of advanced knee OA but guinea pigs 

are prey animals evolved to hide their pain from predators making them less than ideal pain models 

(67). Notwithstanding these disadvantages, some of the risk factors of knee OA observed in hu-

mans have been reported in this model (68,71–74). 

 

2.4.1 Risk Factors of Human Knee OA Studied in the DH Guinea Pig 

Previous studies have proposed that some risk factors of knee OA in humans may be im-

plicated in the joint degeneration observed in the DH guinea pig (68,71–74). Among these are 

increasing age, obesity, a varus knee alignment, and joint instability (75–77). 

Knee OA is an age-related degenerative disease, and thus age is an important factor in 

investigating animal models of knee OA. In the DH guinea pig, cartilage and meniscal pathology 

have been observed to occur in higher severity with increasing age, and histological signs of knee 
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OA have been reported as early as 3 months (68,69). At 12 months of age, the DH strain had a 

higher bone turnover and BMD than Strain 13 (69).  

The incidence of knee OA in humans has also been correlated with increased weight and 

obesity. This has also been studied in the DH guinea pig model. One longitudinal study that com-

pared a group of DH guinea pigs fed with standard chow (control) to another that was diet-re-

stricted found that the control group maintained significantly higher body weight and knee degen-

eration occurred significantly earlier (71). Obesity in the DH guinea pig has been proposed to alter 

joint architecture, which may increase the loading of the articular cartilage, promoting matrix deg-

radation and chondrocyte apoptosis (72). Compared with Strain 13, DH guinea pigs have a higher 

average weight in their lifetime, which may be associated with their increased knee OA suscepti-

bility (69).  

Altered joint mechanics due to a varus alignment in these animals, where there is increased 

load sustained by the medial compartment of the knee joint, may have resulted in this compartment 

becoming more prone to articular cartilage and subchondral bone degenerative changes, according 

to one study (70). Knee joint instability due to the individual or collective failure of structures 

responsible for its stability has been proposed to lead to knee OA (77). The meniscus and ligament, 

among other structures, provide joint stability and have been observed to deteriorate with increas-

ing age in the DH guinea pig (3,73,74). Meniscal degeneration and increased ACL laxity and de-

terioration in this model have also been correlated with a decrease in joint integrity. 

 

2.4.2 Tissue Changes Related to Risk Factors of Knee OA 

Based on the above risk factors, previous studies have documented associated degenerative 

changes occurring in the subchondral bone, cartilage, meniscus, and ligament of the DH knee joint.  
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The subchondral bone plays an important role in knee OA onset and progression. Its de-

generative changes, such as changes in BMD, bone turnover and remodelling, sclerosis, osteophyte 

formation, and cysts, are hallmarks of the disease (16,39,78). These hallmarks have been reported 

in the subchondral bone of DH guinea pigs. Increased subchondral BMD is a suggested predictor 

of knee OA occurrence in humans (79), but there is a lot of uncertainty concerning its role in the 

disease process because a decrease in BMD may be associated with cartilage loss (39,80). In the 

DH guinea pig model, both low and high BMD has been associated with degenerative changes 

(70,81–84). Compared to Strain 13 and BS2, greater BMD was reported in DH between the ages 

of 1 and 9 months by some studies, and lower BMD in others at 4, 6, and 12 months. However, 

these inconsistencies might be due to differences in measurement tools used in these studies. The 

studies that reported higher BMD used μCT and dual-energy X-ray absorptiometry (DXA), while 

those that described lower BMD used tools like the digital X-ray and an X-ray bone densitometer, 

which may be less sensitive to bone density calculations. Bone turnover also plays an important 

pathogenic role in knee OA progression. Studies, with the aid of biomarkers and imaging, have 

linked increases in bone turnover with thickening of the subchondral bone plate and trabecular 

bone as well as the formation of bone cysts and peripheral osteophytes (70). The amounts of serum 

osteocalcin, a bone formation biomarker, and urinary N-telopeptide of type I collagen (NTX), a 

bone resorption biomarker, were found to be higher in the DH guinea pig compared with Strain 13 

throughout their lives, indicative of a greater level of subchondral bone turnover and overall bone 

remodelling in this model (69,85). Several studies have suggested that subchondral bone plate 

sclerosis in guinea pigs is morphologically similar to that seen in humans (3,82,86). In 22-month-

old DH guinea pigs, it was seen as an area of increased density on a radiograph (87). Osteophytes 
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have occurred in 9-month-old DH guinea pigs and became larger at older ages (81). Subchondral 

cysts have been reported in the DH guinea pig knee joint as early as 6 months of age (3,88). 

Cartilage changes are a big part of the degenerative changes in knee OA. They include 

cartilage swelling, degradation, fibrillation, lesions, as well as chondrocyte apoptosis and hyper-

trophy. Cartilage swelling is a hallmark of human OA, and it has been observed in the DH guinea 

pig model between 2 and 6 months of age using MRI (72,89). Another study found cartilage swell-

ing surrounding the medial tibial plateau at 3 months of age (3). Cartilage degradation, a key aspect 

of human knee OA progression, has been reported in the DH guinea pig as early as 3 months of 

age (68). Studies observed cartilage degradation to progress as the guinea pigs age, indicating 

severe damage and absence in areas at 16 to 18 months (87,88). Fibrillations in the cartilage are 

apparent changes that present as superficial fissuring on the cartilage surface (58). Studies have 

found prominent fibrillation in the middle zone of the medial tibial plateau by 5 months of age, 

with a 100% incidence by 8 months (83,85,90). Within 8 to 12 months, studies have observed 

fibrillation encompassing the deep zone of the medial tibial plateau and the femoral condyle 

(81,85,91). There are reports of cartilage lesions in this model on MR images. They initially appear 

on the medial compartment of the knee at approximately 6 to 9 months, corresponding with the 

varus joint alignment of DH guinea pigs (3,81,91,92). Lesions on the lateral compartment occur 

later, between 10 and 12 months of age (68). During OA progression in humans, chondrocytes 

may become hypertrophic and undergo cell death or apoptosis (93). Significant chondrocyte apop-

tosis in the medial articular cartilage was observed in DH guinea pigs between 6 and 7.5 months 

in one study (70). Another study documented an increase in the severity of chondrocyte apoptosis 

in this model by 12 months (68). Hypertrophic articular chondrocytes in the DH guinea pig have 

been seen as early as 6 months (81).  
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Damage to the meniscus, which is among multiple anatomic structures that provide joint 

stability, may lead to a degenerative joint disease like knee OA in humans (94). In the DH model, 

joint areas not covered by menisci were observed to have increased cartilage fragmentation, carti-

lage lesions and epiphyseal bone cysts at 9 months (3). Upon histological analysis in this same 

study, meniscal degeneration began at 3 months, and meniscal ossification occurred between 3 and 

12 months (3). Another study has correlated meniscus mineralization to defective joint load trans-

mission, shock absorption, and stability in this model (95). Meniscus mineralization has also been 

associated with cartilage degeneration and is reported to increase with age in the DH guinea pig 

(72,84,85). Specifically, one study noted meniscus mineralization between the ages of 3 and 12 

months (67). Lastly, older guinea pigs, 17 to 37 months, had osteophytes on the edge of their 

mineralized menisci (96).  

 Anterior cruciate ligament deterioration and elevated laxity have been suggested as rele-

vant factors to consider in primary human knee OA, even though this has been mostly studied in 

post-traumatic knee OA (73). In the DH guinea pig, evidence of ACL deterioration and increased 

laxity have been reported (73,74). Compared to age-matched BS2 controls, DH guinea pigs had 

higher ACL laxity (73). This study also revealed higher collagen turnover and ligament remodel-

ling at the ages (2 to 4 months), where the DH guinea pigs had more lax ACL. The DH guinea pigs 

also formed osteophytes after ligament dysfunction was observed, suggesting that ACL deteriora-

tion may trigger other knee OA-related changes. 
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2.4.3 Knee OA Assessment in the DH Guinea Pig 

 Knee OA in the DH guinea pig has been studied with imaging and histological techniques. 

These techniques allow for qualitative, quantitative and semi-quantitative assessment of the dis-

ease-related changes. Qualitative assessments have involved the documentation of gross morphol-

ogy changes from MRI and/or μCT-obtained images as well as photomicrographs (3,69,81). Com-

mon quantitative assessment techniques used in a high-resolution μCT system are bone microar-

chitecture analysis, which involves the quantification of properties of the subchondral bone plate, 

cortical bone and trabecular bone (97). Quantitative analyses with MRI involve measurements of 

cartilage thickness and volume (86). Lastly, semi-quantitative assessments are grading or scoring 

systems specifically designed to evaluate pathological changes in the knee joint. These assess-

ments could be based on imaging and/or histological data, like MOAKS with MRI and the Mankin 

score with histology. One example is the Rat Arthritis Knee Scoring System (RAKSS), which uses 

CT, MRI and histology to score knee OA in the rat model, but can be altered for use in the DH 

guinea pig (98). 

