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Résumé 
Des charges cycliques élevées induisent la formation de microfissures dans l'os, déclenchant un processus 

de remodelage ciblé, mené par les ostéoclastes et suivi par les ostéoblastes, visant à réparer et à prévenir 

l'accumulation des dommages. L'os de cheval de course est un modèle idéal pour étudier les effets d'une 

charge de haute intensité, car il est sujet à une accumulation focale de microfissures et à la résorption qui 

s'ensuit dans les articulations.  Les ostéoclastes équins ont rarement été étudiés in vitro. Le volume de 

résorption des ostéoclastes est considéré comme un paramètre direct de l'activité des ostéoclastes, mais 

des méthodes indirectes de quantification en 2D de la résorption osseuse sont plus souvent utilisées. 

L'objectif de cette étude était de développer une méthode précise, à haut débit et assistée par 

l'apprentissage profond pour quantifier le volume de résorption des ostéoclastes équins dans les images 

micro tomodensitométrie (µCT) 3D.  

Des ostéoclastes équins ont été cultivés sur des tranches d'os équins, imagés par μCT avant et après la 

culture. Le volume, le ratio de forme et la profondeur maximale de chaque événement de résorption ont 

été mesurés dans les images volumétriques de trois tranches d'os. Un convolution neural network (CNN) 

a ensuite été entraîné à identifier les événements de résorption sur les images μCT post-culture, puis le 

modèle a été appliqué à des tranches d'os d'archives (n=21), pour lesquelles l’aire de résorption en 2D, et 

la concentration du biomarqueur de résorption CTX-I étaient connues. Cela a permis d'obtenir des 

informations 3D sur la résorption des tranches d’os pour lesquels aucune imagerie n'avait été réalisée 

avant la mise en culture. La valeur modale du volume, la profondeur maximale et le ratio de forme des 

événements de résorption discrète étaient respectivement de 2,7*103µm3, 12 µm et 0,18. Le volume de 

résorption moyen par tranche d'os archivés était de 34155,34*103µm3. Le volume de résorption mesuré 

par le CNN était en forte corrélation avec les mesures de CTX-I (p <0,001) et d’aire (p <0,001).  

Cette technique de segmentation des images µCT des coupes osseuses assistée par apprentissage profond 

pour quantifier le volume de résorption osseuse des ostéoclastes équins permettra des recherches futures 

plus précises et plus approfondies sur l'activité des ostéoclastes. Par exemple, les effets antirésorptifs de 

médicaments tels que les corticostéroïdes et les bisphosphonates pourront être étudiés à l'avenir.  

Mots-clés : Ostéoclaste, cheval de course, µCT, résorption osseuse, quantification, volume, apprentissage 

profond 
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Abstract 
High cyclic loads induce the formation of microcracks in bone, initiating a process of targeted remodeling, 

led by osteoclasts, and followed by osteoblasts, aimed at repairing and preventing accumulation of 

damage. Racehorse bone is an ideal model for studying the effects of high-intensity loading, as it is subject 

to focal accumulation of microcracks and subsequent resorption within joints. Equine osteoclasts have 

rarely been investigated in vitro. The volume of osteoclast resorption is considered a direct parameter of 

osteoclast activity, but indirect 2D quantification methods are used more often. The objective of this study 

was to develop an accurate, high-throughput, deep learning-aided method to quantify equine osteoclast 

resorption volume in µCT 3D images.  

Equine osteoclasts were cultured on equine bone slices, imaged with μCT pre- and post-culture.  Volume, 

aspect ratio (shape factor) and maximum depth of each resorption event were measured in volumetric 

images of three bone slices. A convolutional neural network (U-Net-like) was then trained to identify 

resorption events on post-culture μCT images and then the network was applied to archival bone slices 

(n=21), for which the area of resorption in 2D, and the concentration of a resorption biomarker CTX-I were 

known. This unlocked the 3D information on resorption for bone slices where no pre-culture imaging was 

done. The modal volume, maximum depth, and aspect ratio of discrete resorption events were 

2.7*103µm3, 12 µm and 0.18 respectively. The mean resorption volume per bone slice on achieved bone 

samples was 34155.34*103µm3. The CNN-labeled resorption volume correlated strongly with both CTX-I 

(p <0.001) and area measurements (p <0.001).  

This technique of deep learning-aided feature segmentation of µCT images of bone slices for quantifying 

equine osteoclast bone resorption volume allows for more accurate and extensive future investigations 

on osteoclast activity. For example, the antiresorptive effects of medications like corticosteroids and 

bisphosphonates can be investigated in the future.  

 

Keywords: Osteoclast, racehorse, µCT, bone resorption, quantification, volume, deep learning 
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Introduction 
 

It is well known that microarchitecture of healthy adult bones has the intrinsic ability to undergo constant 

adaptation in response to biomechanical loads, ensuring optimal performance.1 This adaptation is 

orchestrated through synchronized cellular remodeling, or bone multicellular units (BMU), whereby 

osteoclasts initially resorb the bone by excavating lacunae or cavities and subsequently new bone is 

deposited by osteoblasts.2 This intricate process is regulated by a delicate balance between bone 

resorption and formation, playing a pivotal role in maintaining the structural integrity, mechanical 

competence, and functional adaptability of bones.2 

When the bone is subjected to high loads, microcracks occur in its structure, triggering a targeted 

remodeling response.3 This physiological response serves the pivotal purpose of repairing localized injury 

and prevents the cumulative build-up of damage.4 Mechanotransduction pathways, including the 

disruption of the lacuno-canalicular network5 or osteocyte apoptosis at the injury site,6 play a role in the 

recruitment and differentiation of osteoclast precursors from the nearby bone marrow into active bone-

resorbing osteoclasts by the release of Receptor Activator of Nuclear Factor Kappa-B Ligand (RANKL). 

RANKL interacts with its receptor (RANK) on the surface of osteoclast precursors, activating signaling 

pathways that promote the differentiation, activation, and survival of osteoclasts.7 

Racehorses endure intensive cyclic loading during training and racing regimens, which can lead to 

microcracks at specific sites of their skeleton. Although microdamage naturally contributes to the 

skeleton's adaptation to varying biomechanical demands, when there’s an imbalance between bone 

formation and resorption, excessive damage and focal accumulation of bone and calcified cartilage 

microcracks with associated resorption8,9 at specific sites undergoing high loads can lead to serious 

occupational injuries such as joint disease and, in some cases, bone failure (stress fractures) 10-12. This is 

particularly evident in the fetlock 8,13-15 and carpus 9,16 of racehorses.  

Despite playing an essential role in bone remodelling, equine osteoclasts have seldom been the subject 

of in vitro studies and there are several important questions that remain unanswered, including (1) the 

precise role of osteoclasts in repairing microdamage, (2) identification of factors that could induce 

osteoclast differentiation in microdamage sites, and (3) the impact of current intra-articular medications 

such as corticosteroids and bisphosphonates on osteoclast activity, particularly in areas close to joint 

surfaces where they may have a role in healing. 
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Osteoclasts have been differentiated and cultured from post-mortem harvested femoral bone marrow 

hematopoietic stem cells in the past17-19 or, more recently, from sternal bone marrow aspirates in standing 

horses.20,21  Furthermore, they have been cultured on their natural substrate bone in one report alone.21 

In order to enhance our comprehension of equine osteoclast activity and the factors that affect it, it is 

crucial to carry out species-specific in vitro studies. These investigations would enable us to bridge 

important knowledge gaps, including the evaluation of how frequently employed medications in athletic 

horses influence equine osteoclast activity. Analyzing these effects is vital for assessing any potential 

adverse impacts on skeletal integrity. 

Accurately quantifying and characterizing the complex process of bone resorption by osteoclasts poses 

significant challenges to researchers. The osteoclast resorption activity in vitro has traditionally been 

extrapolated from canonical 2D resorption area measurements of toluidine blue stained bone slices on 

which osteoclasts had been cultured. 21-35 However, this widely used technique falls short in accurately 

measuring the volume and 3D morphology of resorption events leading to indirect estimations and 

oversimplified representations of resorption cavities.36,37 Moreover, 2D measurements can be misleading 

and may reflect osteoclast attachment and spreading rather than resorptive activity.38 Therefore, direct 

volume measurement of the resorbed tissue is considered to be the ideal parameter to quantify osteoclast 

bone resorption.38,39  

Several methods have been implemented in an attempt to measure volume of bone resorption in 3D, 

including scanning electron microscopy (SEM) stereophotogrammetry, confocal laser microscopy, vertical 

scanning profilometry, and serial milling. While these techniques have shown promise in providing high-

quality images, they often come with certain limitations as they frequently require complex sample 

preparation, involve destructive methodologies, and are not widely accessible to users.40 Therefore, the 

need for continued progress in accurately quantifying the volume of bone resorption is evident. These 

forthcoming developments should be focused on surmounting the previously mentioned challenges, with 

the ultimate goal of facilitating effortless and dependable measurement of bone resorption in 3D.   

The integration of deep learning techniques has emerged as a widely employed and valuable approach 

for providing meaningful insights to various tasks related to the segmentation of mineralized tissues using 

CT scans41 and µCT. 42,43 By incorporating deep learning, there is a significant potential for improving the 

accuracy and reliability of the segmentation process, thereby establishing a robust foundation for 

quantitative analysis and three-dimensional (3D) visualization.44-46 However, this technique has not yet 

been implemented for quantifying bone resorption on bone slices in vitro. 



 15 

The central objective of this project was to develop a precise and user-friendly methodology for the 

evaluation of both the morphological intricacies and volumetric measurement of bone resorption on bone 

slices in vitro.  
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1. Bone tissue 
Bone tissue is a vital and intricately complex component of the body, providing crucial support, protection, 

and mobility. Contrary to intuition, bone is a remarkably dynamic tissue that continually adapts to meet 

mechanical and physiological demands.2 A comprehensive understanding of the osseous tissue, and more 

specifically, the role of the orchestrators of bone resorption, the osteoclasts, is essential for unraveling 

the intricate mechanisms involved in skeletal development, maintenance, and repair. In this review, we 

will briefly discuss the function, morphology, architecture, composition, as well as the modeling and 

remodeling cycles of the bone. 

1.1. Function 

Bone tissue encompasses a wide range of functions that extend beyond mechanical support, including 

biological, metabolic, and recently discovered endocrine roles.47-52  

1.1.1. Mechanical 

One of the most well-known functions of bone tissue is its protective role, safeguarding vital organs 47 like 

the brain (cranial bones) and lungs (ribs). Its architecture allows it to withstand compression, tension, and 

bending forces (see section 1.2.2). Moreover, bones play a pivotal role in facilitating skeletal movement 

by serving as levers for muscles and forming joints.51 

1.1.2. Biological 

When addressing its biological function, the bone tissue provides a niche for bone marrow hematopoiesis 

of both myeloid and lymphoid lineages stem cells47 and serves as a reservoir for mineral and growth 

factors47,49 storing 99% of the body’s calcium, 85% of phosphorus, 40-60% of magnesium, and sodium in 

humans.53   

1.1.3. Metabolic 

There is a growing hypothesis proposing an endocrine-mediated coordinated regulation between bone 

mass, energy metabolism, and reproduction function.54 Notably, osteocalcin, a protein synthesized by 

osteoblasts (bone forming cells) and stored in the skeletal matrix, has been found to play a crucial role in 

regulating glucose homeostasis52,55 and testosterone secretion52 based on murine research findings. 
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Additionally, emerging evidence suggests that hormones produced by the hypothalamus, pituitary gland, 

and adipose tissue may directly influence the maintenance of healthy bone tissue, establishing the bone 

as an endocrine organ,56 in addition to their previously known indirect effects through peripheral 

endocrine organs.  

1.2. Morphology 

When considering morphology, bone can be categorized based on its anatomy and architecture. In the 

following section, brief explanation of both aspects will be provided.  

1.2.1. Anatomy 

Bones may be classified by their shape e.g., flat, and long bones. Long bones, in particular, can be further 

divided into three regions: diaphysis, metaphysis, and epiphyses.50 Its general structure is described as a 

central marrow space surrounded by bone tissue and periosteum. The diaphysis is a long hollow shaft 

primarily composed of dense cortical bone and both the metaphysis and epiphyses, at each extremity, are 

mostly composed of cancellous bone surrounded by a thin cortical shell (Figure 1).53  

 

Figure 1: Anatomy and architecture of the bone 

(A) Trabecular bone; (B) cortical osteon; (C) microscopic image of trabeculae and bone marrow; (D) unstained 

microscopic image of cortical bone. (Adapted from http://histology.med.yale.edu/bone/bone_reading.php and Buck 

and Dumanian 51 

http://histology.med.yale.edu/bone/bone_reading.php
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1.2.2. Architecture 

The architecture of the bone pertains to the organization and composition of its internal structure and 

bone tissues, which can be categorized into two levels: microscopic and macroscopic structure. 

1.2.2.1. Microscopic structure 

Microscopically, bone can be classified into woven and lamellar tissue. Woven tissue represents the 

immature temporary form of bone that is formed promptly during development or following injury. It is 

characterized by a highly disorganized type I collagen fiber arrangement.47,57 Ultimately, this tissue is 

gradually replaced by lamellar tissue sheets,57 the mature bone, which is thoroughly organized into 

parallel laminae. 

1.2.2.2. Macroscopic structure 

In order to accomplish its functions, the skeleton must be strong and rigid enough to protect the soft 

tissue while simultaneously flexible and elastic to absorb the mechanical forces. This is possible due to the 

co-existence of the two principal macroscopic osseous tissues: the cortical and trabecular bone which are 

differentiated by their porosity, location, and function.47,57 

The type of architecture depends on the region and the bone’s function. For example, the vertebrae are 

mainly composed of trabecular bone that resists compression forces whereas the long bones are 

predominantly composed of cortical bone to resist torsional forces.2 Overall, cortical bone represents 80% 

of the human skeletal weight and trabecular bone is approximately 20%.2,58 

1.2.2.2.1. Cortical 

Cortical bone, which surrounds the trabecular bone, is characterized as a dense and solid tissue 

responsible for providing support and protection.50 It contains an inner endosteal surface, in contact with 

the trabecular bone, and an outer periosteal surface (Figure 1). This type of bone has a lower turnover 

rate and a high torsional resistance in healthy adults2.  

Cortical bone microstructure is composed of longitudinal cylinders, called osteons, that are aligned in 

parallel to the long axis of the bone. This structural unit is formed from concentric layers of bone (lamellae) 

that surround a central Haversian canal,53 which are interconnected by Volkmann canals, perpendicular 

to the axis of the osteon and bone (Figure 1b). Both canals contain the bone’s blood vessels and nerve 

fibers.53 
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1.2.2.2.2. Trabecular 

Trabecular bone, mainly present in the metaphysis and epiphysis of long bones, vertebrae, ribs, and iliac 

crest, is characterized by a meshwork of bone with interconnecting spaces containing the bone marrow. 