 

2.5 Summary 

 The knee joint undergoes a slow process of degeneration during idiopathic OA. Medical 

imaging and histology have allowed for the timely characterization of the associated degenerative 

changes. However, in humans, the natural history of slowly progressive idiopathic OA has been 

difficult to document. The availability of the DH guinea pig, a small animal model that spontane-

ously develops knee OA, offers hope to understanding the natural history of knee OA and the 

etiology of BMLs, an important finding associated with the pain seen in the disease.   
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Chapter 3: Age-related Joint Degeneration in the Dunkin-Hartley 

Guinea Pig: Joint Assessments with Micro-computed Tomography, 

MRI and Histology 

3.1 Introduction 

 Knee osteoarthritis (OA) is a degenerative disease that affects the entire synovial joint. 

There is currently no cure, and treatments have been primarily focused on alleviating the pain 

associated with the disease. OA is characterized by the radiographic evidence of joint space nar-

rowing and bone anomalies, such as subchondral bone sclerosis, osteophyte formation, and bone 

cysts (3). However, these characteristics are poorly associated with pain (5). An additional attribute 

of OA is the presence of bone marrow lesions (BMLs) in MRIs. BMLs are identified by a diffuse 

hyperintense signal on fluid-sensitive magnetic resonance sequences, such as the fat-suppressed 

T2-weighted and short tau inversion recovery (STIR) sequences (6). BMLs have been associated 

with pain in OA, but their role in OA pathogenesis remains unknown (2,40).  

Previous studies have found that BMLs typically occur in the weight-bearing regions of 

the joint and are associated with histological abnormalities, such as adipocyte necrosis, bone mar-

row fibrosis, trabecular abnormalities like subchondral cysts, and bone microarchitecture altera-

tions (6,7). Of particular interest is that BMLs can progress to subchondral cysts, and both appear 

bright on fluid-sensitive MR sequences as features, although cysts have well-circumscribed mar-

gins (8,99). If BMLs can occur as precystic lesions, these two features may play similar roles in 

the disease progression.  
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Currently, there is inconclusive evidence on the relationship between cysts and pain 

(8,100). However, unlike BMLs, cysts can be visualized radiographically as cavities in the trabec-

ular bone and have two proposed theories on their origin (8,43). The synovial fluid intrusion theory 

states that cysts form due to raised intraarticular pressure that causes leakage of synovial fluid in 

the bone through fissures or breaks in the cartilage (8). In contrast, the bone contusion theory 

explains that cysts occur as a result of bone necrosis induced by abnormal mechanical stress and 

subsequent microfracture (8,42). Findings in support of the synovial fluid intrusion theory would 

show cysts only in areas of the bone with complete cartilage loss or fissuring, while those in sup-

port of the bone contusion theory would show cysts formed in the weight-bearing regions of the 

joint, with BMLs preceding them (8,9). Differentiating between these theories will provide insight 

into whether cysts and BMLs play similar roles in OA pathogenesis. In addition, this information 

may provide a target to focus future pain research and treatments. 

In order to understand the disease processes that may coincide with the onset and progres-

sion of BMLs in the context of idiopathic OA, we chose the Dunkin-Hartley (DH) guinea pig that 

spontaneously develops a knee OA phenotype similar to idiopathic OA observed in humans within 

a shorter time frame (3,68,101), including a single report of BMLs (88). Therefore, the purpose of 

this study is to add to this limited knowledge by characterizing the development of BMLs and 

cysts in the DH guinea pig to understand their etiology and role in knee OA progression. To ad-

dress this, we aim to document the natural history of OA-related joint degeneration in the DH 

guinea pig and study the development of BMLs and cysts with complementary information from 

MRI, μCT, and histology. 
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3.2 Methods 

3.2.1 Ethics Statement 

 This study was approved by the University of Calgary Health Sciences Animal Care Com-

mittee (ethics protocol #AC17-0206). All animal work was done in full compliance with the Ca-

nadian Council on Animal Care guidelines. 

 

3.2.2 Sample Collection 

Thirty DH guinea pigs (14 males and 16 females) were purchased from Charles River La-

boratories (Saint-Constant, Quebec, Canada) and housed in age and sex-matched pairs at the Uni-

versity of Calgary Health Sciences Animal Resources Centre and the Veterinary Sciences Re-

search Station. The guinea pigs were 2, 4, 6, 12, and 24 months of age at euthanasia. The animals 

were anesthetized with 5% isoflurane inhalation and euthanized by sodium pentobarbital injection 

via the intracardiac route. Upon euthanasia, the animals were weighed, and their left hindlimbs 

were dislocated at the femoral head and excised. The knees were left intact, and the surrounding 

tissue was carefully trimmed to avoid disturbing the joint capsule. The joints were transferred to 

15 mL falcon tubes containing Fluorinert™ FC-770 (Sigma-Aldrich) in preparation for MR scan-

ning. 

 

3.2.3 Magnetic Resonance Imaging 

 The 2, 4, and 24-month old knee joints were scanned on a 9.4 T MRI with a cryoprobe 

(Magnex and Bruker). On this scanner, T2 FLASH (Fast Low Angle Shot) scans with and without 

fat suppression were acquired. On a 1.0 T MRI (Bruker), 6 and 12-month old knees were scanned 

using the STIR sequence. Table 1 outlines the MRI acquisition parameters. 
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Table 1. Summary of MR sequences and their scan acquisition parameters. 

MRI Sequences Scan Acquisition Parameters 

9.4 T T2 FLASH 

TE = 6.5 ms  
TR = 1500 ms 
Flip angle = 60° 
Voxel volume = 0.038 mm x 0.038 mm x 0.500 mm 
Scan time =  25 minutes and 36 seconds 

1.0 T STIR 

TE = 25.29 ms 
TR = 5000 ms 
TI = 155 ms 
Voxel volume = 0.098 mm x 0.098 mm x 1.250 mm 
Scan time =  1 hour and 46 minutes 

 

3.2.4 Micro-computed Tomography and Bone Microarchitecture Analysis 

Micro-computed tomography scans were acquired using the VivaCT 40 (Scanco Medical) 

with resolutions of 10.5 and 15 μm (for 24-month old samples). The energy, current, and power of 

the x-ray tube were set at 55 kVp, 72 mA, and 4 W, respectively. The integration time was 250 ms 

and the scan time was 46 minutes. Image processing was done with IPL (Image Processing Lan-

guage, Scanco Medical). This involved Gaussian filtering and a semi-automatic segmentation 

pipeline (sigma = 1.2, support = 2, lower threshold = 500 mgHA/cm3, upper threshold = 3000 

mgHA/cm3) that isolated the femoral and tibial epiphyses, and separated their periosteal and en-

dosteal surfaces for independent analyses (10,11). Manual selection of the joint compartments 

(medial, lateral) in the weight-bearing regions of the femur (Figure 4A) and tibia (Figure 4B) were 

done using BlSurfaceViewer (Bone Imaging Laboratory, University of Calgary) (11). The central 

region was defined as the region between the medial and lateral regions. A bone morphometry 

analysis script was run on the medial, lateral, and central epiphyseal regions (Figure 5) to produce 
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quantitative outcomes, including subchondral bone plate thickness (Sbp.Th, mm), subchondral 

bone plate porosity (Sbp.Po, %), and trabecular BMD (Tb.BMD, mgHA/cm3), bone volume frac-

tion (Tb.BV/TV, %), thickness (Tb.Th, mm), number (Tb.N, mm-1) and separation (Tb.Sp, mm), 

on all three joint compartments across femora and tibiae. 

 

 

Figure 4. An overlay of medial and lateral weight-bearing regions (purple) on the left (A) femur 

and (B) tibia from a DH guinea pig. The central region is between the medial and lateral regions. 

 

A 
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B Medial Lateral 
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Figure 5. Masked regions of the femur (A) and tibia (B) indicating the areas of the cortical plate 

(purple) and trabecular bone (grey) that were included in the bone microarchitecture analysis. 

 

3.2.5 Rat Arthritis Knee Scoring System (RAKSS) 

 RAKSS (98) was modified to semi-quantitatively analyze only bony features from μCT 

images, including osteophytes, subchondral sclerosis, bone cysts and loose bodies (Table 2). 

Across femora and tibiae, osteophytes were scored on eight regions, the anterior and posterior 

medial and lateral locations for each bone, using a ruler tool on image slices in the μCT Evaluation 

Program V6.6 (Scanco Medical). Sclerosis was scored based on the quantitative bone microarchi-

tecture outcome, maximum Sbp.Th (mm) in four regions, the medial and lateral femur and tibia. 

The maximum depth of a subchondral bone plate without sclerosis was set at 0.44 mm, as calcu-

lated by the median maximum Sbp.Th on DH guinea pigs with no visible sclerosis on their μCT 

images. Bone cysts were scored as present or absent in the femur and tibia. Lastly, the number of 

calcified loose bodies surrounding the knee joint was scored by count. 

1 mm 

Medial Lateral Medial Lateral 

A B 
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Table 2. Modified rat arthritis knee scoring system (RAKSS). Osteophytes are scored in 8 

regions (anterior and posterior medial and lateral locations for femur and tibia each), and 

sclerosis is scored in 4 regions (medial and lateral tibia and femur). Adapted from (98).  