Its distinctive architecture, characterized by a composition of struts and plates, enables trabecular bone 

to offer remarkable structural reinforcement, all the while maintaining a lightweight nature and 

effectively absorbing the stresses related to mechanical impacts.47,57 This type of bone has a higher 

turnover rate and a high compression resistance.2 

1.3. Composition 

1.3.1. Matrix 

The bone is composed of an extracellular organic material and mineralized inorganic material. The former 

is mainly type I collagen, which confers flexibility, resilience, and tensile strength (stretching, twisting and 

torsion). The latter is principally hydroxyapatite, a crystal formed by calcium and phosphate, contributing 

to hardness, rigidity, and compressive strength.2,57  

1.3.2. Cells 

Bone cells within the bone marrow can be categorized into two lineages: (1) mesenchymal stem cells, a 

source of osteoblasts and osteocytes and (2) hematopoietic stem cells, a source of osteoclasts (Table 1). 

In this section, we will briefly describe each one of the bone cells.57  

Osteoblasts: cuboidal cells responsible for bone formation that occurs in two phases: first the deposition 

of organic matrix and then its mineralization.49 Following bone formation, the osteoblasts can (1) remain 

in the bone matrix as osteocytes, (2) further differentiate into bone lining cells, or (3) undergo 

apoptosis.48,59   

Osteocytes: former osteoblasts that became entombed in the bone matrix following the process of bone 

formation. They have an extensive dendrite network and are part of a syncytium communicating with 

other bone cells.  They are mechanosensory cells and represent 90% of the bone cells.  They coordinate 

the function of osteoblasts and osteoclasts.59   

Bone Lining Cells: differentiate from osteoblasts by becoming flatter and cover the quiescent bone 

surfaces e.g., bone marrow cavities.59 There is conflicting information on their role in bone remodelling 

and their function is not yet fully understood. 
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Osteoclasts: large multinucleated cells that differentiate from hematopoietic stem cells and are 

orchestrators of bone resorption (detailed information provided in section 2).  

*Lifespan57 

Table 1: Bone cells: their origin, major role and lifespan 

1.4. Modeling and remodeling cycles 

Throughout life, healthy bone undergoes modeling and remodeling whereby the structure and mass of 

the tissue is altered to respond to the mechanical loads and with the goal of damage prevention and 

repair. These mechanisms may be influenced by external biophysical forces60 (ex: mechanical loads, 

physical activity, lifestyle), genetic components61 (ex: sex, age, ethnicity) or medication.62  

1.4.1. Modeling 

Modeling occurs principally during skeletal development. It consists of the adjustment of the osseous 

tissue to adapt its shape and size in response to the forces encountered during that period and to ensure 

both longitudinal and radial bone growth.2,50,58,63 During this process, bone resorption and formation occur 

independently as bone matrix is removed from one anatomical region by the activity of osteoclasts, while 

bone formation occurs at another site primarily through the action of osteoblasts, the latter being the 

most prevalent and leading to increased bone mass.2,57  

1.4.2. Remodeling 

Bone remodeling is a complex and essential process by which the bone tissue is renewed for its own 

maintenance and to preserve mineral homeostasis of the body.64  

 DESCRIPTION ORIGIN MAJOR ROLE LIFESPAN* 

OSTEOBLASTS Cuboidal cells Mesenchymal 
stem cell lineage Bone formation ~3 months 

(active) 

OSTEOCYTES Stellate shaped Osteoblasts Mechanosensory cells/ Coordinate 
function of osteoblasts and osteoclasts Long-lived 

BONE LINING 
CELLS Flat shaped Osteoblasts Unclear  

OSTEOCLASTS Large 
multinucleated 

Hematopoietic 
stem cell lineage Bone resorption ~ 2 weeks 
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Unlike the process of bone modeling, remodeling is critically dependent on the adequate coordinated 

action between the osteoclasts and osteoblasts in order to maintain a stable bone mass.2,50,63 The two 

cell types, together with the associated blood vessels, form a bone multicellular unit (BMU). 

The remodeling cycle is divided into 5 phases: activation, resorption, reversal, formation, and quiescence 

(resting) (Figure 2) 2,64 and with the first 4 phases estimated to occur over 120 – 200 days depending on 

anatomical site and level of loading.2 The activation phase begins with the recruitment of osteoclast 

precursor cells from the bone marrow to the bone surface and its subsequent fusion with other precursors 

to differentiate into active osteoclasts. Subsequently, the bone-lining cells retract from the bone surface 

allowing the mature osteoclast to attach to the exposed mineralized matrix, hence initiating the 

resorption phase (detailed explanation provided in section 2). Once resorption is finalized, the bone 

surface undergoes preparations for the deposition of new bone matrix during the reversal phase. 

Subsequently, the formation phase, performed by the osteoblasts, happens in two steps: first, the 

unmineralized organic matrix (osteoid) is deposited, followed by its mineralization. Finally, in the 

quiescence phase at the end of the remodelling cycle, the bone surface is covered by bone lining cells and 

the tissue enters the resting mode.2,64 

 

 

Figure 2: The remodelling cycle. 

The phases of the remodelling cycle, its associated cells and duration (Adapted from Nandiraju and Ahmed 2019). 

2. Osteoclast, the “orchestrator” of bone resorption  
In the past few decades, knowledge on osteoclast biology has expanded significantly. Rather than simply 

seen as the “bone resorbing cell”, nowadays, they are considered the “orchestrators” of bone 

resorption.66,67 
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Osteoclasts are large multinucleated cells of hematopoietic origin with unique morphological features 

that include specialized membrane structures, sealing zones, and ruffled borders that enables the cell to 

effectively carry out the process of bone resorption (Figure 3).68,69 Their important metabolic role extends 

to mineral homeostasis and regulation of osteoblast function66,67, with emerging evidence also suggesting 

a potential involvement in hematopoietic stem cell (HSC) maintenance and mobilization66. 

2.1.  Osteoclast bone resorption 

The process of bone resorption involves multiple steps, starting with the attachment of the osteoclast to 

the bone surface and subsequent changes in its shape and function. During this process, the osteoclast 

undergoes polarization and reorganization of its cytoskeleton, leading to the formation of four distinct 

domains: the sealing zone, the ruffled border, the basolateral domain, and the functional secretory 

domain (Figure 3).70,71  

The ‘’sealing zone’’, the domain that separates the resorption cavity, or “Howship’s lacunae”, from the 

extracellular space71 is composed of the organelle-free cytoplasmic region called the ‘’clear zone’’ and the 

membrane facing the bone surface, named the ‘’sealing membrane’’ (Figure 3). The sealing membrane 

has a circular shape formed by the integrin-based and actin-rich adhesive structural units called 

“podosomes” that develop early in the osteoclast differentiation in vitro70 and create the dynamic 

structure of the podosomal belt, allowing the osteoclast to tightly attach to the bone surface while 

migrating (see section 3.5).66,71  

Alongside the sealing membrane, there is a complex arrangement of membrane extensions that forms 

the ‘‘ruffled border’’ responsible for increasing the contact area of the cell with the bone surface. The 

ruffled border is the main resorptive organelle, releasing protons (H+), Cl- and lysosomal enzymes 

(Cathepsin K) into the sealed sub-osteoclastic compartment71,72. This process creates an acidic 

microenvironment (pH of 4.5) that favours the degradation and release of the mineral content from the 

bone, exposing the organic matrix (mostly type1 collagen) that is principally degraded by the osteoclast 

collagenase Cathepsin K (Figure 3).71,72  

The products of bone degradation are eliminated by the “transcytosis” mechanism. These products enter 

the cell by endocytosis and are then transported intracellularly to the opposite basolateral membrane and 

released into the bloodstream by the “functional secretory domain” (Figure 3).71  
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Figure 3: Schema of the structure organization and morphology of a resorbing osteoclast 

2.2.  Osteoclastogenesis and osteoclastic differentiation  

Osteoclastogenesis is a multi-stage complex process by which the osteoclast is formed by the 

differentiation of monocyte/macrophage precursors cells from hematopoietic stem cells in the bone 

marrow spaces (Figure 4).73,74 It has been suggested that these processes are regulated by a minimum of 

24 distinct genes.74 Some of these genes are involved in the formation and survival of the cell, while others 

impact the precursor cell’s capacity to differentiate.   

Osteoblasts are the principal mediators of osteoclastogenesis and osteoclast differentiation by the 

production of macrophage colony-stimulating factor (M-CSF), receptor activator of NF-kB ligand (RANKL), 

and osteoprotegerin (OPG), the first two (M-CSF and RANKL) are considered essential molecules of 

osteoclastogenesis.75,76 M-CSF binds to the colony-stimulating factor-1 receptor (c-Fms), expressed by 

osteoclast precursors,77 stimulating their proliferation, and avoiding their apoptosis (Figure 4).73,78  

2.3. The RANK/RANKL/OPG system  

The RANK-RANKL-OPG system regulates the balance between bone resorption and bone formation.76 

RANK binds to its receptor (RANKL), expressed by osteoclast precursors, and triggers a signaling pathway 

resulting in the induction and activation of nuclear factor of activated T cells c1 (NFATc1), the main 

transcription regulator of osteoclast differentiation.75,76,78 
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RANKL is also expressed by mature osteoclasts, that are activated by their interaction with RANK to start 

the process of bone resorption. Furthermore, RANKL is also responsible for inducing the release of the 

osteoclast enzymes tartrate-resistant acid phosphatase (TRAP) and cathepsin K.67 OPG, on the other hand, 

blocks the RANKL-RANK interaction, thus inhibiting osteoclastogenesis (Figure 4).76,77  

 

Figure 4: The RANKL/RANK/OPG cycle.  

(A) Osteoclastogenesis and osteoclast differentiation illustrating the cytokines involved in each phase. (B) The 

RANKL/RANK/OPG cycle. RANK triggers osteoclast differentiation and activates the process of bone resorption by 

interacting with its receptor (RANKL). OPG blocks the RANKL-RANK interaction, inhibiting osteoclastogenesis. 

2.4.  Osteoclast origin, fate, and recycling  

Much effort has been put into studying the hematopoietic origin of the osteoclast and the cytokines 

involved in their differentiation. However, the embryonic origin, lifespan and fate of these cells remain 

incompletely understood. It is now known that osteoclasts differentiate from embryonic erythro-myeloid 

progenitors for fetal ossification as the hematopoietic stem cell niche is being developed.79 Previously, it 

was believed that osteoclasts had a short lifespan of a few days and up to 6 weeks,80 however, two 

recently published studies have shown that erythroid-myeloid progenitor-derived osteoclasts, generated 

during embryonic development, are still present 6 months after birth in mice79. Furthermore,  Yahara, et 
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al. (2020) also found that these long-lasting osteoclasts fuse with the hematopoietic stem cell lineage 

precursors and contribute to postnatal remodelling in both physiological and pathological conditions. 

In respect to osteoclast fate, an additional recent study reported that most osteoclasts undergo fission, 

breaking down into smaller and more motile cells, once the resorption event is finished, rather than 

apoptosis as historically accepted. The small post fission cells have been named osteomorphs and they 

have the ability to fuse with other osteoclast syncytia forming new functional osteoclasts, thus completing 

osteoclast recycling (Figure 5).80  

 

Figure 5: The osteoclast fate, and recycling.  

Oteomorphs derived from osteoclast fission fuse with osteoclast syncytia forming new functional osteoclasts 

(Adapted from McDonald, et al. 2021). 

3. Resorption behaviour  
Although most of the studies of in vitro osteoclastic bone resorption focussed on pit formation, it has been 

demonstrated that this is only the beginning of the more complex resorption mechanism.35,82 Osteoclast 

bone resorption in vivo is characterized by two distinct shapes of cavities: “pits” and “trenches”. Until 

recently, these two patterns were thought to be the result of the same resorption process with the 

trenches considered as a series of confluent pits.83 However, recent time-lapse video recordings of human 

osteoclasts in vitro82 revealed that the observed cavity patterns are two distinct resorption modes that 

differ in speed, depth, duration and, consequently, aggressiveness.30,34,35,82 
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Pits are round cavities representing short-time resorption separated by osteoclast migration periods 

where the cell ceases resorptive activity (intermittent resorption) whereas trenches are characterized as 

continuous resorption in which the osteoclast migrates while resorbing resulting in a deeper and longer 

cavity.30  Soe and Delaissé (2017) observed that 81% of the trenches formed by osteoclasts in osteoclast-

bone cultures began as a round pit and subsequently converged into the elongated cavity. Interestingly, 

they also noted that when the osteoclasts switched from the pit to the trench-mode, the same osteoclast 

roughly doubled its erosion speed, further confirming that the velocity is associated with the mode itself 

and not a sub-type of osteoclast.  

3.1.  The modes of resorption  

The differentiation between two resorption modes has brought significant changes in the understanding 

of resorption cavities. In this context, we will discuss the current knowledge regarding the mechanisms 

underlying these distinct behaviours.  

3.1.1.  Ruffled border’s dynamic and orientation 

The ruffled border and the sealing zone (see section 2.2) have different dynamics according to the mode 

of resorption (Figure 6).84 In the rounded pit-mode, the bone matrix uptake (endocytosis) occurs at the 

center of the cell and the secretion of enzymes (exocytosis) arises in a concentric fashion at the periphery 

(Figure 6). In contrast, trench-mode osteoclasts are more crescent shaped where the exocytosis occurs at 

the leading edge of the moving cell and the endocytosis occurs at the rear-end (Figure 6).30,35,83,84 In 

addition, during pit-mode resorption, when the process is interrupted by migration periods, a completely 

new sealing zone is formed each time.82  

Figure 6: Image showing the ruffled border’s dynamics and 

organization.  

Green circles represent secretory events (exocytosis) while red 

circles are the bone matrix uptake (endocytosis). (A-C) Pit-mode 

osteoclast showing the concentric fashion of endocytosis (at the 

center) and exocytosis (at the periphery. (B-D) Trench-mode 

osteoclast showing the crescent shaped organization (Adapted 

from Mulari, et al. 2003).  
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Another significant difference between the two modes is the orientation of the ruffled border in relation 

to the bone surface. While pit-mode osteoclasts are oriented perpendicular to the bone surface, the 

resorptive activity in trench-mode osteoclasts is parallel to the bone (Figure 7).28,82  

In addition, the evacuation of bone matrix fragments that undergoes transcytosis (see section 2.2) in the 

cell following endocytosis occurs opposite the bone surface in pit-mode, but at proximity to the resorption 

cavity in the trench mode (Figure 7).35  

 

 

Figure 7 : Pit versus trench mode resorption. 

(A) Pit-mode osteoclast resorbs the bone perpendicular (red arrow to the surface forming rounded pits. (B) Trench-

mode osteoclast showing the parallel orientation of the ruffled border in relation to the bone surface (red arrow). 

The osteoclast usually starts making a pit and switches to trench-mode changing the axis of ruffle border orientation. 

Note the location of the function secretory domain (yellow arrows) in close proximity to the bone surface in the 

trench-mode. 
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3.1.2.  Factors that may influence the resorption mode  

There are many factors that can influence the behavior of the osteoclasts. Since the discovery of the two 

distinct modes of resorption, several authors have studied these factors to further understand what 

exactly determines when an osteoclast will form a round pit or an elongated trench. Unfortunately, there 

are still many questions to be answered. It is now known that these patterns have great inter-individual 

variation, and are affected by sex, age, and hormonal status of the donor30,34 as well as the environment 

the cell is exposed to.30 

Merrild, et al. (2015) showed that human osteoclasts differentiated from bone marrow were likely to 

create a higher proportion of trenches when compared to osteoclasts differentiated from peripheral 

blood. They also observed that osteoclasts from male donors were more prone to generate trenches 

rather than pits when compared to female donors. This is in agreement with Jevon, et al. (2002) who 

observed that cultures of osteoclasts from pre-menopausal females had significantly less resorptive 

activity than those differentiated from age-matched males. Interestingly, this study also concluded that 

cultures from post-menopausal females and males of corresponding age had similar resorption activity 

confirming that the hormonal stage of the donor can also influence the osteoclastic activity. In addition, 

Moller, et al. (2020)found a correlation between the aggressiveness of bone resorption and both aging 

and menopause.   

3.1.3. Trench-mode is a more aggressive resorption process 

To resist failure (i.e., fracture), a bone must absorb energy during loading. The quality of the bone tissue 

matrix, its mineral density and its structural properties will determine the bone’s strength85 and the more 

aggressive-related trench mode cavity has been associated with greater loss of stiffness of trabecular bone 

in vitro when compared to round pits.29  

Studies using human osteoclast-bone culture found that while pit-mode osteoclasts resorbs for a median 

of 13 h,82 only 13-14% of trench-forming osteoclasts stop their cycle of bone resorption within 72h,34 

indicating that once this process has started, it is unlikely that it will rapidly be interrupted. Soe and 

Delaissé (2017) (2017) also found that trench-mode osteoclast resorption persisted for longer periods 

(several days). Furthermore, this group observed that these cells resorbed for significantly longer 

distances (median length of 76µm) compared with pits (median length of 19µm) and had higher erosion 

speed (double). 



 30 

3.1.4. Bone resorption pattern is associated with underlying collagen 

degradation characteristics   

Demineralization and collagenolysis are the respective processes of breaking down the mineral and type 

1 collagen during bone resorption. The main osteoclast enzymes capable of efficiently degrading the 

collagen type I fibers that are exposed during demineralization are the collagenase cathepsin K (see 

section 2.1) 26,28,34 along with matrix metalloproteinases (MMPs).86 

One of the key challenges of the osteoclast is the synchronization between the demineralization and the 

collagenolysis, which are, by their nature, processes of distinct velocity.28,30 When these processes are 

desynchronized, accumulation of collagen in the excavation cavity can occur, and may interrupt the 

resorption process.26,28 In this context, it is important to highlight that collagen and mineral should also 

be considered as regulators of osteoclast activity rather than simply substrates to be solubilized as 

osteoclasts exposed to collagen do not develop a sealing zone and are incapable of starting the resorption 

process.35  

Scanning Electron Microscopy (SEM) studies have revealed that pit-mode excavations accumulate 

demineralized collagen at the bottom of the pit but not in trench-mode resorption excavations.26,28 

Delaisse et. al. (2021) also reported that medications such as glucocorticoids (see section 7.2) alters the 

rate of collagen degradation and the duration of the resorption process.  

Furthermore, Soe, et al. (2013) and Borggard, et al. (2020) demonstrated that cathepsin K additionally 

plays an essential role in the switch from pit to trench mode. The inhibition of cathepsin K collagenolysis 

results in early cessation of the resorption process and the formation of pits. In contrast, when the 

degradation of collagen was as efficient as the demineralization, the resorption was longer, with a 

prevalence of trenches. These findings further support the hypothesis that the effectiveness of the 

collagenolysis and the synchronization between the latter and demineralization are a prerequisite for the 

osteoclast to change its resorption mode.28  

3.2. The sealing zones’ role in osteoclast migration  

It was believed for decades that the resorption and migration of osteoclasts were independent. The 

sealing zone, as mentioned earlier in section 2.2.3, is composed of an F-actin ring with a superstructure 

of densely interconnected podosomes that mediates the attachment of the cell to the extracellular 

matrix.35,82,83 
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Although it is counterintuitive that a sealing structure would permit displacement, an analogy can be 

made with the tracks of a military tank that allows the osteoclast to move forward while maintaining 

contact with the ground. The podosomes (see section 2.2.3.1) have a relatively short half-life of about 2-

12 min providing a very dynamic nature to this structure35 where continuous remodeling is necessary. 

Thus, the coordinated action of formation and disintegration of the podosomes allows the osteoclasts to 

migrate while maintaining an effective seal in trench-mode.82,87  

 The assembly of new podosomes occurs at the outer rim of the sealing zone (in contact with the bone 

surface), and the disassembly of older podosomes occurs at the inner rim (in contact with the cavity walls) 

(Figure 8).35  

Figure 8: Osteoclast migration.  

Image showing the analogy between the military 

tank capable of always maintaining contact with 

the surface and the assembly and disassembly of 

podosomes at the sealing zone of the osteoclast 

(Adapted from Delaissé, et al. 2021). 

4. Culture of osteoclasts   
The ability to culture and study osteoclasts in vitro is crucial to understanding the processes of bone 

remodeling. Historically, in vitro culture of osteoclasts was initiated by mature cell harvest from neonatal 

animals by fragmentation of their bones88,89 or via co-culturing with osteoblasts.90 The discovery of RANKL, 

an essential osteoclastogenic cytokine for the differentiation and activation osteoclasts, transformed the 

field of osteoclast culture and investigation.91,92 With this advancement, osteoclast precursor cells 

(hematopoietic stem cells) are induced to differentiate into osteoclasts in vitro by the addition of RANKL 

and M-CSF. Nowadays, the most common tissue sources for hematopoietic stem cells (HSCs) are bone 

marrow and peripheral blood.93  

4.1. Osteoclast differentiation from equine bone marrow aspirates   

The bone marrow, housed between the bony trabeculae, is composed of a wide variety of cells that 

include mesenchymal stem cells (MSCs), endothelial cells, red blood cells, leukocytes, and HSCs that 

include osteoclast precursors. Different methods have been proposed to isolate these subpopulations 
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including plastic-adhesion, density gradient centrifugation separation techniques, and more recently cell 

sorting based on cell surface marker expression.94  

The HSCs population in the bone marrow has been traditionally separated from the MSCs by plastic-

adhesion in vitro,95 however, this method is associated with low specificity.94,96 Thus, in an effort to obtain 

more refined isolation, the density gradient methods (e.g. Ficoll-Paque or Lymphoprep) have also been 

employed to separate cells based on density and remove undesired components such as red blood cells, 

platelets, and granulocytes.95,97 The drawbacks associated with these methods include their time-

consuming nature and challenge in achieving standardization.98 

A reliable alternative is the red blood cell lysis protocol which has been shown to be effective for isolation 

of human MSC.98 Furthermore, this method has been successfully implemented for the isolation and 

cryopreservation of osteoclast precursors from murine99 and equine bone marrow.21  

Gray, et al. (1998) was the first to generate and isolate equine osteoclasts from bone marrow in horses 

using the plastic-adhesion method and prove that osteoclasts generated from haematopoietic precursors 

demonstrated identical characteristics to isolated mature equine osteoclasts.18 However, the bone 

marrow was harvested from long bones post-mortem.  Bone marrow aspiration is employed in the clinics 

in live horses, and it is also interesting from the research perspective for obtaining tissue. The tuber coxae 

and the sternum are commonly used for equine bone marrow aspiration,100 with the sternum preferred 

due to its thinner bone cortex101 and recent use in isolating osteoclasts.21,102 

4.2. Bone resorption on equine bone slices - osteoclast on bone cultures 

  Osteoclasts have been cultured on a wide range of substrates to date including glass, plastic, 

hydroxyapatite, cortical bone slices (commercially available or handmade) and dentine.103,104 As it is well 

known that the extracellular matrix (ECM) in which cells are cultured can influence their proliferation, 

adhesion, and differentiation,105 it is surprising that there are some conflicting observations about 

morphological differences between osteoclasts cultured on different substrates. On the one hand, 

Kleinhans, et al. (2015) observed a significantly higher cell diameter when human osteoclasts were 

cultured on bone slices, compared to plastic. On the other hand, Deguchi, et al. (2016) reported that that 

human osteoclasts cultured on bone substrates were smaller in size and had more irregular shape 

compared to those grown on glass.   

To achieve accurate translation of findings, it is preferable to replicate the in vivo conditions as closely as 

feasible in a laboratory setting. Cultivating osteoclasts on bone serves this purpose effectively. A few 

studies have cultured different species’ osteoclasts on an equine bone substrate. Human106 and chick 
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embryo107 osteoclasts have been grown on equine bone. Malek, et al. (2022) was the first to culture 

equine osteoclasts differentiated from bone marrow aspirates on equine bone slices to date.   

4.3. In vitro characterization of the osteoclasts and their activity   

The characterization of osteoclasts and their activity in vitro may be done by staining methods of 

osteoclast identification, with the tartrate-resistant acid phosphatase (TRAP) being the most commonly 

utilized, or indirectly by the measurement of bone resorption biomarkers such as C-terminal telopeptide 

of type I collagen (CTX-I) and tartrate resistant acid phosphatase isoform 5b (TRACP5b) in the culture 

media from osteoclast on bone cultures.  

4.3.1. Staining methods for osteoclast identification – osteoclast culture 

Multinucleated osteoclasts may be characterized by the expression of the osteoclast-specific enzyme 

TRAP that is stained and visualized and has been the dominant osteoclast marker employed to date.17,93,108-

111 The number of cells, size and number of nuclei are analysed and cells containing 3 or more TRAP 

positive nuclei are considerate osteoclasts.109 

Cathepsin K, an enzyme produced by activated osteoclasts, has also been used to identify osteoclasts by 

immunohistochemistry in different studies on equine subchondral bone.16,112,113  

However, both markers have also been identified on multinucleated giant cells111,114 and are not 

necessarily osteoclast specific. Thus, ideally, resorption pit assays should be used for a more precise 

identification and assessment of activity on bone slices (see section 5.1).114  

4.3.2. Indirect measurements methods of osteoclast activity – Bone resorption 

biomarkers 

Osteoclast enzymes, such as cathepsin K, digest type I collagen in the bone matrix, resulting in the release 

of bone resorption products such as CTX-I, that can be assessed using enzyme-linked immunosorbent 

assay (ELISA) kits and is a recognized bone resorption marker. 71,72,115,116CTX-I has been measured in equine 

osteoclast cultures in vitro.21 

Tartrate-resistant acid phosphatase isoform 5b (TRACP5b) is one of the enzymes produced by osteoclasts 

and is considered to reflect the number of osteoclasts rather than osteoclast activity.117-119 Malek, et al. 

(2022) was the first to measure this enzyme in equine osteoclast cultures.  In this in vitro study, TRAP5b 

was shown as an indicator of both bone resorption and osteoclast number.   
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Although blood biomarkers provide useful indirect indications of osteoclast activity, direct quantification 

offers a more comprehensive understanding. Furthermore, in vitro quantification allows for precise 

assessment under controlled experimental conditions, enabling manipulation and evaluation of factors 

that influence bone resorption. This approach facilitates the investigation of the impact of various 

elements, including drugs, hormones, and disease conditions, on osteoclast activity. In the subsequent 

section, we will explore the latest techniques employed for quantifying osteoclast activity, highlighting 

their novelty and significance in advancing our knowledge in this area. 

5. Quantification of osteoclast activity  
The accurate quantification and characterization of osteoclast activity (i.e., bone resorption) remains a 

challenge in bone research both in vitro and in vivo. The estimation of the osteoclast resorptive activity in 

vitro is often done to this day by measuring the area of resorption with light microscopy after staining 

bone or dentine slices with toluidine blue.38 

The traditional in vivo gold standard technique was the transiliac bone biopsy and histomorphometry 

analysis.37 In both cases, the three-dimensional properties of osteoclastic resorption are extrapolated 

from two-dimensional (2D) images, and the representation of osteoclast resorption cavities is limited to 

indirect estimation of averages and simplified shapes.36,37 In the forthcoming section, we will delve into 

various techniques that have been employed to quantify osteoclastic activity both in vitro and in vivo. 

5.1. Methods of quantification and imaging techniques - In vitro 

5.1.1. Quantification of bone resorption on bone slices: Light microscopy and 

resorption-pit assay  

The activity of osteoclasts is assessed by their capacity to form bone resorption cavities.109 In this 

technique, they are seeded on bone slices and cultured under specific conditions (see section 4). Following 

the termination of cell culture, the bone slices are washed with phosphate buffered saline to eliminate 

the cells and fixed with 10% formalin at pH 7.421 and then stained with Toluidine Blue staining (1% 

concentration), which highlights the exposed collagen fibers in resorbed areas109 that can be visualized in 

blue with light microscopy.120 The area of resorption can be quantified with ImageJ software (Figure 9).21 
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Figure 9: Equine bone slice stained with toluidine blue. 

Example of a stained bone following osteoclast culture (22 days) showing the areas of resorption in blue.21 

The area of resorption represents a 2D measurement that may be deceiving since it does not take depth 

into consideration121 and as it was discussed in section 3, different types (pit and trench-modes) of 

resorptions can produce different depths/volumes. For example, an increased area of resorption, if in 

combination with decreased cavity depth, does not necessarily mean increased resorptive volume.38,40,122 

Furthermore, 2D measurements have been suggested to reflect more osteoclast spreading and 

attachment instead of resorptive activity.38-40  

Although the maximum depth of a resorption cavity is a parameter that may be determined with different 

technologies in vitro including reflection light microscopy, scanning electron microscopy (SEM) or SEM 

stereophotogrammetry to provide supplementary information, it is unlikely that the maximum depth 

represents the average depth and so it is not considered an accurate measurement,38 and, therefore, the 

ideal parameter to quantify osteoclast bone resorption is by the direct measurement of volume of tissue 

destroyed.38,39 

5.1.2.  3D methods of quantification and imaging techniques  

Since the ideal parameter for bone resorption quantification is the volume, it was deemed necessary to 

develop new approaches over the past few decades to incorporate a more accurate three-dimension (3D) 

quantification and characterization of the resorption cavities. Here we will address the different imaging 

techniques proposed for that objective as well as its advantages and disadvantages (Table 2).  
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Table 2: Advantages and disadvantages of some of the imaging techniques reported to measure osteoclast 

resorption volume in vitro. 

 

SEM stereophotogrammetry: SEM is a technique that utilizes focused beam of electrons to obtain high 

resolution images. When combined with stereophotogrammetry, it is possible to obtain 3D information 

about a sample’s surface by acquiring images from different perspectives or by tilting the sample.123 This 

combination was the initial 3D method proposed by Boyde, et al. (1984) to measure depth and volume of 

individual osteoclast resorption on dentine slices. Since then, several other novel approaches with high-

resolution imaging techniques have been shown to be promising for quantifying resorption cavities in a 

3D manner.  

Fluorescence-based serial milling: Serial milling involves systematically trimming a specimen to reveal 

cross-sections, while collecting a mosaic of images of each newly exposed section, resulting in a high-

resolution 3D stack of digital images.124 Tkachenko, et al. (2009) combined this technique with 

epifluorescent microscopy where an ultraviolet filter was used to identify bone autofluorescence 

properties. They were able to obtain 3D sub-micron resolution images (Figure 10) and measure surface 

area as well as number of resorption cavities on rat lumbar vertebrae cancellous bone samples. 