Bony Feature Grade [0–33] 

Osteophyte (scored in 8 regions) Grade [0–16] 

None/Possible (from osteophyte to cortex ≤ 0.2 mm) 0  

Definite (0.2 mm < ≤ 0.5 mm) 1 

Large (> 0.5 mm) 2  

Subchondral Sclerosis (scored in 4 regions) Grade [0–12] 

Maximum Sbp.Th Without Sclerosis ≤ 0.44 mm 0 

0.44 mm < ≤ 0.65 mm 1  

0.65 mm < ≤ 1 mm 2  

> 1 mm 3  

Bone Cysts (scored in tibia and femur) Grade [0–2] 

None 0 

Present 1  

Loose Bodies Grade [0–3] 

None 0 

Number of Bodies = 1 1 

Number of Bodies = 2 2 

Number of Bodies ≥ 3 3 

 

3.2.6 Histology 

 Tibiofemoral joints were fixed in 10% neutral buffered formalin (ThermoFisher Scientific) 

for five days. Following fixation, samples were decalcified in Cal-Ex® II (ThermoFisher Scien-

tific) for four weeks, then transected sagittally into medial and lateral compartments. Medial and 

lateral samples were embedded in paraffin wax (50% Paraplast plus/50% Paraplast extra), and 15 
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μm-thick sections were obtained in the sagittal plane with a microtome (Leica RM2255). Sections 

were stained with hematoxylin-eosin (H&E) and toluidine blue histological stains, then imaged 

with a digital microscope slide scanner (ZEISS Axio Scan.Z1). 

 

3.2.7 Visual Assessments 

STIR and T2 images were visually assessed; the number of hyperintensities, whether the 

hyperintensities were consistent with the definitions of BMLs or cysts, and their anatomical loca-

tions in the knee joint, were recorded. On MRI, BMLs were defined as diffuse hyperintense re-

gions, while cysts were defined as well-delineated hyperintense regions. For subchondral cysts, 

the well-delineated hyperintense regions on MRI had to correspond to bone cavities on μCT and 

histology sections. On histology sections, BMLs were defined as regions with adipocyte necrosis 

and fibrosis. Anomalies including cysts, sclerosis, and osteophytes in μCT images and H&E 

stained sections were also documented. The cartilage structure in the toluidine blue-stained sec-

tions of DH guinea pigs with bone defects were assessed.  

 

3.2.8 Statistical Analysis 

 All statistical analyses were conducted with IBM SPSS Statistics version 26 (IBM Corp., 

Armonk, NY). The Shapiro-Wilks test was used to test for normality of the data. Two-way ANO-

VAs were performed to compare differences in bone microarchitecture data across age groups and 

joint compartments, with post-hoc simple effects testing when main effects or interactions were 

significant. Bonferroni adjustments were included in the simple effects analysis to account for 

multiple comparisons. Skeletally immature age populations (2 and 4 months) were excluded from 

all bone microarchitecture statistical analyses (n = 20). The results are presented as mean +/- SE 
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unless otherwise indicated. The total semiquantitative RAKSS scores were compared across age 

groups using a Kruskal-Wallis nonparametric test with multiple pairwise comparisons. The signif-

icance level was set at p < 0.05. 

 

3.3 Results 

 Dunkin-Hartley guinea pigs were grouped by age and their physical characteristics, includ-

ing their sample sizes, sexes, weight, and whether they were skeletally mature according to the 

state of their growth plates (102). This information is recorded in Table 3. 

 

Table 3. Animal characterization by age, sample size, weight, and level of skeletal maturity. 

 2 months 4 months 6 months 12 months 24 months 

Number of animals 2 8 8 8 4 

Number of males 0 4 4 4 2 

Number of females 2 4 4 4 2 

Mean weight ± S.E. (g) 424 ± 10 689 ± 31 804 ± 37 1141± 74 990 ± 54 

Growth plate Unfused Unfused 
Partially 

fused 
Fused with 
remnants 

Completely 
fused 

 

3.3.1 MRI Hyperintensities 

 The T2 and STIR MR images of all guinea pig age groups showed varying degrees of 

hyperintensities in their tibiofemoral joints at 6, 12 and 24 months (Figure 6). All hyperintense 

regions had well-delineated margins. A count and matching of these hyperintense regions to com-

plementary μCT images revealed that the 6 months and older age groups have cavities in their 
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trabecular bone that are correlated with hyperintensities (Table 4) that match the definition of sub-

chondral cysts (Figure 7). These cysts were primarily located in the central compartment and larg-

est in the 24-month-old guinea pigs.  

 

 

Figure 6. Coronal MR images of DH guinea pig tibiofemoral joints at 2, 4, 6, 12, and 24 months. 

T2 FLASH with fat suppression images at ages 2 (A) and 4 months (B). (C) STIR image of a 6-

month-old with hyperintensities in the lateral femur, central femoral and tibial epiphyses, and 

ACL. (D) STIR image of a 12-month-old with two hyperintensities in the central femoral epiphy-

sis, one in the tibial epiphysis, and another in the joint space. (E) T2 FLASH image of a 24-month-

old with an even larger hyperintensity in the central femoral epiphysis, two in the tibia, and one in 

the joint space. White arrows indicate hyperintensities.

5 mm 
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Table 4. Description of the hyperintense regions observed on MRI in different DH guinea pig age groups according to their 

mean count, anatomical locations, whether they are bone changes and match BML or cyst definitions. 

Age 
(Months) 

Mean ± SD Hyperin-
tensity Count 

Anatomical Locations of 
Hyperintensity 

# of Bone Changes Corresponding 
to Hyperintensity 

Matching BML or Cyst Definition? 

2 1 ± 0 Joint space 0 Cyst due to well-delineated margins 

4 N/A due to fat suppression inconsistencies 

6 3 ± 1 Central femoral epiphysis, 
joint space, central tibial 

epiphysis 

2 Cyst due to well-delineated margins. 
Corresponds to bone cavity if located 

in trabecular bone 

12 4 ± 1 Central femoral epiphysis, 
joint space, central tibial 

epiphysis. Can appear more 
than once in any of the 

three locations 

3 Cyst due to well-delineated margins. 
Corresponds to bone cavity if located 

in trabecular bone 

24 4 ± 1 Central femoral epiphysis, 
joint space, central tibial 

epiphysis, osteophyte. Can 
appear more than once in 
any of the three locations 

3 Cyst due to well-delineated margins. 
Corresponds to bone cavity if located 

in trabecular bone 
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Figure 7. Fluid-sensitive MR (A, B, C) and complementary μCT (D, E, F) images of guinea pig 

tibiofemoral joints at ages 6 (A, D), 12 (B, E) and 24 (C, F) months. White arrows indicate cysts 

as defined by hyperintensities on fluid-sensitive MRI and corresponding cavities in the trabecular 

bone. 

 

3.3.2 RAKSS 

The median RAKSS scores are reported in Table 5. Osteophytes, sclerosed bone, cysts and 

loose bodies were predominantly present in the 6, 12 and 24-month age groups. The Kruskal-

Wallis H test showed a statistically significant difference in total RAKSS score between age 
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groups (n = 30, H = 16.67, p = 0.002). Pairwise comparisons showed significant differences in 

total RAKSS score between the younger ages, 2 and 4 months, and the older ages, 6, 12 and 24 

months. The 6, 12 and 24-month age groups did not differ significantly in total RAKSS scores 

with each other. 

 

Table 5. Median (interquartile range) of RAKSS scores based on μCT bony features. Differ-

ent letters (a,b) indicate significant differences in total RAKSS score (Kruskal-Wallis test and 

subsequent pairwise multiple comparisons, p < 0.05). 

Feature [Grade] 2 months 4 months 6 months 12 months 24 months 

Osteophyte [0–16]  

Femur [0–8] 0 (0 – 0) 0 (0 – 0) 0 (0 – 1) 1 (0 – 1) 3 (1 – 3) 

Tibia [0–8] 0 (0 – 0) 0 (0 – 0) 0 (0 – 0) 0 (0 – 3) 5 (1 – 5) 

Total [0–16] 0 (0 – 0) 0 (0 – 0) 0 (0 – 1) 1 (0 – 5) 7 (2 – 8) 

Sclerosis [0–12] 

Femur [0–6] 1 (0 – 1) 2 (1 – 2) 2 (2 – 3) 2 (2 – 2) 3 (2 – 4) 

Tibia [0–6] 0 (0 – 0) 0 (0 – 2) 2 (1 – 2) 2 (2 – 2) 2 (1 – 2) 

Total [0–12] 1 (0 – 1) 2 (1 – 4) 4 (3 – 5) 4 (3 – 4) 5 (4 – 5) 

Bone cysts [0–2] 

Femur [0–1] 1 (1 – 1) 1 (1 – 1) 1 (1 – 1) 1 (1 – 1) 1 (1 – 1) 

Tibia [0–1] 0 (0 – 0) 0 (0 – 0) 1 (0 – 1) 1 (0 – 1) 1 (0 – 1) 

Total [0–2] 1 (1 – 1) 1 (1 – 1) 2 (1 – 2) 2 (1 – 2) 2 (1 – 2) 
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Table 5. (Continued) 

Feature [Grade] 2 months 4 months 6 months 12 months 24 months 

Loose bodies [0–3] 

Total 0 (0 – 0) 0 (0 – 1) 3 (1 – 3) 2 (1 – 3) 2 (1 – 3) 

Total RAKSS [0–33] 2 (1 – 2) b 3 (2 – 6) b 8 (7 – 10) a 9 (7 – 13) a 15 (9 – 17) a 

 

3.3.3 Bone Microarchitecture 

 The two-way ANOVA test conducted to examine the differences in maximum femoral 

Sbp.Th across age groups and joint compartments revealed a statistically significant interaction 

between age and joint compartment (F = 4.561, p = 0.013). Additional analysis showed that age 

had a statistically significant simple effect on maximum femoral Sbp.Th in the medial joint com-

partment (F = 11.08, p = 0.001) (Figure 8A). In this compartment, the mean maximum femoral 

Sbp.Th was highest in the 24-month age group, followed by the 6 and 12-month groups On the 

other hand, joint compartment had statistically significant simple effects in the 6 (F = 3.675, p = 

0.049) and 24-month (F = 20.43, p < 0.001) age groups. In both age groups, the medial compart-

ment had a greater mean maximum femoral Sbp.Th than the lateral compartment.  