Technique Measurement Advantages Disadvantages Author 

SEM 
stereophotogrammetry 

Volume of individual 
resorption cavities Excellent images 

-Expensive 
technology 
-Time consuming 
-Limited to small 
samples 

Boyde et al. 
(1984) 

Fluorescence based 
serial milling 

Volume of individual 
resorption cavities on 
cancellous bone 

Accurate 
quantification -Time consuming Tkachenko, 

et al. (2009) 

Confocal laser 
microscopy 

Estimation of 
resorption cavity 
volume on dentine 
slices 

Provides 
topographic 
information  

-Limited to a shallow 
depth of field  

Soysa, et al. 
(2009) 

Vertical scanning 
profilometry 

Total resorption 
volume on dentine 
slices 

Direct and unbiased 
measurement of 
the eroded depth 
and volume 

-Requires polished 
samples 

Pascaretti-
Grizon, et al. 
(2011) 
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Confocal Laser microscopy: This technique employs a laser beam to illuminate a specimen and a pinhole 

aperture to eliminate out-of-focus light generating high-resolution images with enhanced optical 

sectioning and decreased background noise.125 Confocal laser microscopy has been used by Soysa, et al. 

(2009) to characterize and estimate the volume of resorption pits (Figure 10) on dentine slices.  

Vertical scanning profilometry: Originally designed for material roughness measurement, this method 

utilizes optical interferometric analysis to create three-dimensional topography maps of sample surfaces. 

Pascaretti-Grizon, et al. (2011) applied this technique to measure volume and lacunar resorption depth 

on dentine slices (Figure 10).  

 

Figure 10: Images techniques applied for the 3D quantification of resorption cavities.  

(A) Fluorescence based serial milling on rat lumbar vertebrae cancellous bone showing an individual resorption 

cavity (white arrows)124  (B) Confocal laser microscopy on dentine slices40  (C) Vertical scanning profilometry on 

dentine slices.39 

Although these methods represent a significant advance towards accurate volumetric measurement of 

bone resorption, they are very laborious and costly. In addition, they have a destructive nature which 

limits the techniques to only in vitro measurements of relatively small samples. Furthermore, some rather 

than direct volumetric measurement, produce field topographical images.    

5.2. Quantification of bone resorption in vivo 

Traditionally, 2D bone histomorphometry on sections has been implemented as the “gold-standard” 

method for quantitative evaluation of the microarchitecture, remodelling and metabolism of the skeleton 

trabecular tissue in vivo. The samples are obtained by bone biopsy, usually from the iliac crest, and 

subsequently the sample is processed, stained, and analysed via microscope. Many parameters may be 

investigated, including bone area, bone volume and trabecular thickness.37,126,127 The addition of labeling 

markers such as calcein or tetracycline at different time points also permits the analysis of time-

dependent parameters including bone formation rate. However, it has been a challenge to determinate 
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bone resorption rate as there is no correspondent dynamic marker capable of doing so. 128,129 Therefore, 

bone resorption rate is not measured directly, but rather estimated based on the bone formation rate.130 

In addition to the limitations related to extrapolating 3D parameters from 2D measurements, 

histomorphometry also represents a laborious technique of destructive nature.129 The introduction of the 

µCT now allows the direct 3D quantification of in vivo bone metabolism in a non-destructive manner 

preserving the whole sample.   

5.3. µCT and the bone resorption  

µCT was originally designed to evaluate automotive materials131,132 and first used to image bone in 1983.133 

Since then, µCT has become the new “gold standard” technique to evaluate bone microarchitecture and 

morphology (Figure 11).131 This non-destructive 3D imaging technique is known to have a high correlation 

with histology, and it is now widely used to measure both trabecular and cortical bone microarchitecture 

allowing the study of relatively large samples.131,134 

Layton, et al. (1988) were the first to employ µCT to evaluate the subchondral bone architectural changes 

in a model of osteoarthritis in guinea pigs. It has been employed for several other applications including 

the correlations between mechanical loading and bone mass in mice;136,137 the biomechanical effects of 

resorption cavities in human and canine cancellous bone;138 as well as the microarchitectural trabecular 

bone characteristics of dogs treated with bisphosphonates (alendronate) .139 

Figure 11: µCT imaging of bone 

samples showing the different 

architectures   

(A) Trabecular bone (B) cortical 

bone (Adapted from Boerckel, et 

al. 2014). 

 

 

 

Waarsing, et al. (2004) presented a novel method using in-vivo µCT to obtain and compare images of scans 

of the proximal tibia of rats at different time points employing calcein labelling. This advance permitted 

the quantification of changes in bone architecture in a longitudinal manner. Schulte, et al. (2011) later 
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described a technique to quantify bone formation and resorption rates with time-lapsed in vivo µCT 

images in mice. These developments were of great importance as they opened a new avenue for 

quantitative studies of bone between treatment groups.  

This non-destructive 3D imaging technique is known to have a high correlation with histology, and it is 

largely used to measure both trabecular and cortical bone microarchitecture allowing the study of 

relatively large samples.131,134However, to our knowledge, this technique has never been applied for 

measuring the volume or characterizing osteoclastic resorption cavities in vitro on bone slices. 

6. Osteoclasts and equine bone 
In the upcoming section, we will delve into the existing knowledge about osteoclasts and their role in the 

equine skeleton specifically. Emphasizing the significance of enhancing our understanding of these cells' 

activity, we will explore how various factors, such as medications that can influence their function and 

potentially have a significant impact on the development of certain skeletal diseases. 

The function of osteoclasts in equine bone, as in humans, is twofold, as they play an essential role in both 

the development of juvenile horses at the epiphyseal growth cartilage/bone junction and the remodeling 

of subchondral trabecular bone throughout adult life (subject addressed in section 1.4). This section will 

focus principally on original research investigations and observations of osteoclast activity in equine 

skeletal tissues.   

6.1. Osteoclasts and their role in development and growth 

6.1.1. Endochondral ossification 

Long bones are formed by endochondral ossification, where growth cartilage is replaced by mineralized 

bone tissue. Osteoclast activity is central for epiphyseal growth, maturation and subsequent subchondral 

bone and trabecular bone remodelling (see section 1.4.2). Osteoclasts digest and remove the mineralized 

cartilage in tandem with the penetration of blood vessels and osteogenesis by osteoblasts.64 

Gilday, et al. (2020) were the first to study the role of osteoclasts in situ in histological sections employing 

Cathepin K immunohistochemistry in equine epiphyseal subchondral bone development in Thoroughbred 

foals. A higher osteoclast density at the superficial subchondral bone, underlying the articular cartilage of 

juvenile Thoroughbred horses was found compared to deeper regions, validating their important role in 

shaping and maturation of the equine athlete’s joint.112 Interestingly, the higher osteoclast density also 

persisted at this site for up to 24 months of age when compared to that reported for adult horses. Fortin-
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Trahan, et al. (2021) subsequently found evidence that the equine osteoclast degrades the deep layer of 

articular cartilage during subchondral bone maturation at the medial femoral condyle of young juvenile 

Thoroughbred horses further confirming the active role of the osteoclast digesting the growth cartilage in 

endochondral ossification and maturation of the joint. 113  

6.1.2. Subchondral bone cyst development 

Subchondral cystic lesions (SCLs) in the cranial medial femoral condyle of the stifle joint113 are radiolucent 

lesions that develop in young horses in the first months of life and may be a serious cause of lameness 

and develop in young horses in the first months of life.141 As the lesion is a void in bone tissue, osteoclast 

bone resorption is believed to have a role in the pathogenesis of the disease; however, the exact origin of 

the lesions is still uncertain. It has been hypothesized that SCLs may be a form of osteochondrosis142 that 

is characterized by focal failure of endochondral ossification due to ischemic necrosis of the ossification 

center113,143 or that trauma plays a role in the development of the disease.113 However, recently, Fortin-

Trahan, et al. (2021) failed to find a significant difference in osteoclast density proportion between 

radiolucent lesions and control sites in situ in the medial femoral condyle of juvenile Thoroughbred horses. 

It is possible that increased osteoclastic activity could have been present in the surrounding lesions due 

to variations in osteoclast behaviour (see section 3) rather than density. 

6.2. Adult Racehorse bone remodelling 

Osteoclasts not only have an important role in equine skeletal development but also throughout adult 

life. They are critical for fine tuning bone structure to withstand the loads of athletic activity. Normal bone 

remodelling events have been described in section 1.4.2. 

This section will focus on emerging knowledge of the important role played by the osteoclast in the 

subchondral bone of equine racehorse joints. There are now an increasing number of sites in the 

Thoroughbred racehorse’s forelimb where osteoclasts are key players in osteochondral pathology in the 

joints. Varying terminology has been employed for the lesions but the underlying mechanisms to all are 

similar.  

In chronological order, the first identified was in the fetlock (metacarpophalangeal and 

metatarsophalangeal joints). This condition, now called palmar osteochondral disease (POD)14,15 was first 

thought to be a juvenile osteochondrosis144 and affects the palmar/plantar condyles of the distal third 

metacarpus and metatarsus.  It has been widely studied since then. 
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Riggs, et al. (1999) evaluated POD lesions using computed tomography (CT) and backscattered electron 

mode of SEM. Their findings supported the idea that POD lesions, although occasionally found in 

association with fractures, are improbable to be the cause of such pathology.13 The disease has been 

found to be linked with the osteoclastic resorption that happens focally at specific sites of equine’s joint 

subjected to high stress loading of subchondral bone. 8 Additional conditions on the fetlock where 

osteoclast remodelling is now recognised to play an important part are in fractures of the metacarpus8 

and the sesamoids.145 

Furthermore, in the carpal joint, a study found that Cathepsin K-stained osteoclast density was increased 

in the subchondral plate of racehorses with post-traumatic osteoarthritis, immediately under the articular 

cartilage at focal sites that are prone to fracture , once again underpinning their key role in pathological 

remodelling of the equine joint surface and skeleton.9,16 

6.2.1.  Stress fractures in horses 

Stress fractures in racehorses are a consequence of repeated cyclical loading to which the racehorse’s 

skeletons are subjected to during high-intensity exercise.10,11,146-148 They may lead to complete fractures 

that occasionally result in euthanasia of the horse. In this situation they have been termed “catastrophic 

fractures”. The latter arise from  pre-existing stress fractures  that compromise the normal strength of the 

bones148 and can occur spontaneously during racing or training, often without any noticeable clinical signs 

beforehand. 146 The stress fractures in racehorses occurs in specific anatomical locations (table 3) that are 

subjected to significant biomechanical focal loads.148  
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Table 3: Predictable sites of stress fractures and stress remodeling (Adapted from Pye and Stover 149, 2022, 

chapter 3) 

While these fractures can affect multiple bones in the skeleton,148 there is growing recognition that they 

can also emerge at joint surfaces.9,16 It is important to note that the tissue response differs between long 

bones, which are covered with periosteum, and joint surfaces, composed of cartilage. Load transmission 

primarily takes place at the joints,148,150 where bones exhibit a broader surface area at the end for 

articulation. This architectural feature helps reduce stress on the load-bearing structures, including the 

subchondral bone.  

6.2.2. Articular stress fracture in horses 

Subchondral bone lies directly under the articular cartilage and comprises a dense outer shell of cortical 

type bone (subchondral plate) whereas underneath, the looser trabecular bone is made up of struts and 

rods. The equine subchondral bone, can develop microcracks, also termed microdamage, in its structure 

because of high-intensity repetitive loads.8,151 It is a normal feature of wear and tear but can accumulate 

in situations such as training and racing and eventually lead to bone failure (fracture)10-12 as described in 

the fetlock8,13-15 and carpus,9 where the biomechanical forces are known to be of higher magnitude.152  

The body’s cells intervene to attempt repair by bone remodelling,12,151,153 however, when excessive, it can 

accumulate at specific sites.  

Bone/joint Anatomical location 

Scapula Distal aspect of the spine 

Humerus Caudoproximal; craniodistal; medial diaphyseal; caudodistal 

Carpus Dorsomedial third carpal bone; radial carpal bone; intermediate carpal bone 

Third metacarpal Mid-diaphyseal and supracondylar; parasagittal groove; proximal palmar; dorsal 
cortex; distal condyle 

Proximal sesamoid  Palmar flexor region; medial sesamoid abaxial mid-body subchondral bone 

Proximal phalanx Sagittal groove 

Pelvis Ilial wing; Pubis 

Tibia Distomedial; caudoproximal; caudal diaphyseal; proximolateral under the head of 
the fibula 

Tarsus Dorsolateral third tarsal bone 

Lumbar spine L5-L6 vertebral junction 
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Riggs, et al. (1999)  were the first to describe a linear defect in the cartilage and underlying subchondral 

bone at the parasagittal groove of the distal condyles of the third metacarpal/metatarsal bone where 

fractures arise. Several other authors have performed research supporting the theory that site-specific 

microcracks are associated with the development of articular stress fractures and defects in the 

subchondral plate of the condylar grooves due to adaptive failure.  Muir, et al. (2006) also found an 

accumulation of microcracks in the same region using histomorphometry. This is in accordance with the 

observations by Norrdin and Stover (2006) on the subchondral bone in the distal metacarpal condyle from 

racehorses with post-traumatic osteoarthritis (PTOA) using SEM (figure 12). The microcracks were 

identified in sclerotic bone and they also observed osteoclastic resorption lacunae in that region, evidence 

of a healing response. 

              

Figure 12: SEM image of microcracks at the subchondral bone of the fetlock joint. 

Note on image the mismatched surfaces (arrows) and osteoclast resorption sites (white arrows)(Adapted from 
Norrdin and Stover 2006). 

Supporting this theory, it has been shown that there is an increased density of microcracks at the region 

underlying the parasagittal groove of the metacarpus (Figure 13) of racing horses compared to other 

region of the joint and non-athletic horses154 and also that they accumulate with career progression.151 

More recently, Shaffer, et al. (2021) has also studied fractured proximal sesamoid bone (fetlock joint) of 

racehorses and found an association between subchondral bone osteopenia and bone failure (Figure 13). 
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Figure 13: µCT image illustrating microcracks of the subchondral bone.  

On the left, region underlying parasagittal groove of the III metacarpal bone showing the microcracks (white 

arrow). On the right, area of focal osteopenia (red circle) associated with fractured proximal sesamoid bone. 

(Adapted from Whitton, et al. 2018 and Shaffer, et al. 2021).  

Finally, in the carpal joint, microstructural changes including the presence of microcracks in the calcified 

cartilage and subchondral bone, along with areas of resorptive remodeling, have been observed in 

Standardbred racehorses affected by repetitive trauma osteoarthritis,9 specifically at the dorsal aspect of 

the third carpal bone, which is a frequent site for fractures.155  

6.2.3. Osteoclast recruitment and differentiation for targeted remodeling 

While the importance of osteoclasts in bone remodeling is well recognized, the mechanisms underlying 

osteoclast recruitment and differentiation for targeted remodeling are still not fully understood, 

highlighting a significant gap in our current knowledge.  

Osteoclasts precursor recruitment from the local bone marrow and their subsequent differentiation into 

active bone-resorbing osteoclasts is mediated by multiple mechanotransduction pathways. Osteocytes, 

well-known for their mechanosensory function, play a crucial role in establishing the lacunar canalicular 

network, enabling communication between neighboring cells. It is theorized that the disturbance of this 

network, attributed to microdamage,5 represents one of the pathways involved in regulating bone 

remodeling. 