 In the tibia, the maximum Sbp.Th two-way ANOVA results revealed no significant inter-

action between age and joint compartment (F = 1.229, p = 0.317). Age had no significant main 

effect on maximum tibial Sbp.Th (F = 0.515, p = 0.607) (Figure 8B). In contrast, joint compartment 

had a statistically significant main effect on maximum tibial Sbp.Th (F = 13.46, p < 0.001). The 

estimated marginal means results for joint compartment showed that the medial compartment 

(0.528 ± 0.021 mm) had a higher mean Sbp.Th than the lateral compartment (0.306 ± 0.011 mm). 
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Figure 8. Maximum subchondral bone plate thickness (mm) in the lateral, central and medial com-

partments of the (A) femur and (B) tibia plotted across DH guinea pig age groups. Data points 

represent individual animals. Mean ± SD maximum Sbp.Th for age groups are indicated by the 

full circles and error bars, respectively. Simple effects results from the two-way ANOVA tests are 

represented in (A), where * and *** mean p < 0.05 and p ≤ 0.001, respectively. Main effects results 

are represented in (B), where NS and *** mean p > 0.05 and p ≤ 0.001, respectively. 

A 

B 
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The femoral Sbp.Po results revealed a significant interaction between age and joint com-

partment (F = 4.819, p = 0.003). Age had statistically significant simple effects in the medial (F = 

7.758, p = 0.004), lateral (F = 5.709, p = 0.013), and central (F = 10.21, p = 0.001) joint compart-

ments (Figure 9A). In all three compartments, the mean femoral Sbp.Po was highest in the 24-

month age group, followed by the 6 and 12-month groups. Joint compartment had statistically 

significant simple effects in the 6 (F = 8.424, p = 0.003), 12 (F = 4.089, p = 0.037) and 24-month 

(F = 31.68, p < 0.001) age groups. The mean femoral Sbp.Po was higher in the medial compartment 

for the 12 and 24-month age groups when compared with the lateral compartment, while the 6- 

month group had a higher mean femoral Sbp.Po in the lateral compartment.  

Regarding tibial Sbp.Po, there was no significant interaction between age and joint com-

partment (F = 1.408, p = 0.252). Both age (F = 18.64, p < 0.001) and joint compartment (F = 5.867, 

p = 0.006) had statistically significant main effects on tibial Sbp.Po (Figure 9B). The estimated 

marginal mean Sbp.Po was highest in 24-month age group (1.600 ± 0.100 %) and lowest in the 

12-month group (0.400 ± 0.100 %). The medial compartment had a lower estimated marginal mean 

Sbp.Po (0.700 ± 0.100 %) than the lateral compartment (0.800 ± 0.100 %). 
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Figure 9. Subchondral bone plate porosity (%) in the lateral, central and medial compartments of 

the (A) femur and (B) tibia plotted across DH guinea pig age groups. Data points represent indi-

vidual animals. Mean ± SD Sbp.Po for age groups are indicated by the full circles and error bars, 

respectively. Simple effects results from the two-way ANOVA tests are represented in (A), where 

*, **, and *** mean p < 0.05, p ≤ 0.01, p ≤ 0.001, respectively. Main effect results are represented 

in (B), where ** and *** mean p ≤ 0.01 and p ≤ 0.001, respectively. 

A 
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 For femoral Tb.BMD, there was no significant interaction between age and joint compart-

ment (F = 0.644, p = 0.635). Age had no significant main effect on femoral Tb.BMD (F = 3.253, 

p = 0.064), while joint compartment did have a significant main effect (F = 10.88, p < 0.001) 

(Figure 10A). The estimated marginal means results for joint compartment showed that the medial 

compartment (496.1 ± 11.5 mgHA/cm3) had a higher mean femoral Tb.BMD than the lateral com-

partment (467.9 ± 23.4 mgHA/cm3).  

On the other hand, the tibial Tb.BMD results had a statistically significant interaction be-

tween age and joint compartment (F = 3.976, p = 0.009). Additional analysis revealed that age had 

statistically significant simple effects in the lateral (F = 8.992, p = 0.002) and central (F = 3.605, 

p = 0.050) joint compartments (Figure 10B). Within the lateral compartment, the 24-month age 

group had the lowest mean tibial Tb.BMD, followed by the 6 and 12-month groups. Within the 

central compartment, the 24-month age group also had the lowest mean tibial Tb.BMD, but it was 

followed by the 12-month group. Joint compartment had statistically significant simple effects in 

the 6 (F = 109.1, p < 0.001), 12 (F = 162.9, p < 0.001) and 24-month (F = 73.21, p < 0.001) age 

groups. In the three age groups, the medial compartment had a higher mean tibial Tb.BMD than 

the lateral compartment. 
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Figure 10. Trabecular bone mineral density (mgHA/cm3) in the lateral, central and medial com-

partments of the (A) femur and (B) tibia plotted across DH guinea pig age groups. Data points 

represent individual animals. Mean ± SD Tb.BMD for age groups are indicated by the full circles 

and error bars, respectively. Main effect results from the two-way ANOVA test are represented in 

(A), where NS and *** mean p > 0.05 and p ≤ 0.001, respectively. Simple effects results are 

represented in (B), where *, **, and *** mean p < 0.05, p ≤ 0.01, and p ≤ 0.001, respectively. 

A 

B 
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 The femoral Tb.BV/TV results revealed no significant interaction between age and joint 

compartment (F = 0.860, p = 0.498). The main effect of age on femoral Tb.BV/TV was not statis-

tically significant (F = 3.365, p = 0.059), while the main effect of joint compartment was signifi-

cant (F  = 234.5, p < 0.001) (Figure 11A). The estimated marginal means results for joint compart-

ment showed that the medial compartment (45.90 ± 1.00 %) had a higher mean femoral Tb.BV/TV 

than the lateral compartment (41.70 ± 1.20 %).  

In contrast, the tibial Tb.BV/TV results revealed a significant interaction between age and 

joint compartment (F = 4.360, p = 0.006). Age had significant simple effects on tibial Tb.BV/TV 

in the lateral (F = 5.985, p = 0.011) and central (F = 5.008, p = 0.020) joint compartments (Figure 

11B). Within the lateral compartment, the mean tibial Tb.BV/TV was highest in the 12-month age 

group, followed by the 6 and 24-month groups. In the central compartment, the 6-month group 

had the highest mean tibial Tb.BV/TV followed by the 12 and 24-month groups. Joint compart-

ment had statistically significant simple effects in the 6 (F = 108.8, p < 0.001), 12 (F = 160.0, p < 

0.001) and 24-month (F = 95.56, p < 0.001) age groups. In all three age groups, the medial com-

partment had a greater mean tibial Tb.BV/TV than the lateral compartment. 
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Figure 11. Trabecular bone volume fraction (%) in the lateral, central and medial compartments 

of the (A) femur and (B) tibia plotted across DH guinea pig age groups. Data points represent 

individual animals. Mean ± SD Tb.BV/TV for age groups are indicated by the full circles and error 

bars, respectively. Main effect results from the two-way ANOVA test are represented in (A), where 

NS and *** mean p > 0.05 and p ≤ 0.001, respectively. Simple effects result is represented in (B), 

where * and *** mean p < 0.05 and p ≤ 0.001, respectively. 

A 

B 
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 Regarding femoral Tb.Th, the interaction between age and joint compartment was signifi-

cant (F = 4.287, p = 0.006). Age did not have a statistically significant simple effect on femoral 

Tb.Th in any of the joint compartments (Figure 12A). In contrast, joint compartment had statisti-

cally significant simple effects in the 6 (F = 73.53, p < 0.001), 12 (F = 55.07, p < 0.001) and 24-

month (F = 6.411, p = 0.001) age groups. In all three age groups, the medial compartment had a 

greater mean femoral Tb.Th than the lateral compartment.  

The tibial Tb.Th results showed a significant interaction between age and joint compart-

ment (F = 4.683, p = 0.004). Age had a significant simple effect on tibial Tb.Th only in the medial 

compartment (F = 9.760, p = 0.002) (Figure 12B). Within this compartment, the mean tibial Tb.Th 

was highest in the oldest, 24-month age group, followed by the younger 6-month group. Joint 

compartment had statistically significant simple effects in the 6 (F = 13.37, p < 0.001), 12 (F = 

11.97, p = 0.001) and 24-month (F = 16.92, p < 0.001) age groups. In the 6 and 24-month age 

groups, the medial compartment had a greater mean tibial Tb.Th than the lateral compartment. 

However, in the 12-month group, the mean tibial Tb.Th of the lateral compartment was greater 

than that of the medial.  
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Figure 12. Trabecular thickness (mm) in the lateral, central and medial compartments of the (A) 

femur and (B) tibia plotted across DH guinea pig age groups. Data points represent individual 

animals. Mean ± SD Tb.Th for age groups are indicated by the full circles and error bars, respec-

tively. Simple effects results from the two-way ANOVA tests are represented on plots, where NS, 

**, and *** mean p > 0.05, p ≤ 0.01, and p ≤ 0.001, respectively. 
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 The femoral Tb.N results revealed no significant interaction between age and joint com-

partment (F = 0.959, p = 0.443). Age (F = 9.361, p = 0.002) and joint compartment (F = 199.7, p 

< 0.001) had statistically significant main effects on femoral Tb.N (Figure 13A). The estimated 

marginal mean Tb.N was highest in 6-month age group (3.080 ± 0.140 mm-1) and lowest in the 

24-month group (2.098 ± 0.197 mm-1). The medial compartment had a higher estimated marginal 

mean Tb.N (3.228 ± 0.095 mm-1) than the lateral compartment (3.025 ± 0.105 mm-1).  

The tibial Tb.N results also revealed no significant interaction between age and joint com-

partment (F = 1.797, p = 0.152). Age (F = 7.568, p = 0.004) and joint compartment (F = 144.7, p 

< 0.001) had significant main effects on tibial Tb.N (Figure 13B). The 6-month age group had the 

highest estimated marginal mean tibial Tb.N (4.064 ± 0.171 mm-1) while the 24-month group had 

the lowest (2.939 ± 0.242 mm-1). Also, the medial compartment had a higher estimated marginal 

mean tibial Tb.N (4.055 ± 0.120 mm-1) than the lateral compartment (3.859 ± 0.132 mm-1). 
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Figure 13. Trabecular number (mm-1) in the lateral, central and medial compartments of the (A) 

femur and (B) tibia plotted across DH guinea pig age groups. Data points represent individual 

animals. Mean ± SD Tb.N for age groups are indicated by the full circles and error bars, respec-

tively. Main effects from the two-way ANOVA test are represented on plots, where ** and *** 

mean p ≤ 0.01 and p ≤ 0.001, respectively. 
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 The femoral Tb.Sp results showed no significant interaction between age and joint com-

partment (F = 2.418, p = 0.068). Age (F = 5.551, p = 0.014) and joint compartment (F = 58.64, p 

< 0.001) had significant main effects on femoral Tb.Sp (Figure 14A). Regarding age, the 24-month 

age group had the highest estimated marginal mean femoral Tb.Sp (0.577 ± 0.051 mm), followed 

by the 12 (0.388 ± 0.036 mm) and 6-month (0.389 ± 0.036 mm) groups. The lateral joint compart-

ment (0.348 ± 0.013 mm) had a higher estimated marginal mean femoral Tb.Sp than the medial 

(0.325 ± 0.010 mm).  

With tibial Tb.Sp, the interaction between age and joint compartment was significant (F = 

4.160, p = 0.008). Age had significant simple effects on tibial Tb.Sp in the medial (F = 4.354, p = 

0.030), lateral (F = 4.051, p = 0.036), and central (F = 7.613, p = 0.004) joint compartments (Figure 

14B). Within all three compartments, the 24-month age group had the highest mean tibial Tb.Sp. 

The 6-month age group had the lowest mean tibial Tb.Sp only in the medial and central compart-

ments. Joint compartment had statistically significant simple effects on tibial Tb.Sp in the 6 (F = 

38.08, p < 0.001), 12 (F = 63.97, p < 0.001) and 24-month (F = 52.69, p < 0.001) age groups. In 

all three age groups, the lateral compartment had a greater mean tibial Tb.Sp than the medial com-

partment.  
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Figure 14. Trabecular separation (mm) in the lateral, central and medial compartments of the (A) 

femur and (B) tibia plotted across DH guinea pig age groups. Data points represent individual 

animals. Mean ± SD Tb.Sp for age groups are indicated by the full circles and error bars, respec-

tively. Main effect results from the two-way ANOVA test are represented in (A), where * and *** 

mean p < 0.05 and p ≤ 0.001, respectively. Simple effect results are represented in (B), where *, 

** and *** mean p < 0.05, p ≤ 0.01 and p ≤ 0.001, respectively. 
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3.3.4 Histological Assessments 
 
 Hematoxylin-eosin stained sections confirmed the presence of bone anomalies in the DH 

guinea pigs. When present, cysts were most commonly found in the central compartment of the 

femur and tibia of the 6, 12, and 24-month age groups. However, there was an exception in a 2-

month-old with a cyst in the ACL (Figure 15).  

 

 

Figure 15. Image of cysts seen on H&E-stained sections from three DH guinea pig age groups. 

(A&D) ACL cyst in a 2-month-old. (B&E) Femoral cyst in a 12-month-old. (C&F) Femoral cyst 

and cystic rim in a 24-month-old. Photomicrographs were scanned at 20X magnification. 

 

In addition to cysts, defects, including osteophytes and fibrosis in trabecular bone were 

observed in 6, 12, and 24-month age groups (Figure 16). Some of the bony defects were also visible 

on μCT images (Figure 17). There was no evidence of adipocyte necrosis.
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Figure 16. Anomalies (indicated by arrows) were seen on H&E-stained sections of the subchondral bone of the DH guinea pigs. (A&D) 

A femoral osteophyte (highlighted) near the site of cruciate ligament insertion in a 6-month-old. (B, E, & F) An abnormal soft connective 

tissue (solid arrow) and an anomaly (dashed arrow) similar to a fibrous clot in a 6-month-old femur. (C&G) A tibial cyst (solid arrow) 

adjacent to fibrotic tissue (dashed arrow) detected in a 12-month-old. Photomicrographs were scanned at 20X magnification. 
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Figure 17. Anomalies (indicated by black arrows) on H&E-stained sections that were bone-re-

lated, as seen on μCT images. (A&D) 6-month-old, (B&E) 12-month-old, (C&F) 24-month-old. 

Photomicrographs were scanned at 20X magnification. μCT images were upscaled by a factor of 

2.5. 

 

Toluidine blue-stained sections revealed some degeneration in the cartilage overlying bone 

defects. Cartilage fibrillation, fragmentation, and loss, as well as a reduction in matrix staining and 

hypocellularity, were seen in the 6, 12, and 24-month age groups (Figure 18).   
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Figure 18. Toluidine-blue stained sections of the articular cartilage overlying a (A&C) 6-month-

old tibia and (B&D) 12-month-old tibia. (C) The zoomed in region of the 6-month-old tibial artic-

ular cartilage shows fibrillation and fragment loss in the superficial and transitional zone and a 

moderate reduction in matrix staining. (D) The zoomed in region of the 12-month-old tibial artic-

ular cartilage shows fibrillation and loss of matrix stain to the deep zone. Photomicrographs were 

scanned at 10X magnification. 
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3.4 Discussion 

 This study documented the natural history of knee OA-related joint degeneration in the DH 

guinea pig using complementary information from MRI, μCT, and histology. Age-related joint 

degeneration was first evident in the 6-month age group with the presence of cartilage degradation 

and hypocellularity as well as subchondral cysts, a hallmark of OA (39). Cysts as defined by hy-

perintense regions on fluid-sensitive MRI and cavities in the trabecular bone on μCT images and 

histology sections were more apparent in the 12-month age group and appeared to be larger in the 

24-month age group. Other bony evidence of OA, such as sclerosis and osteophytes, were visibly 

larger in the 24-month group compared to the 12 and 6-month groups. The 24-month age group 

also demonstrated the most severe joint degeneration, as evidenced by a relatively high RAKSS 

score and differences in bone microarchitecture, compared to the 12 and 6-month groups. This 

group had the highest Sbp.Th in the medial femoral compartment, which is indicative of sclerosis. 

The highest Sbp.Po, Tb.Th in the medial tibia, and femoral Tb.Sp, as well as the lowest femoral 

and tibial Tb.N and Tb.BMD and Tb.BV/TV in the lateral tibia were also observed in this age 

group. These findings are consistent with previous studies that reported the alterations in bone 

microarchitecture during OA progression (16,80,103–107). 

Cysts observed in the 6, 12 and 24-month age groups were predominantly located in the 

central joint compartment near the cruciate ligament insertion site. Cysts formed in this compart-

ment are not classified as weight-bearing cysts, and there is no articular cartilage directly overlying 

the bone in this area. Thereby, these “insertional” cysts do not fit either synovial fluid or bone 

contusion theories for cyst formation, as explained in a previous study done on human knee OA 

(9). However, the ACL insertion site is exposed to very high mechanical stresses, which may cause 

a bone contusion. Son et al. (2018) highlighted that these insertional cysts are different from those 
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formed in the weight-bearing compartments of the knee, but they are still associated with OA 

because they are often related to cartilage degradation in humans (44). Also, cyst location has been 

associated with increased disease severity in that region, and our histology results showed fibrotic 

tissue in the region of an insertional cyst, as well as cartilage degradation in bone with cysts (108). 