Osteocyte apoptosis is also believed to be involved in the signalling mechanism of targeted 

remodelling6,156 due to RANKL gradients caused by osteocyte death.157 However, the specific sites of the 

equine skeleton predisposed to exercise-induced injury have not consistently shown low osteocyte 

density.154,158 The presence of osteoclastogenic cytokine RANKL has only been studied in one paper to 
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date of post-traumatic osteoarthritis in the carpus and it was shown that there was a significant 

correlation between the presence of RANKL, osteoclast density and cartilage degeneration focally at the 

joint surface.16 It is noteworthy that it was also the site where fractures arose in this bone.  

6.2.4. The risk factors associated with stress fractures in racehorses 

Over the past few decades, much research has been implemented into identifying the risk factors related 

to stress fractures that lead to complete (catastrophic) fractures in horses as an attempt to predict and 

minimize its occurrence. One of the biggest challenges lies on the fact that many of those factors have 

great variability as they depend on the location (different countries and jurisdictions) and type of race159. 

Undeniably, one must take into consideration all the epidemiological risk factors associated with those 

injuries. In this review, focus is placed on the potential role of the osteoclast and microstructural changes, 

so factors that may influence equine bone remodelling rate will be addressed.  

Withal, Carrier, et al. (1998) found a strong correlation between the risk of humeral fracture and the time 

since return from lay-up (resting period) in Thoroughbreds racehorses in California. This is in accordance 

with a more recent study with Thoroughbred racehorses in Florida where the incidence of catastrophic 

injury was associated with the number of days since last race.160 The hypothesis behind those findings is 

that equines reinitiating training or racing subsequent to a prolonged period of reduced exercise could 

exhibit insufficient bone mass to effectively mitigate exercise-triggered microdamage.10  

Holmes, et al. (2014) found that racehorses in high intensity training had a lower rate of bone resorption 

and higher rate of bone formation in areas of elevated mechanical load on the distal metacarpus when 

compared to horses in rest. In accordance with this finding, Whitton, et al. (2018), observed lower levels 

of microdamage in the subchondral bone of the distal metacarpus of resting horses. Both studies also 

showed that the bone damage accumulates with time in training. The hypothesis proposed behind those 

findings is that, as the resorption phase of the remodelling process is much faster than the formation 

phase (approximately 2-3 weeks compared to 3 months), there is a window of weakness in the bone tissue 

when the horse is rested. In other words, when the horse is rested the injured bone is resorbed rapidly by 

the osteoclasts in the first few weeks but as it takes months for the complete  deposition and remodelling 

of new bone at the repair site.  The period between the two is a period where the osteopenic bone may 

have suboptimal strength at the focally damaged sites undergoing repair and the bone structure is more 

susceptible to failure.10,146,159 
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6.2.5. Silicosis 

This review would not be complete without a brief mention of another poorly understood, but rare, 

equine bone disease that implicates enhanced osteoclastogenesis and resorption. Equine silicosis is a lung 

disease caused by inhaling cytotoxic silica dioxide crystals and causes osteoporosis, characterized by 

excessive bone resorption by osteoclasts.161 Silicates, including the fibrogenic and cytotoxic cristobalite 

form, are commonly present in soil, with a higher concentration in certain areas of Monterey County, 

California. The severity of osteoporosis is highly correlated with the presence of cytotoxic crystals in the 

tracheobronchial lymph nodes, although the underlying mechanism remains unknown.161,162  

This condition presents with various clinical manifestations, including nonspecific lameness, skeletal 

deformities such as lordosis, lateral bowing of scapulae and rib cage, and decreased range of motion of 

the cervical vertebrae which is sometimes associated with neurological signs.161,163 

The diagnosis of silicosis-induced osteoporosis remains challenging, as indicated by the findings of Arens, 

et al. (2013), who concluded that the resorption biomarker CTX-I is not a reliable diagnostic tool. Gaining 

a deeper understanding of osteoclast function and differentiation in the context of silicosis may provide 

valuable insights not only on the diagnosis of the disease as well as the underlying mechanisms involved 

in bone damage and remodeling associated with this disease. This knowledge could potentially facilitate 

the development of targeted therapeutic strategies aimed at alleviating the effects of silicosis and 

enhancing the overall well-being of affected horses and also humans who also suffer from this condition.  

Understanding the mechanisms underlying osteoclast function and differentiation in the context of 

silicosis could shed light on the pathological processes involved in bone damage and remodeling 

associated with this disease. Such knowledge could pave the way for the development of targeted 

therapeutic strategies to mitigate the effects of silicosis and improve the well-being of affected horses. 

To conclude this section, there is emerging evidence that training and racing are leading to occupational 

injuries in racehorse’s bones and joints that may be catastrophic. The chronological sequence of the 

pathophysiological events remains incompletely understood.  Structural changes in the bones have been 

more extensively studied than the biological events. As the equine osteoclast is the orchestrator of bone 

resorption events and bone repair, there is a need to understand its biology. Important unanswered 

questions are: (1) what is its role in microdamage repair (2) what factors other than RANKL gradients may 

induce osteoclast differentiation at focally microdamaged sites (3) does excessive focal osteoclast activity 

at some sites precipitate fracture (4) if osteoclasts are the healers, particularly near the joint surfaces, 
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what is the impact of current medications frequently employed in equine athletes such as corticosteroids 

and bisphosphonates on their activity.  

7. Drugs that target or influence osteoclast function or formation 
Various factors have the potential to affect equine osteoclast development, such as commonly used 

medications like bisphosphonates, corticosteroids, and non-steroidal anti-inflammatory drugs. However, 

there has been a lack of research conducted to investigate their impact. Consequently, these medications 

could potentially affect the maturation of joints or the bone's ability to heal. The effects of these 

medications on osteoclasts in other species, especially humans, have been studied and will be discussed. 

To maintain brevity, only the two former medications will be addressed. 

7.1.  Bisphosphonates (BPs)  

Bisphosphonates (BPs) are widely used in human medicine for the treatment and management of various 

bone diseases including post-menopausal osteoporosis and Paget’s disease.164-166 BPs are analogues of 

pyrophosphate (PPi) which is a physiological, inhibitor of mineralization and their main target are the 

osteoclasts.167 They are divided into two distinct classes according to the presence or not of a nitrogen 

atom in their molecular structure that affects their mechanism of action, effect, and potency. They are 

the non-nitrogenous BPs (non-NBPs) and the nitrogenous BPs (NBPs), the latter being the most recent 

and more potent class in terms of anti-resorptive affects.164 

The only veterinary-licensed bisphosphonates are Tiludronate disodium (Tildren, Ceva Animal Health LLC, 

Lenexa, KS, USA) and Clodronate disodium (Osphos, Dechra, Ltd., Staffordshire, UK), both from the non-

NBPs class.164 The use of both Tildren and Osphos in horses was approved by the Food and Drug 

Administration (FDA) in 2014 for the treatment of navicular syndrome disease, however, its actual clinical 

use goes beyond.168 Various reports have suggested clinical improvement of horses treated with Tildren 

in different diseases associated with bone remodelling including chronic back pain,169 distal tarsal 

osteoarthritis,170 sesamoiditis,165 and, more recently, osteoarthritis of the fetlock joint.171 

7.1.1. Mechanism of action and the effects of bisphosphonates on osteoclasts    

BPs have high affinity for bone and form complexes with hydroxyapatite crystals, preferentially at areas 

of active bone resorption. During bone resorption, the BPs that are embedded in the bone can be liberated 

and once that happens it can either (1) be internalized by the resorbing osteoclast, (2) recirculate locally 
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and systemically and reattach to bone or (3) be excreted in the urine.166,172 The BPs that are taken up by 

the osteoclasts accumulate as non-hydrolysable ATP analogues and induce various morphological changes 

in the cell, including alteration or loss of the ruffled border and loss of the F-actin ring due to disruption 

of the cytoskeleton. Eventually, the osteoclast becomes apoptotic and subsequently bone resorption is 

inhibited.165,166  

 

In humans, it has been estimated that BPs could potentially have long lasting residual effects as they can 

remain bound in bone for periods that range from 1 to 10 years.166,173 A recent equine study found that 

clodronate and tiludronate were still present in some bone and tooth samples 4- and 30-days following 

drug administration, providing evidence that BPs can also reside for long periods in equine bone.172  Riggs, 

et al. (2021) also reported that a therapeutic dose of Tildren administered to a horse can be detected in 

blood and urine for a period of 3 years following administration.  

During bone resorption, the BPs that are embedded in the bone can be liberated and once that happens 

it can either (1) be internalized by the resorbing osteoclast, (2) recirculate locally and systemically and 

reattach to bone or (3) be excreted in the urine.166,172 The BPs that are taken up by the osteoclasts 

accumulate as non-hydrolysable ATP analogues and induce various morphological changes in the cell, 

including alteration or loss of the ruffled border and loss of the F-actin ring due to disruption of the 

cytoskeleton. Eventually, the osteoclast becomes apoptotic and subsequently bone resorption is 

inhibited.165,166  

7.1.2. Bisphosphonates and racehorses   

As discussed in section 6 (osteoclasts and equine bone), osteoclasts play a vital role throughout an 

individual's life in maturation, health, and disease. Anything that adversely affects osteoclastic activity can 

potentially lead to focal bone fragility because of imbalance between bone formation and bone 

resorption. As BPs inhibit osteoclasts, the indiscriminate administration of BPs, particularly to young 

horses, is a significant concern due to their potential negative effects on normal bone and joint maturation 

and adaptation. Furthermore, the use of BPs in young racehorses affected by microdamage requiring 

osteoclasts for effective repair, has raised concerns as it has been suggested that it may disrupt the repair 

process and lead to the advancement of microfractures to catastrophic fractures.172,174 

Some investigations have explored the impact of bisphosphonate treatment on bone resorption 

biomarkers in horses with varying outcomes. Horses administered tiludronate intravenously have shown 

marked reductions in CTX-I concentrations173 providing indirect evidence of decreased bone resorption. 
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On the other hand, clodronate intramuscular administration did not produce a similar decrease.175,176 

Although Knych, et al. (2022) found no significant difference in CTX-I concentrations between the control 

and treatment groups, there was a significant reduction in TRACP5b relative to baseline, suggesting that 

clodronate may affect osteoclast numbers and thereby activity at label doses. 

Because of these concerns, there are currently precise conditions for the use of this drug class in 

racehorses. Specifically, the International Agreement on Breeding, Racing and Wagering (IABRW) by the 

International Federation of Horseracing Authorities (IFHA) states that “Any bisphosphonate is not to be 

administered to a racehorse: “(1) under the age of three years and six months as determined by its 

recorded date of birth; and (2) on the day of the race or on any of the 30 days before the day of the race 

in which the horse is declared to run” (https://www.ifhaonline.org/default.asp). 

7.2. Corticosteroids 

Corticosteroids are commonly used intraarticularly in equine medicine to treat osteoarthritis due to their 

potent anti-inflammatory effects.177 Osteoporosis leading to fracture is an adverse side effect associated 

with repeated use of corticosteroids in humans.178  

7.2.1. Mechanism of action and the effects of corticosteroids on osteoclasts    

The bone loss associated with the chronic use of corticosteroids in humans in vivo is suggested to be 

biphasic where a rapid increase of bone resorption due to excessive osteoclast activity happens initially, 

followed by a slower decrease in bone formation due to decreased osteoblast activity26,178,179. There is 

also evidence that corticosteroids increase the expression of the osteoclastogenic cytokine RANKL and 

decrease the amount of osteoprotegerin (RANK`S decoy receptor) in human osteoclast in vitro. This results 

in stimulation of osteoclast differentiation and maturation178,180. However, a consensus regarding the 

mechanism of action in osteoclast cultures has not yet been reached and the effects of corticosteroids on 

the differentiation, survival and activity of osteoclasts remains a matter of debate.26 

Soe and Delaissé (2010) found that although there was no remarkable difference in the resorption area 

between corticosteroids-treated osteoclast-bone cultures and controls, the morphology of the resorptive 

cavities was influenced with more trenches formed, rather than pits, revealing a more aggressive 

resorptive behaviour. This would certainly be a concern if it arises in vivo following the use of intraarticular 

corticosteroids in either humans or horses and merits further study.  Various factors may play a role in 

these contradictory results including interspecies effects and corticosteroids dose variations.  
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Nowadays, the most commonly used intra-articular corticosteroids in equine medicine are 

betamethasone esters (Betavet Soluspan), triamcinolone acetonide (TA) (Vetalog) and 

methylprednisolone acetate (MPA) (Depo-Medrol).177 A concern is that the concentrations of 

intraarticular corticosteroids, particularly the slower release preparations (TA and MPA) where the 

exposure to higher doses is longer (up to 70 days in the case of MPA),184 may adversely affect the 

physiological response of osteoclasts that reside in the equine subchondral plate. As described earlier 

(section 6.1.1), the osteoclasts are present in higher numbers at this site up to 2 years of age when they 

train and race112,113 and in osteoarthritic lesions at fracture prone sites.171 Their role is significant in 

resorptive lesions like POD and in repairing microdamage of the subchondral plate.171 Consequently, it is 

highly likely that osteoclasts are exposed to elevated levels of corticosteroids following intraarticular 

injections into the joint. This becomes particularly important when joint disease is present and there is a 

loss of articular surface integrity, such as articular cartilage fibrillations and erosions,9 which provides 

access to the subchondral plate. Additionally, it is recognized that there exists a communication 

mechanism between articular cartilage and subchondral bone, allowing certain molecules to traverse the 

osteochondral junction.185 Therefore, the administration of corticosteroids to equine athletes could 

potentially have detrimental effects on osteoclasts and bone healing process of microdamage. 

8. Image analysis and deep learning  
In this final section, we will delve into the realm of image analysis and deep learning, which have emerged 

as powerful tools in the field of biological imaging. The application of image analysis techniques, combined 

with the advancements in deep learning algorithms, has revolutionized the way we extract information 

from complex biological images. Within the context of osteoclast and bone research, these innovative 

approaches offer unprecedented opportunities to uncover intricate patterns and quantify various 

parameters related to osteoclast activity. In recognition of our primary audience being veterinary 

clinicians, we have included a glossary specifically focused on terms commonly used in the fields of image 

analysis and deep learning with the goal of facilitating comprehension.  
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Glossary  

Object: An object has features that are perceived and identified through natural senses or artificial imaging and 
detection methods. 

Digital image: A digital image is an array of numbers that represent the intensity of pixels arranged in a 2D or 3D 
matrix. Characteristic patterns of pixels can be recognized as the features of objects. By analyzing pixel patterns, it 
is possible to identify and interpret the objects and features in a digital image. 

Feature: Measurable distinct and identifiable characteristic or property of an object or pattern. In pattern 
recognition and categorization, a unique set of features is often used to represent a class of patterns.  

Pattern recognition:  Identification of patterns as proxies of objects  

“Ground truth”: Set of data, usually annotated, or curated by an expert operator, that serves as a reliable and 
accurate output for evaluating the accuracy and effectiveness of a neural 
network.  

Machine learning: Machine learning is a subfield of artificial intelligence that 
focuses on the development of algorithms and models that can enable 
computers and machines to automatically learn from data and improve their 
performance on a given task without being explicitly programmed. 