Our bone microarchitecture results are also consistent with the Son et al. study because we ob-

served a lower Tb.BMD and Tb.BV/TV, as well as a higher Tb.Sp in the central knee of the oldest, 

24-month age group that had the largest cysts. While these insertional cysts appear to be patholog-

ical, further investigation is still required to understand why they form and whether they play a 

role in disease progression and/or pain. 

 Unlike cysts, we did not observe evidence of BMLs in the MRI scans we obtained. BMLs 

were defined as diffuse hyperintense regions on fluid-sensitive MRI, and none of the hyperintense 

regions that we observed matched this definition. One study that only used a histological approach 

to examine the DH guinea pig model reported fibrotic and necrotic regions on histological sections 

that they described as BMLs (88). BMLs have been associated with fibrosis and adipocyte necrosis 

in histological assessments of human arthroplasty samples (6). In our 12-month age group, fibrotic 

tissue was observed in the same region as an insertional cyst. Therefore, it is possible that BMLs 

develop in our animal model. However, histological assessments of the weight-bearing regions of 

the knee, where BMLs typically occur, showing adipocyte necrosis and fibrosis would be required 

to make a conclusive assessment. With MRI, BMLs were difficult to discern in our samples due 

to poor STIR MR resolution (1.25 mm slice thickness at 1.0T), and our high-resolution T2 images 

had inconsistencies with suppressing the little fat in the mostly hematopoietic bone marrow of the 

younger guinea pig knees. While there was no histological evidence of adipocyte necrosis, which 
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is commonly reported in BMLs (7), the presence of fibrosis near a cyst lends support to the hy-

pothesis that cysts and BMLs may play similar roles in OA pathogenesis. Further investigation is 

required to determine if these fibrotic regions can be detected on MRI in this model. 

Additionally, we observed some differences in the weight-bearing (medial and lateral) 

compartments within individual age groups in our bone microarchitecture results. The varus align-

ment of the DH guinea pig knee means that the medial compartment is under more mechanical 

stress than the lateral compartment (64). This is also the case in humans with a similar alignment 

of the knee. While OA may vary across the joint, more commonly, it is often more severe in the 

medial than in the lateral compartment (109). Hence, it is expected that the disease seen in this 

model is more evident in the medial compartment (3,71). Our results found some evidence of 

increased joint degeneration on the medial compartment of the DH guinea pig knee joints. Femoral 

and tibial Sbp.Th in the 6, 12, and 24-month age groups, as well as femoral Sbp.Po in the 12 and 

24-month groups was greater in the medial compartment compared to the lateral compartment. 

These findings are consistent with studies that have reported a thickened and more porous sub-

chondral bone plate from patients with OA (16,107). 

 However, this study is not without limitations. First, the DH guinea pig does not have a 

control because all guinea pigs eventually develop joint degeneration in their lifetime. For that 

reason, we decided to focus on comparisons between older, skeletally mature animals and young 

animals. Second, the same MR imaging was not done on all the guinea pigs. While the T2 MRI on 

a 9.4T (0.5 mm slice thickness) had a much better signal-to-noise ratio (SNR), fat suppression was 

inconsistent in mostly hematopoietic bone marrow, and we found that STIR was better suited for 

imaging this model. However, we didn’t use STIR at 9.4T because of the lengthening and conver-

gence of T1 relaxation times at high magnetic fields, which makes it difficult to achieve good T1 
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contrast. Therefore, we used a 1.0T MRI for STIR imaging to adequately capture hyperintensities 

in the predominantly hematopoietic bone marrow of the DH guinea pig samples, but the low-field 

scanner and 1.25 mm slice thickness used led to images with lower spatial resolution. STIR imag-

ing could alternatively be performed on 3.0T MRI, improving the SNR and allowing the flexibility 

to pick a slice thickness with good spatial resolution. Third, our MR imaging, which was performed 

in the coronal plane, was conducted before finalizing a histology protocol that involved sagittal 

sectioning, making it challenging to make side by side visual assessments. Sagittal sectioning was 

chosen over coronal to facilitate the decalcification process of our samples, but the same MRI, 

μCT and histology orientations would have been advantageous for multi-modal comparison. 

Fourth, our histological analyses were focused on the central compartment to describe the tissue 

characteristics where cysts were predominantly visualized on MRI and CT. Future work would 

additionally examine the histological sections within weight-bearing regions. Lastly, our bone mi-

croarchitecture analysis involved significant manual corrections during the segmentation of corti-

cal and trabecular bone. To minimize the potential sources of error, a single experienced user made 

all of the corrections; nonetheless, this step may have introduced some error in our bone microar-

chitecture results. 

 For future work, in vivo MR and μCT imaging will be conducted on DH guinea pigs from 

ages 4 to 24 months to monitor the development of insertional cysts and their relationship to lon-

gitudinal changes in bone microarchitecture and soft tissue. Pain as a function of cyst volume and 

overall joint degeneration will also be assessed in this model via the recording of electrophysio-

logical activity of joint nociceptive nerves (96). This work will give insight into the etiology of 

insertional cysts and whether they are related to pain.  
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3.5 Conclusions   

This study demonstrates that joint degeneration occurs in the DH guinea pig spontaneous 

knee OA model with age and as a result of abnormal stresses that may arise at the insertional site 

of a ligament and in the medial compartment of a varus knee. The spontaneous DH guinea pig 

knee OA model allowed us to characterize the development of insertional cysts that may originate 

from abnormal stresses on the subchondral bone at the site of ACL insertion. These subchondral 

cysts appeared relatively early in the young adult 6-month-old guinea pigs. They also increased in 

size and number in the much older 24-month-old guinea pigs, suggesting age-related joint degen-

eration in this model. While we found no evidence of BMLs on our MR images, our histology 

results show fibrosis in the region of an insertional cyst. Therefore, it may be valuable to explore 

the etiology of insertional cysts in this model as they might be similar to BMLs. The DH guinea 

pig allowed us to explore an idiopathic subtype of OA and is a good model to possibly study OA 

prospectively.  
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Chapter 4: General Discussion 

4.1 Addressing Aims 

 The purpose of this thesis project was to describe the natural history of knee OA in the DH 

guinea pig by documenting knee joint degeneration, investigating the presence and timing of any 

BMLs and cysts, and characterizing the development of the insertional cysts seen in this model. 

The first aim was to document the knee joint degeneration in the DH guinea pig with complemen-

tary information from MRI, μCT, and histology. I documented knee joint degeneration in this 

model and found evidence of age-related cartilage degradation, sclerosis, osteophytes, and cysts. 

Other interesting findings include age-related meniscal ossification and weight gain. Meniscal os-

sification appears to be a common finding in the DH guinea pig and has been proposed to alter 

their knee joint biomechanics, possibly contributing to joint degeneration (72). The older guinea 

pigs weighed more than the younger guinea pigs; therefore, obesity might have played a role in 

the observed degeneration seen in the older guinea pigs. Obesity, which is a risk factor of idio-

pathic OA in humans, has also been observed to be correlated with the severity of joint degenera-

tion in a study that compared DH guinea pigs fed with standard chow to those that were diet-

restricted (71).  

 The second aim was focused on investigating the presence and timing of BMLs and cysts 

in the subchondral bone of the DH guinea pig relative to other pathological features associated 

with the development of knee OA. After a cross-sectional assessment of DH guinea pig knee joints 

at ages 2, 4, 6, 12 and 24 months, I did not find evidence of BML presence. BMLs were assessed 

on MRI by searching for diffuse hyperintense regions, which were absent. These lesions could not 

be properly assessed on histology because my results did not include histological sections of the 

weight-bearing regions of the joint. On the other hand, I found bone cysts in the central, non-
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weight-bearing compartment of the 6, 12 and 24-month-old guinea pigs near the ACL insertion 

site. These cysts were present along with cartilage degradation and osteophytes, which are OA-

related features. The size and number of these cysts also appeared to increase with age, suggestive 

of age-related increases in degeneration. 

 Lastly, the third aim was to characterize the development of insertional cysts and whether 

they are associated with pathological features of knee OA. This aim was developed to better un-

derstand the type of cysts seen in my DH guinea pig sample because they did not develop in the 

weight-bearing region of the bone. These insertional cysts are so-called because they are located 

near the ACL insertion site in the bone (44). They also appeared to be pathological as they were 

present alongside OA features such as osteophytes and cartilage degradation. However, further 

investigation in the form of a longitudinal study is required to better understand their progression. 

 

4.2 Validity of Measurements 

The measurements used in my thesis are valid and inspired by peer-reviewed publications 

(10,11,98). In the bone microarchitecture analysis, the 5 μm difference in voxel size between the 

24-month and other age groups accounted for very little measurement error because of the rela-

tively high thickness of the DH guinea pig bone, even at the level of the trabeculae.  

Regarding RAKSS, this semi-quantitative scoring system was modified to only include 

only bony features from μCT images, including osteophytes, subchondral sclerosis, bone cysts and 

loose bodies. While this score is valid for analyzing bony degeneration in this model, it cannot be 

generalized to whole joint OA because the disease involves other parts of the joint such as the 

articular cartilage and synovium that were not assessed. 
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4.3 Study Limitations 

 A major limitation of my project was the inability to confirm the presence or absence of 

BMLs on my MR scans. The low-field 1.0T scanner and 1.25 mm slice thickness led to images 

with lower spatial resolution, and the coronal orientation of the MR images made it challenging 

for multi-modal registration with the 15 μm thick sagittal histological sections. Also, one of the 

gradients on the 1.0T MRI was faulty, which caused a motion-like artifact on the scans, and this 

was not fixed for the duration of my study. BMLs are defined as diffuse regions of hyperintense 

signal on fluid-sensitive MRI, meaning that they are made up of fluid. They also appear to be 

associated with adipocyte necrosis and bone marrow fibrosis, as confirmed with histology. The 

only report of BMLs in the DH guinea pig is from a study that only used a histological approach 

(88). However, histology alone is insufficient to define these lesions because fluid is not typically 

seen in histological sections. I expected to find BMLs in the DH guinea pig because cysts, which 

have been associated with them, develop in this model. However, the cysts found within my sam-

ple were mostly insertional cysts, which are different from weight-bearing cysts that have been 

associated with BMLs in human knee OA studies (8,9). In short, I have no evidence that BMLs 

are associated with the joint degeneration observed in this model, and further research is required 

to determine whether or not they exist in this model. 

 

4.4 Future Directions 

In light of the above limitation, which is also discussed in Chapter 3, some things can be 

improved upon in the future. First, acquiring the same STIR MRI for all samples is necessary to 

compare hyperintensities across age groups. Unfortunately, we obtained the 24-month-old samples 
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opportunistically through Veterinary Medicine before any pilot testing or histology had been per-

formed; hence we performed T2 FLASH images as would typically be performed to detect BMLs 

in adults with primarily yellow marrow. However, our first histological sections revealed hemato-

poietic marrow even in these aged animals. Also, with the gradient issues on the 1.0T MRI re-

solved, the quality of STIR images would improve, and more images, including some 4-month-

old knees that were not scanned, can be obtained. These images would also be in the sagittal ori-

entation, matching the histology sections. Additionally, I would obtain histological sections from 

the weight-bearing regions of the knee joints to include semi-quantitative modified Mankin scores 

to assess age-related and joint compartmental differences in cartilage structure. This project fo-

cused on histological sections in the central compartment, where insertional cysts were present to 

see whether or not they were associated with other anomalies. Even so, a histological assessment 

of the weight-bearing compartments of the knee could highlight anomalies that may develop in 

these regions as a result of degeneration. 

 In the future, I would like this project adapted to incorporate a longitudinal study, with in 

vivo MR and μCT imaging. With a longitudinal study, individual age-related joint degeneration 

can also be documented over time, thereby modelling the natural history of spontaneous knee OA 

in an in vivo environment. However, this will only be possible with optimized in vivo μCT and 

MR imaging protocols that involve a fully functioning MRI, capable of STIR imaging.  

 

4.5 Concluding Remarks 

The DH guinea pig is a good model for a specific subtype of idiopathic knee OA. OA is 

known as a heterogeneous disease, where hallmark features such as cartilage degradation, sclero-
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sis, osteophytes, and cysts have been reported (43).  Other features including BMLs are also com-

monly seen with this disease, although they do not occur in all cases of knee OA (6). Our DH 

guinea pig sample showed evidence of cartilage degradation, osteophyte formation, sclerosis, and 

cysts. The degenerative features also appeared to be age-related, an encouraging finding for this 

model as age is a major risk factor for idiopathic OA (33). Despite challenges assessing BMLs, 

the changes in 3D bone microarchitecture and increase in total RAKSS score also demonstrate this 

age-related joint degeneration. Based on our findings, we did not document the natural history of 

BMLs in our animal model. However, we were able to document insertional cysts, and this project 

that combines MRI, μCT and bone microarchitecture analysis, semi-quantitative RAKSS, and his-

tological assessments lends support to others that have evaluated joint degeneration in the DH 

guinea pig spontaneous knee OA model using a single approach. Our results can also allow for 

comparisons with clinical studies using a similar methodology. 

Osteoarthritis is still very prevalent, and there is a need for effective disease-modifying 

treatments. A better understanding of the disease etiology is the solution to this problem. The chal-

lenge lies with the slow degenerative process of idiopathic OA in humans, making it difficult to 

document the natural history of the disease. Therefore, we used the DH guinea pig as a model for 

idiopathic knee OA in this project because of their ability to spontaneously develop a knee OA 

phenotype similar to the disease seen in humans. Animal models that OA is induced by joint injury 

model post-traumatic OA, which likely occurs via a different mechanism than that of idiopathic 

OA, are not suited to model idiopathic OA. In summary, the DH guinea pig, where joint damage 

occurs with age, is more appropriate for modelling idiopathic OA and serves as a good candidate 

to document its natural history.                                                                           
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Appendix A – Additional Tables and Figures 

 This section consists of tables containing results from the subchondral bone microarchitec-

ture analysis, which were graphically represented in the main thesis. 

 

Table A-1. Mean (± SD) bone microarchitecture parameter results of the medial, lateral and 

central femur across age groups  

Femur 

Bone microarchitecture 
outcomes 

2 months 4 months 6 months 12 months 24 months 

Maximum Sbp.Th (mm) 

Medial 0.30 ± 0.24 0.50 ± 0.05 0.58 ± 0.10 0.53 ± 0.08 0.85 ± 0.18 
Lateral 0.35 ± 0.24 0.46 ± 0.04 0.51 ± 0.08 0.52 ± 0.04 0.57 ± 0.05 
Central 0.24 ± 0.13 0.45 ± 0.04 0.58 ± 0.05 0.55 ± 0.10 0.54 ± 0.30 

Tb.BMD (mgHA/cm3) 

Medial 
404.8 ± 30.0 457.5 ± 21.3 526.9 ± 62.0 509.2 ± 28.7 452.3 ± 50.8 

Lateral 355.2 ± 10.3 442.0 ± 28.9 517.6 ± 141.6 480.8 ± 50.7 405.2 ± 55.9 
Central 294.1 ± 17.5 338.4 ± 18.8 308.4 ± 200.6 370.7 ± 38.6 323.2 ± 51.1 

Sbp.Po (%) 

Medial 4.62 ± 3.46 1.75 ± 1.09 0.44 ± 0.40 0.16 ± 0.10 3.63 ± 3.56 

Lateral 4.33 ± 2.72 1.79 ± 1.36 0.52 ± 0.37 0.13 ± 0.10 0.75 ± 0.49 
Central 1.82 ± 0.92 2.36 ± 0.90 1.38 ± 0.65 0.73 ± 0.71 2.57 ± 0.58 

Tb.BV/TV (%) 

Medial 37.5 ± 3.4 43.6 ± 2.5 48.4 ± 4.9 47.5 ± 3.0 41.9 ± 5.4 
Lateral 31.6 ± 0.6 41.4 ± 3.0 44.0 ± 5.1 44.4 ± 5.1 36.8 ± 6.0 

Central 25.9 ± 1.6 31.8 ± 1.7 35.8 ± 4.3 34.5 ± 3.8 29.4 ± 5.2 
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Table A-1. (Continued) 

Femur 

Bone microarchitecture 
outcomes 

2 months 4 months 6 months 12 months 24 months 

Tb.Th (mm) 

Medial 0.10 ± 0.01 0.12 ± 0.004 0.14 ± 0.01 0.14 ± 0.01 0.14 ± 0.01 
Lateral 0.09 ± 0.001 0.11 ± 0.004 0.13 ± 0.01 0.13 ± 0.01 0.13 ± 0.004 
Central 0.08 ± 0.002 0.10 ± 0.002 0.12 ± 0.01 0.12 ± 0.01 0.13 ± 0.01 

Tb.N (mm-1) 

Medial 3.93 ± 0.14 3.42 ± 0.36 3.63 ± 0.49 3.55 ± 0.35 2.50 ± 0.23 
Lateral 3.56 ± 0.19 3.36 ± 0.37 3.37 ± 0.45 3.34 ± 0.44 2.36 ± 0.44 
Central 2.22 ± 0.20 2.01 ± 0.37 2.24 ± 0.38 2.17 ± 0.46 1.43 ± 0.51 

Tb.Sp (mm) 

Medial 0.23 ± 0.02 0.29 ± 0.03 0.29 ± 0.04 0.29 ± 0.03 0.39 ± 0.06 
Lateral 0.26 ± 0.02 0.29 ± 0.03 0.31 ± 0.04 0.31 ± 0.04 0.43 ± 0.10 

Central 0.51 ± 0.05 0.61 ± 0.13 0.56 ± 0.09 0.57 ± 0.16 0.91 ± 0.46 
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Table A-2. Mean (± SD) bone microarchitecture parameter results of the medial, lateral and 

central tibia across age groups. 