Deep learning: A subfield of machine learning that employs artificial neural 
networks with numerous layers to identify and comprehend data patterns. It can 
process huge volumes of intricate data, such as speech, images, and natural 
language, and derive significant insights from the data without human 
interference. 

Output: Image annotation generated by the network or an expert after processing the input data. 

Input: greyscale image Data provided to the network as an initial step. This input data is processed through the 
network's layers of interconnected nodes, also known as artificial neurons, where it is transformed and analyzed. 

Kernel: Small matrix or filter used for extracting meaningful features from input data. The kernel is typically a square-

shaped matrix that slides or convolves over the input data (or patch). 

Patch: Small region or subset of an input image or data often used as input to the network for feature extraction 
and analysis.  

Loss function Function that measures the difference between the predicted output of a neural network and the 

actual or expected output (“ground truth”). The loss function is used to evaluate how well the artificial neural 

network is performing on a given task and to provide feedback that allows the network to nudge its weights and 

biases during the training process to improve its performance (to minimize the loss). 

*Zhang, et al. (2022)  

8.1. Introduction to image analysis 

A 2D image often serves as a visual representation of a 3D object but inherently involves a significant loss 

of information.187 

* 
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Mathematical models are frequently used to represent images. A real image can be defined as a function, 

denoted as f (x, y), where f represents the amplitude (e.g., intensity of gray level ranging from black to 

white) of the image at a specific coordinate position (x, y).188,189 When digitized, a real image can be divided 

into N rows and M columns, and their intersections correspond to pixels187,189 where m=0,1,2,…,M-1 and 

n=0,1,2,…,N-1.188 Following this logic, the origin of a digital image would be f (0,0), and the next coordinate 

(first row) would be f (0,1). Similarly, the first column would be represented by f(1,0), and so on (Figure 

14). Consequently, a digital image can be represented as a numerical array, such as a matrix, where each 

element represents a pixel.188 

 

Figure 14: Representation of an image as a numerical array (matrix).  

(Adapted from Young, et al. 1995, pg 2-6) 

8.2. Image registration technique  

In medical imaging, valuable information can be extracted by comparing multiple images taken at 

different time points. Radiographic diagnosis often relies on visual inspection and the mental fusion of 

complementary images.190 

When it comes to computed tomography (CT) scans taken at different time points, accurately aligning the 

repeat scans to the exact same coordinates poses a significant challenge. Image registration is the process 

of determining the spatial alignment of two sets of image data.190-192 

While manual registration is possible, automatic registration offers more precise results. Over the past 

few decades, numerous registration algorithms have been developed and are now available in both 

commercial and open-source software.190 

If we consider an image as a matrix that maps the coordinates of the image intensity values, the process 

of image registration involves modifying the matrix representing one image (dataset A, referred to as the 

moving image) to match the coordinates of another image (dataset B, known as the stationary image) 

(Figure 15). The moving image is transformed (e.g., rotated and translated) so that the anatomical location 
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of dataset A aligns with the corresponding anatomical location of dataset B, enabling the quantification 

of anatomical changes between scans.190 

 

Figure 15: Image registration. 

Process between two datasets (A and B) and their anatomical differences. 

8.3. Image segmentation  

Image segmentation, a section of digital imaging processing also known as labeling, is the process of 

subdividing elements of a given image into groups (regions) with common properties using a set criterion 

(ex: pixel brightness). The objective is to represent the image in a meaningful way, highlighting the regions 

of interests (ROIs) (Figure 16).44,193-195  

As medical images contain a significant amount of information, image segmentation provides a clear 

visualization of the ROIs, removing the unnecessary information in a way that it is convenient for the 

image to be analyzed.44,194 

  

Figure 16: Image segmentation.  

An example of image segmentation of a computed tomography (CT) scan using threshold to generate a 3D 

image.194  
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This can be performed manually but is very laborious, time-consuming work.196 Automatic image 

segmentation remains a challenge and many deep learning networks have been developed in the last few 

years aimed at improving image segmentation performance.193 The accuracy of segmentation is of great 

importance in image processing as it is a crucial step that influences the accuracy of the results of the 

analysis.195 

8.3.1. Thresholding 

Thresholding is a segmentation technique whereby pixels or voxels (3D pixels) are allocated to different 

categories, depending on their brightness, with the goal of identifying the part of the image that 

corresponds to an object in the real world and separating it from the background.193,197,198 The accuracy 

of the threshold is of extreme importance as the results of image analysis depend on the technique.199 A 

poor-quality segmentation may be associated with consequential issues such as over/under estimating 

volumes and image noising.199,200 

8.3.2. Automated and unsupervised segmentation 

8.3.2.1. Deep Learning 

Deep learning, a subgroup of machine learning, is a complex multilayer neural network originally inspired 

by the structure of the human brain that learns by transforming the input (raw data) into different levels 

of abstractions.42,44,45,201,202 It has been widely used in medical imaging, especially when a large amount of 

data needs to be analyzed and some studies have shown superior performance when it comes to lesion 

detection and classification compared to the methods conventionally used.44,45 The deep learning network 

used most frequently when it comes to recognizing patterns in images are the convolutional neural 

networks (CNNs).45 

8.3.2.2. Convolutional neural network (CNN) 

A CNN consists of deep learning algorithm that learns automatically and adaptively how to extract relevant 

features by adjusting its input weights.45,203 It is typically composed of different layers where 

“convolution” and “pooling” are two of the fundamental feature extraction components of the network, 

operated as a cascade.203 
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8.3.2.2.1. Convolutional operation 

The convolutional operation is the process of feature extraction where a matrix is applied across an input 

to produce an output.203,204 This matrix, or array of numbers, is called the kernel. In this process, the kernel 

is usually of equal and small size, the most used being a 3x3 kernel.42 In this operation, the product of the 

multiplication of each element by the kernel is computed and the results are summed up at the end 

forming a new output (Figure 17).  

Figure 17: Convolutional 

operation.  

Representation of a 3x3 

convolutional operation where at 

each location, the original matrix 

(input) is multiplied by the kernel. 

(Adapted from Yamashita, et al. 203 

2018) 

 

8.3.2.3. Pooling operation 

The pooling operation consists of applying a function to summarize subregions of the output feature map 

with the purpose of reducing its size.204 Different functions can be utilized, the most common being the 

max pooling (Figure 18) that extracts the maximum value of each patch.203,204 

Figure 18: Pooling operation. 

Representation of a 3x3 max 

pooling operation (Adapted 

from Dumoulin and Visin 

2016) 
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8.3.2.3.1. U-NET 

The U-Net is a deep learning training strategy of CNN specifically designed for images.196,202,205 It utilizes 

data augmentation to improve efficiency and overcome the challenge of having little training data.205 Data 

augmentation consists of modifying the training data through random transformations (flipping, cropping, 

rotating, etc.) so that instead of having the same exact input for all the training, the model has multiple 

modified inputs coming from one original input.203 

The name comes from its U-shaped architecture (Figure 19) that can be divided into two symmetric paths. 

On the left, the contracting path uses alternating convolutional and pooling layers until further 

contraction is no longer possible. This is followed by the expansive path, on the right, where up-

convolution and convolution are applied.42,205 

 

Figure 19: U-NET. 

Illustration of the U-

shape architecture of 

a U-Net.205  

 

 

 

 

 

 

 

8.3.2.3.2. Training a neural network 

Training a neural network means minimizing the distinction between the output predictions by the 

network and the ground truth (training dataset that has been segmented by an operator).203 Forward 

propagation refers to the way the data moves in a neural network from the input layer to the output layer. 

The reverse route is called back propagation (Figure 20).206  
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To evaluate the quality of the training, a loss index is used to determine how well the model is performing 

by predicting the error between the prediction and the ground truth.206 This will depend on the nature of 

the learning task and the desired behavior of the model. When the loss index is higher than desired, the 

weights and biases may be adjusted to create a new output (back propagation). This cycle is repeated 

until the loss index reaches an appropriate minimum value.206  

Figure 20: Network training.  

Image illustrating a neural network 

training.206 

 

 

 

 

In conclusion, deep learning serves as a potent mechanism for identifying patterns, facilitating rapid and 

meticulous analysis of extensive datasets. This technology in combination with image analysis represents 

a dynamic synergy that holds immense promise across various scientific disciplines. Furthermore, CNNs, 

a specialized artificial neural network crafted for image classification and pattern recognition, significantly 

enhance the precision, reliability, and efficiency of image categorization. The combination of deep 

learning and µCT imaging holds the promise of equipping us with an innovative tool to investigate the 

existing knowledge gaps in our comprehension of osteoclast bone resorption. 
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Hypothesis and Objectives 
Our study aims to evaluate µCT combined with deep learning-aided feature segmentation for detecting 

and quantifying bone resorption on bone slices in vitro.  We hypothesize that this novel method will allow 

the characterization of equine osteoclast resorption on decellularized equine bone slices and the accurate 

measurement of the resorption volume and depth in a non-destructive manner.  

Our first objective was to characterize bone resorption morphology in 3 dimensions (3D) on bone slices 

that were cultured as a substrate for equine osteoclasts employing µCT and compare findings with 

selected, site-matched, scanning electron microscopy (SEM) images. Our second objective was to develop 

an unsupervised method to measure equine osteoclast resorption volume on equine bone slices in vitro 

using a convolutional neural network. A third objective was to test the neural network developed in 

objective 2 for resorption volume measurement on archived specimens (equine bone slices with 

osteoclast resorption) and corresponding 2 dimensional (2D) images (standard toluidine blue stain bone 

resorption area measurements) and biomarker C-terminal telopeptide of type I collagen (CTX-I) in media 

from a prior in vitro study.21   
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ABSTRACT 

Background: High cyclic strains induce the formation of microcracks in bone, initiating a process of 

targeted remodeling, led by osteoclasts and followed by osteoblasts, aimed at repairing and preventing 

accumulation of damage. Racehorse bone is an ideal model for studying the effects of high-intensity 

loading, as it is subject to focal accumulation of microcracks and subsequent resorption within joints.  

Equine osteoclasts have rarely been investigated in vitro. The volume of osteoclast resorption is 

considered a direct parameter of osteoclast activity but indirect 2D methods of quantification of 

osteoclast resorption are used more often.  

Objectives: To develop an accurate, high-throughput, deep learning-aided method to quantify equine 

osteoclast resorption volume in µCT 3D images.  

Methods: Equine osteoclasts were cultured on equine bone slices, imaged with μCT pre- and post-culture.  

Volume, aspect ratio (shape factor) and maximum depth of each resorption event were measured in 

volumetric images of three bone slices. A convolutional neural network (U-Net-like) was then trained to 

identify resorption events on post-culture μCT images and then the network was applied to archival bone 

slices (n=21), for which the area of resorption in 2D, and the concentration of a resorption biomarker CTX-

I were known. This unlocked the 3D information on resorption for samples where no pre-culture imaging 

was done.  

Results: The modal volume, maximum depth, and aspect ratio of individual resorption events using pre- 

and post-culture µCT images were 2.7*103µm3, 12 µm and 0.18 respectively. The mean resorption volume 

per archival bone slice was 34155.34*103µm3. The CNN-labeled resorption volume correlated strongly 

with both CTX-I (p <0.001) and area measurements (p <0.001).  

Main limitations: The neural network occasionally overestimated bone resorption volume, which 

required a manual touch-up.  

Conclusions: This technique of deep learning-aided feature segmentation of µCT images of bone slices for 

quantifying equine osteoclast bone resorption volume allows for more accurate and extensive future 

investigations on osteoclast activity. For example, the antiresorptive effects of medications like 

corticosteroids and bisphosphonates can be investigated in the future.  
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1. Introduction 

It is well known that the microarchitecture of healthy adult bones is continuously sculpted to adapt to 

biomechanical loads for optimal performance.1 In cortical bone, this process is executed by coupled 

cellular remodeling by bone multicellular units (BMUs) .2  This is led by osteoclasts, that initially resorb the 

bone and is followed by the deposition of new bone by osteoblasts.   

Under high loads, microcracks in the bone stimulate a targeted remodeling response at the site to repair 

the focal injury and prevent its accumulation.3,4 Osteoclast precursor recruitment from the local bone 

marrow and their differentiation into active bone-resorbing osteoclasts is mediated by 

mechanotransduction pathways including the disruption of the lacuno-canalicular network5 and 

osteocyte apoptosis at the site of injury 6 leading to release of Receptor Activator of Nuclear Factor Kappa-

B Ligand (RANKL). RANKL interacts with its receptor (RANK) on the surface of osteoclast precursors 

promoting differentiation, activation, and survival of osteoclasts.7  

The racehorse’s skeleton serves as an excellent natural model for the study of the effects of cyclic, high 

intensity loading on cortical and subchondral bone. During both training and racing there is a focal 

accumulation of microcracks in bone and calcified cartilage, associated with resorption at specific sites 

subjected to high loads, potentially leading to bone failure or complete fracture.8,9,13,151,154,207,208 In 

addition, focal degenerative changes in the subchondral bone plate and overlying articular cartilage have 

been linked to osteoclast resorption at specific sites prone to fractures in the third carpal bones of 

racehorses. 9,16 

Despite playing an essential role in bone remodeling, equine osteoclasts have seldom been the subject of 

in vitro studies.  They have been differentiated and cultured from post-mortem harvested femoral bone 

marrow hematopoietic stem cells17-19 or, more recently, from sternal bone marrow aspirates in standing 

horses.20,21 Furthermore, they have been cultured on their natural substrate — bone — in one report 

alone.21 Species-specific in vitro studies are necessary to learn more about equine osteoclast function and 

activity and factors that influence it.  For example, there is an unmet need to understand the effects of 

frequently employed medications such as intra-articular corticosteroids177 or systemically administered 

bisphosphonates176 on equine osteoclast activity to determine if they could have any detrimental effects 

on horse skeletal health. This is particularly important in respect to young equine athletes as it has been 

recently shown that osteoclasts are present in greater numbers in the subchondral bone plate in younger 

animals contributing to joint surface and epiphyseal maturation.112   



 63 

Most in vitro studies of direct osteoclast resorption activity to date, in all species, measure the surface 

area of resorption or count pits on bone slices or other substrates that have been incubated with 

osteoclasts. Osteoclast resorption activity is usually extrapolated from two-dimensional (2D) resorption 

area measurements of toluidine blue stained bone slices on which osteoclasts have been cultured.21-24,27,30-

32,34,35,38,209-212 However, it has long been acknowledged that the precise quantification of bone resorption 

requires dependable three-dimensional (3D) measurement techniques for the assessment of volume and 

depth of resorption events.38,213,214 

Scanning electron microscopy (SEM) stereophotogrammetry was the initial 3D method  proposed to 

measure the depth and volume of individual osteoclast resorption cavities on dentine88 and human 

cortical bone slices.215,216 The use of confocal laser microscopy later provided topographic information on 

resorption events,40,217 but had poor resolution compared with SEM218 and was limited to a shallow depth 

of field (~100 μm maximum) .219 Vertical scanning profilometry, on the other hand,  advanced the 

methodology further by providing a direct measurement of the total eroded volume of entire dentine 

slices.39 Drawbacks were that it required polished samples and exhibits high sensitivity to both the surface 

condition and reflectivity of the specimen. Serial milling 3D has also been employed for quantifying the 

volume of individual resorption cavities in cancellous bone specimens.124,220,221 Nonetheless, it is 

destructive and labor-intensive requiring manual input from a user. Consequently, only a portion of the 

specimen is often examined. While the numerous reported techniques provided high-quality images, they 

often require sample preparation, involve a destructive methodology and are not widely available to 

users.40   

High-resolution µCT has become increasingly accessible allowing the examination of bone microstructure 

non-destructively and with minimal preparation9,151,207,222,223 providing multiplanar, cross-sectional and 3D 

images for analysis.224  

Deep learning, a subfield of machine learning, is a powerful tool for detecting patterns,201 which enables 

rapid and precise analysis of extensive datasets.225 Convolutional neural networks (CNNs) are artificial 

neural networks designed to classify images and image patterns.226 CNNs improve accuracy, reliability and 

throughput of image categorization44,46,227 and have garnered considerable attention in the field of 

biological imaging, particularly in image segmentatio 228 and the analysis of volumetric data.229 UNet, a 

key semantic segmentation approach, based on CNN,46 effectively addresses the challenge of limited 

training data availability by applying data augmentation techniques.205 UNet has been widely used as a 
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valuable tool for extracting interpretable results in various mineralized tissue segmentation tasks using 

CT scans41 and µCT.42,43  

Our study aims to evaluate µCT combined with deep learning-aided feature segmentation for detecting 

and quantifying bone resorption on bone slices in vitro.  We hypothesize that this method will allow the 

characterization of equine osteoclast resorption on decellularized equine bone slices and the accurate 

measurement of the resorption volume and depth in a non-destructive manner.  

Our first objective was to characterize bone resorption morphology in 3D on bone slices that were 

cultured as a substrate for equine osteoclasts employing µCT and compare findings with selected, site-

matched, SEM images. Our second objective was to train a neural network to measure equine osteoclast 

resorption volume on equine bone slices in vitro. A third objective was to test the neural network 

developed in objective 2 for resorption volume measurement on archived specimens (equine bone slices 

with osteoclast resorption) and corresponding 2D images (standard toluidine blue stain bone resorption 

area measurements) and  a bone resorption biomarker C-terminal telopeptide of type I collagen (CTX-I) 

in media from a prior in vitro study.21 

2. Materials and methods 

2.1 Materials 

Gibco minimum essential medium (αMEM) was purchased from Life Technologies (Carlsbad CA, USA). 

Penicillin and streptomycin were procured from Gibco Life Technologies (Grand Island, NY, USA). Fetal 

bovine serum was acquired from Wisent (St-Bruno, CA, USA).  Macrophage-colony stimulating factor (M-

CSF, 25 ng/mL) was obtained from Peprotech Inc. (NJ, USA) and receptor activator of nuclear factor kappa 

B ligand (RANKL, 50 ng/mL) from Enzo Life sciences Inc. (Farmingdale, NY, USA). The cryotubes 

(Cryofreeze® Cryogenic Storage Tubes) were purchased at UltiDent Scientific (St-Laurent, CA, USA).  The 

wells (Nunc® Lab-Tek® II Chamber Slides™; 8 wells (0.7 76 cm2/well), at glass slide) were procured from 

Thermo Fisher Scientific Inc. (Rochester, NY, USA). The 1.5 mL tubes (Simport Graduated Microtubes with 

O-Ring Caps) were purchased at UltiDent Scientific (St-Laurent, CA, USA). The monobasic sodium 

phosphate, toluidine blue (Biopharm, 0.1% in 0.02 M/L monobasic sodium phosphate), red blood cell lysis 

buffer, dimethylsulfoxide and the Mr. Frosty freezing container (cooling rate of 1°C/min; Nalgene) were 

all purchased at Sigma–Aldrich (St. Louis, MO, USA). The ELISA immunoassay for CTX-I was obtained from 

Immunodiagnostic Systems Holdings PLC (IDS).  
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2.2 Methods 

2.2.1 Equine hematopoietic stem cell bank 

The procedure was approved by the Animal Care and Use Committee of the Faculty of Veterinary 

Medicine of the University of Montreal (protocol #20-Rech-1968). Hematopoietic stem cells were isolated 

from aspirates of sternal bone marrow harvested from sedated, standing adult horses as described 

previously (Figure 1).21 The cells were stored in cryotubes at a concentration of 5.106cells/mL in vapour 

phase liquid nitrogen in a bank for future investigations. 

2.2.2 Equine decellularized bone slices  

Bone slices were prepared from a young horse euthanized at the Faculty of Veterinary Medicine of the 

University of Montreal for unrelated reasons. Bone slices (4 x 3 x 0.3mm) were cut with a low-speed 

diamond saw (Isomet Buehler, Lake Bluff, IL, USA) from the distal third of the dorsal metacarpal bone 

cortex (Figure 2). The slices were washed with 70% ethanol for 12 min and then with PBS for 5 min three 

times. Bone slices were stored at -20°C in 1.5 mL tubes until cell culture experiments. 

2.3 Experiment 1:  Characterization of equine osteoclast resorption on decellularized equine bone slices 

in 3D using µCT imaging and deep learning-aided feature segmentation. 

2.3.1 Osteoclast differentiation from hematopoietic stem cells and cell culture experiment with bone 

slices  

Stored bone slices were thawed and imaged with µCT, prior to cell culture experiments to generate a pre-

culture (pre-C) image for the image registration step (section 2.3.3). The bone slices were then washed 

with 70% ethanol for 12 min followed by PBS for 3.5 min three times in total. One bone slice was added 

to each well. 

Frozen hematopoietic stem cells were selected from the stem cell bank (n=3 donors) and thawed.21 

Culture chambers were first incubated with cell culture medium (supplemented with 10% fetal bocine 

serum and 1% penicillin-streptomycin) with 5% CO2 at  37°C for a minimum of 1 h. Viable hematopoietic 

stem cells were then plated at a concentration of 1. 106 cells/cm2 in the wells with bone slices and 

supplemented with M-CSF (50 ng/mL) and RANKL (50 ng/mL).  

The cell culture medium was changed the following day (d1), 300μL at 37°C supplemented with M-CSF (50 

ng/mL) and RANKL (50 ng/mL), and then every 3 days. On d13, the CO2 level was raised from 5 to 10% 
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until d21.27 At the end of the experimental period, the bone slices were collected and stored at -20°C in 

1.5 mL tubes until further analysis. 

2.3.2 µCT imaging of bone slices  

Images of each bone slice were acquired pre-C and post-culture (post-C) with a XTek HMXST 225 (Nikon, 

location) at 80kV and with a voxel size of 3µm. All reconstructed µCT scans were then uploaded into 

Dragonfly 2022-2 software (Object Research System, Montreal, Quebec, Canada) for image processing. 

2.3.3 Image registration 

Image registration was performed to align the pre-C and post-C scans of the same sample. Pre-C was the 

fixed image and image registration was done first manually and later refined with the featured-based 

registration tool.  

2.2.4 Selection of bone slice surface for analysis  

Retrospective analysis of prior toluidine blue stain bone slice resorption areas from a previous 

investigation21 in the laboratory revealed that one side of the bone slice was always substantially more 

resorbed than the other (Supplementary figure 1).  Consequently, for the purposes of this investigation, 

only the bone slice surface with the most resorption was included for the µCT analysis.  

2.3.5 Deep learning feature-aided segmentation to separate bone from background. 

A UNet model (depth level: 5; initial filter count: 64) was created using the deep learning segmentation 

tool available in Dragonfly. The segmentation was binary, with one label being assigned to bone and the 

remaining to background. The training was performed with two different inputs (pre-C and post-C scans) 

and their respective binary segmentation (output) in a cascade manner, a technique where the corrected 

output from one training bout is then used as input for the next step, gradually increasing the amount of 

training data and refining the neural network's predictions as it goes. The training parameters were the 

following: patch size was 64, stride-to-input ratio was 1.0, batch size was 32, and the number of epochs 

was 100.   

The same trained neural network was applied to all 3D images, except for one post-C scan for which the 

Unet model was not sufficiently accurate. A new neural network was trained for that specific bone slice 

using the same parameters. 
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2.3.6 Image segmentation and denoising  

Following the deep learning-based binary segmentation of bone and background, for each bone slice, pre-

C and post-C bone slice images were exported as a region of interest (ROI). The post-C bone ROI was then 

subtracted from the pre-C bone ROI thereby yielding the total bone resorption volume for each bone slice. 

The most resorbed surface of one bone slice per donor (n=3) was selected for further analysis. A 6-

connected multi-ROI was created (bone resorption multi-ROI). All the labeled voxels that were connected 

to one of the faces of the neighbor cube (voxel) were considered as part of the same resorption event. 

For denoising, a minimum volume threshold was conservatively chosen based on previously reported 

diameter and depth of individual resorption pits when human osteoclasts were cultured on bone slices30. 

The smallest pit was considered to have a hemisphere shape with a 10 µm diameter and 5 µm depth.  The 

volume was calculated by the mathematical formula of hemisphere volume (2
3

 × 𝜋𝜋 × 𝑟𝑟3 =  2
3

× 3.14 ×

10 µ𝑚𝑚3 = 258 µ𝑚𝑚 3 = 86 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣)230 and anything with a volume equal or smaller to 258 µ𝑚𝑚 3 (86 voxels) 

was excluded from the bone resorption multi-ROI. Denoising was refined manually for every 2D cross-

section.  

2.3.7 Image analysis: Bone slice resorption volume, aspect ratio and maximum depth 

Each 6-connected ROI was considered as one individual resorption event for the purposes of analysis. The 

object analysis tool (Dragonfly) was used to characterize the osteoclast resorption events by measuring 

their volume (µm3) and aspect ratio (0-1). Aspect ratio is the ratio between the height and the width and 

is used to estimate morphology. An aspect ratio close to 1 will have a rounder shape and closer to 0 an 

elongated morphology. 

Each 3D resorption event (6-connected bone resorption multi-ROI) was isolated using an in-house written 

code in Matlab (R2022b, v9.13) and the maximum depth of resorption measured on the 2D cross-sectional 

image. Maximum depth used for analysis was defined as the distance (µm) between the top-most and the 

bottom-most labeled voxel in a resorption.  

2.3.8 SEM imaging of bone slices for site-matched comparison 

SEM was performed on the same subset of bone slices (n=3) to compare with the images generated by 

µCT. The bone slices were washed with 70% ethanol for 30 seconds and then rinsed with PBS three times 

to remove any possible accumulated debris. Samples were mounted on standard SEM metallic stubs with 

conductive carbon adhesive and imaged uncoated with a FEI Quanta 450 FEG in high vacuum at 1.5kV 
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using a standard secondary electron detector at a working distance of 9.3 mm. The site-matched µCT and 

SEM images were then compared. 

2.3.9 Area measurements of osteoclast bone slice resorption  

The canonical method for area of bone resorbed by osteoclasts on bone slices in 2D with toluidine blue 

staining was performed to compare with the µCT volume assessment. Toluidine blue stained images of 

bone slices were generated as described previously.21 The slices were digitalized using an optical light 

microscope (Leica DM4000B Leica Microsystems Inc.) equipped with a camera (Prosilica GT1920C Allied 

Vision Technologies) and Panoptic software (Meyer Instruments Inc.) at magnification: 10×. The osteoclast 

resorption patterns were then compared with both µCT and SEM. 

2.4 Experiment 2: Development and validation of a neural network to measure volume of equine 

osteoclastic resorption on bone slices in vitro.  

2.4.1 Archival specimens and biomarkers 

Archived bone slices (n= 24) from a repository, generated in a prior investigation of equine osteoclastic 

bone resorption, were available for study.21 The differentiation of the hematopoietic stem cells on bone 

slices to osteoclasts was identical to experiment 1 described herein. However, in addition, on d19 the cell 

culture wells were subjected to inflammatory stimuli (1 or 10 ng/mL of IL-1β or 1000 ng/mL of LPS) for 72 

h (n=6 wells for each condition, with M-CSF) and the cell culture was terminated on d22. Cell culture 

medium for the osteoclast biomarker (CTX-I) assays were collected at d22, at the end of the study. CTX-I 

ELISA concentrations were immunoassayed on d22 in the harvested cell culture supernatants employing 

the CrossLaps® for cell culture as previously described.21 As the results of the investigation revealed no 

effects of the inflammatory stimuli on the parameters assessed, all the specimens and data (toluidine blue 

area of resorption and CTX-I) at the end of the experiment were retrieved and combined for comparison 

and analysis with the current model.  Each bone slice had a corresponding measure of resorption area 

calculated following toluidine blue staining and media levels of the biomarker CTX-I for comparison. Three 

bone slices were not included in the analyses: one due to breakage and the other two because their CTX-

I results exhibited unacceptably high intra-assay coefficients of variation (equal to or greater than 20.0%). 

2.4.2 µCT imaging of bone slices and deep learning-based segmentation  

µCT projection images of each bone slice were acquired under the same parameters outlined in section 

2.3.2. Only post-C specimens were available. A neural network was created using the segmentation wizard 
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tool in Dragonfly ORS software which allows visual comparison of multiple loss functions and different 

sets of hyperparameters during validation. The training data were zoomed 2D cross-sectional images of 

one post-C bone slice (Figure 1- study design). Each image was separated into 4 ROIs (bone, background, 

bone resorption and vessels). A pre-trained Unet-like neural network with depth level of 4 layers was used 

for training (Sensor3D pre-trained on ORS500Kv01). The training parameters were the following: patch 

size was 64, stride-to-input ratio was 0.25, batch size was 64, and the number of epochs was 100. A 

validation loss function as well as visual inspection was utilized to assess the performance of the 

segmentation model. 

2.4.3 Image segmentation and denoising 

Following deep learning-based segmentation of each bone slice, the bone resorption ROI corresponded 

to the total volume of resorption was extracted. To avoid resorption overestimation, each specimen was 

divided into 4 bounding boxes where each box was placed the closest to the resorption surface as possible 

and the bone resorption ROI was cropped (Supplementary image 2). The results from the 4 bounding 

boxes were then summed to provide the total bone slice resorption volume. A 6-connected multi-ROI was 

then created. The same minimum volume threshold as experiment 1 was used (86 voxels) and excluded 

from the bone resorption multi-ROI.  

3 Statistical analyses   

In experiment 1 as the data was heavily skewed, it was elected to present the mean (± SD), median (25th 

percentile; 75th percentile) and mode values in the tables to allow meaningful comparisons with prior 

data reported by other researchers. Statistical significance was determined when the p-value was less 

than 0.05. 

In experiment 2 a mixed linear model was used to assess first whether the inflammatory stimuli influenced 

the osteoclastic resorption volume. As no significant differences were detected, all sample data were 

combined. A spearman test correlation was then employed to interrogate the association between equine 

osteoclastic resorption volume and the release of CTX-I biomarker and area of bone resorption on bone 

slices. Data was recorded in Microsoft Excel® and analyzed using statistical software (R v. 4.0.3). Statistical 

significance was determined when the p-value was less than 0.05. 
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4. Results 

4.1 Experiment 1: Imaging of equine osteoclast resorption on bone slices using µCT; 3D reconstructions 

and cross-sectional images. 

A total of 9 bone slices were imaged pre-C and post-C. The pre-C 3D reconstructions of the unresorbed 

bone slices provided topographical information of both surfaces. The flat unresorbed bone slice surfaces 

were visibly interrupted by haversian canals, osteons, and vascular canals (Figure 3).   