Tibia 

Bone microarchitecture 
outcomes 

2 months 4 months 6 months 12 months 24 months 

Maximum Sbp.Th (mm) 

Medial 0.23 ± 0.04 0.49 ± 0.11 0.56 ± 0.10 0.51 ± 0.08 0.51 ± 0.11 
Lateral 0.20 ± 0.02 0.48 ± 0.13 0.49 ± 0.14 0.49 ± 0.05 0.50 ± 0.06 
Central 0.32 ± 0.05 0.45 ± 0.06 0.62 ± 0.16 0.59 ± 0.11 0.72 ± 0.06 

Tb.BMD (mgHA/cm3) 

Medial 408.6 ± 31.9 517.6 ± 15.5 570.1 ± 34.3 572.0 ± 24.0 530.1 ± 23.3 
Lateral 405.3 ± 30.4 494.8 ± 35.3 523.4 ± 34.3 551.9 ± 31.4 470.7 ± 22.1 
Central 316.1 ± 43.7 375.9 ± 22.6 423.9 ± 32.0 400.6 ± 46.9 360.3 ± 31.0 

Sbp.Po (%) 

Medial 4.91 ± 0.42 1.50 ± 0.89 0.57 ± 0.35 0.34 ± 0.26 1.31 ± 0.74 
Lateral 4.20 ± 3.13 1.95 ± 1.06 0.53 ± 0.27 0.18 ± 0.09 1.72 ± 0.72 
Central 4.31 ± 0.27 1.27 ± 0.51 0.76 ± 0.58 0.73 ± 0.36 1.81 ± 0.54 

Tb.BV/TV (%) 

Medial 38.1 ± 3.7 50.1 ± 1.8 54.1 ± 4.2 54.0 ± 2.6 51.2 ± 2.7 
Lateral 37.3 ± 3.7 47.1 ± 4.2 48.5 ± 3.7 51.3 ± 3.5 43.9 ± 2.9 
Central 28.2 ± 5.2 34.6 ± 2.9 38.9 ± 3.6 36.6 ± 4.7 31.0 ± 3.5 

Tb.Th (mm) 

Medial 0.09 ± 0.004 0.12 ± 0.01 0.13 ± 0.01 0.13 ± 0.004 0.14 ± 0.01 
Lateral 0.09 ± 0.004 0.11 ± 0.01 0.13 ± 0.01 0.13 ± 0.01 0.12 ± 0.01 
Central 0.08 ± 0.004 0.10 ± 0.003 0.12 ± 0.01 0.12 ± 0.01 0.13 ± 0.01 
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Table A-2. (Continued) 

Tibia 

Bone microarchitecture 
outcomes 

2 months 4 months 6 months 12 months 24 months 

Tb.N (mm-1) 

Medial 4.36 ± 0.36 4.28 ± 0.46 4.54 ± 0.65 4.28 ± 0.44 3.34 ± 0.15 
Lateral 4.50 ± 0.28 4.13 ± 0.70 4.19 ± 0.70 4.22 ± 0.47 3.16 ± 0.34 
Central 3.16 ± 0.31 3.08 ± 0.51 3.45 ± 0.48 3.13 ± 0.52 2.31 ± 0.17 

Tb.Sp (mm) 

Medial 0.21 ± 0.03 0.23 ± 0.02 0.24 ± 0.03 0.25 ± 0.03 0.28 ± 0.01 
Lateral 0.20 ± 0.02 0.24 ± 0.04 0.25 ± 0.03 0.25 ± 0.03 0.30 ± 0.04 
Central 0.33 ± 0.03 0.36 ± 0.05 0.33 ± 0.03 0.36 ± 0.05 0.43 ± 0.04 
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Appendix B – Extended Methods 

Below is an outline of the quantitative μCT image analysis pipeline used in this study. 

Step 1 – Contouring: 

1. Images obtained from a Scanco Medical μCT scanner can be visualized and analyzed on a 

computer with access to OpenVMS and the XQuartz app. 

2. In the Terminal app, login to the IP address of the μCT scanner. Scans can be viewed by 

entering “uct_evaluation” in the command line.  

3. Open image and draw rough contours around the epiphysis of the bones. Separate the tibia 

and femur contours by saving GOBJ as _TROUGH or FROUGH.GOBJ respectively. 

4. Run scripts for “Auto Contour Slab with cut-out and SEG TIBIA(FEMUR) – Guinea pig 

10um) to make periosteal gobjs. 

5. Upon completion of autocontour script, load the periosteal gobjs (_T or _F.GOBJ) and run 

scripts for “Auto Contour Endosteal Tibia(Femur) – Guinea pig 10um updated”. 

6. Navigate to the image directories in OpenVMS and write _T and _F.AIM files from _T 

and _F.GOBJ files in IPL. 

7. Check greyscale AIM file before proceeding. It gets cropped in one of the multiple con-

touring steps. Run the isq_to_aim command in IPL if that’s the case. 

 

Step 2 – Manual Selection of Joint Compartments (AKA picking points): 

1. Download _T(or F)_SEG_R02.AIM files from data disk to a local directory. 

2. Install blSurfaceViewer (Bonelab, University of Calgary) on computer, then use it to load 

_T(or F)_SEG_R02.AIM files. 
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3. To manually select medial or lateral compartments, press “p” on keyboard and click mouse 

pointer over region. Use the “z” key to deselect point. 

4. Follow the shape of the bone, pick points on the medial side, and press “t” on keyboard to 

write to text file. Save file as imageID_T(or F)_MED.TXT in desired folder. 

5. Delete all points, pick points on the lateral side, and save as imageID_T(or F)_LAT.TXT 

in folder. 

 

Step 3 – Convert TXT files to MHA: 

1. Download the saltac folder on computer. 

2. Open run_saltac.py located in saltac folder and check that the extrusion distance is set to 

0.0105, indicative of 10.5 µm voxel size of guinea pig scans. 

3. In the Terminal app, run the following commands: 

conda activate py3 

cd <directory>/saltac/scripts 

python run_saltac.py convert-points-2-roi <location of TXT files> <destination of 

MHA files > 

 

Step 4 – Convert MHA to AIM: 

1. To convert MHA to AIM files, an AIM writer is required. The bl (Bonelab, University of 

Calgary) library has one. 

2. In the Terminal app, run the following commands: 

conda activate bl 

cd <location of MHA files> 
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blImageConvert imageID_T(or F)_MED(or LAT).MHA imageID_T(or F)_MED(or 

LAT).AIM 

3. Transfer imageID_T(or F)_MED(or LAT).AIM files back to data disks. 

 

Step 5 – Generate Regions of Interest (ROIs): 

1. Open image in uct_evaluation. 

2. Check that greyscale AIM is present. 

3. Run scripts 164 (Knee - Generate ROI Tibia- Guinea pig 10um) and 175 (Knee - Generate 

ROI Femur- Guinea pig 10um). 

 

Step 6 – Bone Microarchitecture Evaluation: 

1. Run scripts 166 (Knee - Evaluation Tibia - Guinea pig 10um) and 176 (Knee - Evaluation 

Femur - Guinea pig 10um) in uct_evaluation. 

2. Run one at a time. Note that the results TXT file gets populated according to the order of 

script completion, and also doesn’t specify whether results are for tibia or femur. 

 

Step 7 – Analyze the Central Joint Compartment: 

1. All image files were transferred from the OpenVMS data disk to a projects disk. 

2. A custom IPL script named SUBMIT_CREATE_CENTRAL_KNEE_MASK.COM in-

cluded all samples.  

3. The submit script calls CREATE_CENTRAL_KNEE_MASK_EVAL.COM that uses the 

imageID_T(or F)_MED(and LAT).AIM files to determine the central joint compartment, 

which then undergoes bone microarchitecture evaluation. 
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4. The results TXT file gets populated to include the central compartment. 

5. Download RESULTS-KNEE.TXT and RESULTS-KNEE_FILELIST.TXT to local com-

puter and open with Microsoft Excel. 

 

This section also includes detailed histological methods that allowed for good sectioning 

of the Dunkin-Hartley guinea pig knee joint. The knee joint in this model is larger than those of 

other small rodents (mice and rats), and therefore, takes a lot longer to decalcify. 

The guinea pig tibiofemoral joints were fixed in 10% neutral buffered formalin (Ther-

moFisher Scientific) for five days to preserve morphology and prevent autolysis and bacterial at-

tack. Following fixation, samples were washed with normal saline (Isotonic solution 0.90% w/v) 

and decalcified in Cal-Ex® II (ThermoFisher Scientific) for a total of four weeks. At the two-week 

mark during decalcification, the joints were transected in half sagittally, and then separate medial 

and lateral compartments were returned to Cal-Ex® II for the remaining two weeks. After decalci-

fication, the samples underwent overnight processing in an automatic tissue processor (Leica 

TP1020), where they were dehydrated in ethanol (80% - 100%), cleared in Slide Brite™, and infil-

trated in wax (50% Paraplast plus/50% Paraplast extra). Samples were embedded in 50% Paraplast 

plus/50% Paraplast extra paraffin wax, and 15 μm-thick sections were obtained with a microtome 

(Leica RM2255). Sections were stained with H&E and toluidine blue histological stains, then im-

aged with a light microscope (Carl Zeiss Axioplan 2).  
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