µCT cross-sectional images obtained of the pre-C bone slices revealed a smooth, straight unresorbed 

surfaces, on each side of the bone slice, traversed by occasional blood vessels (figure3). 

Following the 21-day osteoclast culture period, 3D µCT reconstructions of the same bone slice illustrated 

a topographic map featuring osteoclast bone resorption (Figure 3). Three distinct resorption patterns 

were observed: round “pit-like”, elongated “trench-like”, and “resorption events” (Figure 4) that exhibited 

a wide range of shapes with varying depths and concave bottom surfaces, likely reflecting a mixture of 

both pit-like and trench-like characteristics. These formations collectively formed a topographical image 

similar to that of river valleys (Figure 3). µCT cross-sectional images obtained of the post-C bone slices 

facilitated the clear observation of distinct valleys varying in depth, which corresponded to different 

resorption events (Figure 3). 

The patterns of resorption observed on the site-matched toluidine blue stained surfaces of the bone slices 

and those observed on the SEM images corresponded well with those observed in the µCT 3D 

reconstructions (Figure 5). 

One specimen was excluded from subsequent measurements because atypical sandpit-like shaped 

depressions were observed in the post-C imaging 3D reconstructions when compared with images of all 

other surfaces. (Figure 6).  SEM imaging was also subsequently performed on this specimen.  The deep 

aspect of the depressed regions had a different roughness when compared with the resorption cavities 

on the other specimens suggesting that these represented atypical resorption or potential artefacts rather 

than another type of resorption cavity. 

4.2 Bone slice resorption volume, aspect ratio, and maximum depth calculated from µCT cross-sectional 

images.  

µCT 3D images of the bone slice surfaces from 3 specimens (A, B and C) with mild to severe resorption 

were then selected for additional measurements to further characterize the type of resorption observed.  
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The number of resorption events identified and available for further analysis in specimens A, B, and C was 

12, 106, and 306 respectively. The volume, maximum depth, and aspect ratio of each osteoclast resorption 

event was then measured (Figure 4).  When the individual resorption cavities were quantified, the 

distribution of the data was highly skewed.  The osteoclast individual resorption event volume, aspect 

ratio and maximum depth are provided in table 1.   

4.3 Experiment 2: Automated deep learning-aided feature segmentation to measure equine osteoclastic 

resorption volume.  

Archival data (µCT images, resorption biomarker in media CTX-I, and area of resorption) were retrieved 

from a previous study 21 to test the neural network for measurement of resorption volume on post-C bone 

slice μCT images. A total of 21 bone slice surfaces were included.   

In this experiment the trained neural network permitted the 3D visualization of resorption events (Figure 

7) as well as volume measurement using only post-C slices in an unbiased way and with a notably reduced 

amount of manual segmentation required when compared with experiment 1. The deep learning-based 

segmentation model performed well for the majority of bone slices; however, it was observed that in 

bone slices with less resorption, the model tended to falsely label some regions as false-positive for 

resorption. Although overestimation of resorption was a challenge due to the microscopically uneven 

surfaces of the bone slices created by the diamond bone saw, this was successfully corrected by using 

cropping boxes (section 2.4.3) (Supplementary figure 2). The loss of the trained neural network, which is 

used to measure how well the model’s predicted output matches the expert-generated output, was 0.02. 

The segmentation performance was further confirmed by an experienced user (DMG).  

The mean (± SD), median (25th percentile; 75th percentile) and minimum-maximum of total volume of 

resorption, total area of resorption and CTX-I are summarized in table 2. For each bone slice, individual 

resorption events volume and aspect ratio were also calculated utilizing 6-connected multi-ROI (Figure 7). 

4.4 Association of the neural network volumetric measurement with biomarker (CTX-I) levels and 

classical area measurement of resorption 

The CTX-I concentrations in the cell culture experiment media and the area measurements calculated on 

toluidine blue stained sections from the archived data were retrieved21.  

The statistical interrogation of the associations between the measurements revealed a strong positive 

strong correlation (r=0.79; p <0.0001) between automated model volume percentage of resorption per 
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bone slice and the CTX-I biomarker of resorption levels in the cell culture experiment media at the end of 

the experiment (figure 8). A strong positive correlation (r=0.95p <0.0001) was also found between the 

classical area measured on toluidine blue stained bone surfaces of the slices and the volume of 

osteoclastic resorption calculated by the automated model (figure 8).  

5. Discussion 

This study presents novel tools for enhancing osteoclast research. An accurate technique for the 3D 

characterization and direct volumetric measurement of discrete osteoclast resorption events on bone 

slices, integrating µCT imaging and deep learning-aided feature segmentation, has been implemented. In 

addition, an automated CNN (UNet-like) was also trained for accurate measurement of resorption 

volumes on bone slices incubated with osteoclasts thereby reducing the need for manual segmentation. 

The total volumes of resorption measured correlated strongly with the biomarker of bone resorption (CTX-

I) concentrations in the culture media of the samples and also the canonical toluidine blue stained 

resorption area measurements from the same bone slices, underpinning its accuracy. This reported 

procedure can be useful for more objective future studies of osteoclastic resorption. 

Osteoclast activity is often investigated in vitro by incubation on their natural substrates, either bone or 

dentine, to mimic best the in vivo environment. The most accessible and frequent metric of their in vitro 

activity, in the past, was the area of toluidine blue stained resorption of bone slices at the end of the 

osteoclast culture period.  However, it has been known for some time that the measurement of the 

volume of resorption on bone slices is a more accurate parameter of osteoclast activity.38  

The in vivo active phase of osteoclast-mediated bone resorption lasts approximately for a period of  2-3 

weeks2,64,231-233 and is influenced by a variety of factors that include age, mechanical forces, genetics, 

hormones, inflammation and medication.64 The in vitro culture of equine osteoclasts on bone, conducted 

for a duration of 3 weeks in the current study, replicates the timeframe observed during natural resorption 

processes.  

Assessing the depth of bone resorption by osteoclasts in vitro provides insight into the activity of 

osteoclasts beyond their basic adherence and spreading behavior.38 This measurement could potentially 

play an important role in evaluating the efficacy of therapies targeting osteoclasts and investigating the 

mechanisms involved in bone remodeling processes as it has been shown that different resorption 

behaviors are linked to different resorption depth.30 Resorption cavity depths have been measured using 

SEM stereophotogrammetry and mean (± SD) maximum depth values varying from 1.96 (± 0.12) to 2.5µm 
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(± 0.18) were found when chick osteoclasts were grown on dentine slices for 24 hours.234 Additionally, 

when murine osteoclasts were cultured on bovine bone for a longer period of 14 days, a similar median 

(25th percentile; 75th percentile) maximum resorption depth of 1.4µm (1.0; 2.0) was measured applying 

the same technique.235 In contrast, vertical scanning profilometry, that allows an assessment of a 3D 

surface profile of a substrate, detected greater mean resorption depths of 29.7µm (± 4.3) when human 

osteoclasts were cultured on dentine slices but for longer periods of 21 days.236 For comparative purposes, 

the mean maximum depth measured in this study using µCT was 19µm (± 19.59), which aligns with the 

findings of the previous investigation conducted by Mabilleau, et al. (2012). However, considering the 

skewed distribution of the data, the median (12µm) and mode values (12µm) were deemed a more 

accurate depiction of the overall dataset.  The apparent discrepancy in the parameter measurements 

among the aforementioned reports may be explained by variations in culture periods, species, and the 

substrates investigated.  

In order to assess the resemblance of these in vitro events to real-life resorption, it is valuable to compare 

the depth values with those derived from ex vivo specimens. Fluorescence-based serial milling of vertebral 

cancellous bone specimens from healthy elderly humans revealed median maximum resorption depths of 

26.3µm and a range of 4.9 to 116.7 μm,220 a strikingly similar range to the current study (3 – 117µm), 

underpinning that the in vitro model replicates in vivo resorption events and measurement techniques. 

Furthermore, the mean maximum resorption depth of 14.8µm (± 2.56) previously measured in rat 

vertebrae237 using the same techniques was similar to the median (12µm) and mode (12µm) recorded in 

the current study.  

While depth measurements are informative of the type of osteoclast activity, the measurement of the 

resorption volume is the ideal measure of osteoclast activity on bone slices in vitro for comparative 

studies.  Although the volume of discrete resorption events on bone or dentine slices has been illustrated 

in the past by stereophotogrammetric SEM234,238 and confocal microscopy,217,239 there is sparse 

information in the scientific literature on their actual measured volumes.  Mean volumes varying from 

0.98 up to 4.59 *103µm3 were measured using stereophotogrammetric SEM for osteoclasts from a variety 

species (rat, chick, and rabbit) grown on dentine slices for 24h.123 Although a mean resorption event 

volume of 2.45*103µm3 was later measured utilizing confocal microscopy when chick osteoclasts were 

cultured on dentine slices for 24h,240 the median volume was lower (0.85*103µm3) when they were 

cultured on equine metacarpal bone slices for 20h.107  The mean volume of individual resorption events 

of human osteoclasts cultured on dentine slices for 21 days was much greater (57.3 ± 15.6 *103µm3) when 
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measured with vertical scanning profilometry.236 Despite the fact that the current investigation allowed 

the measurement of similar mean resorption events volumes (105.55 ± 612.88 *103µm) to the latter, 

because of the skewed nature of the data, the median (25th percentile; 75th percentile) value 6.86*103µm 

(3.47; 25.28) was again considered to reflect the overall data better.  The mean resorption volume (614.16 

± 311.93 *103µm3) of natural resorption cavities in cancellous bone from elderly human vertebrae using 

fluorescence-based serial milling220 was higher than that measured in the current study (105.55 ± 612.88 

*103µm).  On the other hand, the mean resorption cavity volume measured in rat vertebral cancellous 

bone was 36.50 ± 5. 35 *103µm3 using the same technique237 and closer to that was measured herein.    

The measurement of the total volume of resorption of the complete surface of the bone slice is an 

additional parameter to consider when comparing factors influencing osteoclast activity in vitro. However, 

only a limited number of studies have been able to successfully incorporate this parameter. The bone 

slices in the present study were approximately uniform in size, but there was variation in mean total 

volume of resorption per bone slice (34,155.31 ± 23,407.80 *103µm3) indicating a high level of 

heterogeneity and sensitivity in the resorption experiments.   

Previous in vitro techniques for measuring the depth and volume of resorption on bone slices have several 

limitations, such as the requirement for sample preparation, sophisticated equipment, and a researcher’s 

expertise. Additionally, when measuring depth, some of the techniques failed to consider the morphology 

of the resorption cavities in directions other than the observed plane.220 This reported approach using µCT 

imaging of bone slices and deep learning-aided feature segmentation in the current study overcame these 

limitations. Our method involved minimal sample preparation and generated multiple cross-sectional 

images that facilitated the visualization and precise measurement of resorption depth and volume using 

an automated technique and is a user-friendly alternative for measuring the maximum depth of the entire 

bone slice sample. 

In addition to the depth and volume of osteoclast resorption on bone slices, the assessment of the shape 

and form of the cavities they sculpt in the bone substrate can provide information as to the state of their 

activity.  Recent investigations characterized osteoclast resorption cavity morphology on bone slices30,34,82 

and ex vivo30 by classifying them as being  of two distinct types, either "pits" or "trenches", using time-

lapse recording in combination with confocal microscopy,34,82 and SEM.30 The pit mode are rounded-

shaped resorptions characterized by short-term active bone breakdown interrupted by migration periods. 

The trench mode on the other hand reflects a more aggressive form of resorption combined with 

osteoclast migration, being deeper,30 longer, and faster.82 In the present investigation, although both pits 
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and trenches were observed, the majority of resorption events could not be easily classified into these 2 

discrete categories but were rather combinations of both. This finding also aligns with the observations 

of Hefti, et al. (2010) when mouse osteoclasts were cultured on bovine bone slices for 14 days and imaged 

with SEM. In their study, the three different types of resorptions, similar to described here were also 

observed namely resorption pits, trails and dense areas of resorption where no distinction of pattern was 

possible. Notably, in their analysis, they also chose to exclude densely resorbed areas from their 

observations. Herein, it is proposed that resorption cavities should be classified along a spectrum of 

shapes that more accurately reflect osteoclast activity.  It is also possible that different osteoclasts may 

have resorbed the same region, because of the length of the culture period leading to the creation of pits 

within trenches and vice versa.  Consequently, the term "resorption events” is utilized here rather than 

"cavities". 

The neural network trained in the second arm of the study, provided a practical, user-friendly alternative 

for calculating resorption volume on bone slices as only post-culture slices were imaged and the amount 

of manual segmentation required was greatly reduced. The UNet-like CNN, Sensor3D, was initially 

described for organ segmentation on CT scans.241 Unlike previous approaches that processed complete 

sets of tomographic images, it operates on individual slices and considers as few as three sequential image 

slices, capturing inter-slice dependencies and learning the spatial and temporal relationships between 

them.241  

During the process of bone degradation, osteoclastic enzymes, including cathepsin K, digest type I collagen 

in the bone matrix, causing the release of bone resorption products into the bloodstream including CTX-

I, a well-established biomarker of bone resorption.71,72,115,116 The neural network volume of resorption 

correlated strongly with the levels of the CTX-I biomarker measured in the media, harvested from the 

osteoclast on bone cultures, confirming that this new method is accurately measuring resorption.   

Although toluidine blue staining of resorption on bone slices post-culture is widely used to assess 

osteoclast activity, it only captures surface resorption in 2D. The area of resorption measured may be 

misleading121 as it may also  reflect osteoclast spreading and attachment38-40 rather than actual resorptive 

activity. For example, an increased area of resorption, if in combination with decreased cavity depth, does 

not necessarily mean increased resorptive activity.38,40,122 Additionally, manual segmentation of area is 

considered to be time-consuming and prone to bias due to inter-user variations.196 Therefore, when 

analyzing bone resorption, it is ideal to consider all three factors: area, depth, and volume40 that are 

described in the study herein. The neural network volume measurements of resorption on the bone slices 
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correlated with the prior canonical area measurements, made with light microscopy on toluidine blue 

stained bone slices supporting the validity of the 3D measurements.  However, the approach is faster and 

eliminates the labor-intensive aspects associated with manual segmentation enabling a more 

comprehensive examination of the entire specimen and ensuring a more thorough analysis. 

It is acknowledged that this study has several limitations. First, we used a cubic voxel size of 3µm. Previous 

research by Tkachencko, et al. (2009) reported that images with voxel sizes exceeding 1.4 μm could 

potentially introduce errors in the detection of  smaller resorption cavities in ex vivo bone specimens. At 

the same time, Tkachencko, et al. (2009), employed  voxels with an aspect ratio not equal in all 

dimensions. By using cubic voxels in the current investigation, it allowed reliable detection of resorption 

cavities at a lower resolution and in cortical bone. Our findings indicate that resorption cavities were 

clearly visible in the images with a resolution of 3µm cubic voxel. However, it remains plausible that 

extremely small pits may have gone undetected. An additional potential limitation is that bone slices have 

physiological structural variations due to the presence of vascular channels and pores. While these 

variations present a challenge in distinguishing them from resorption cavities during image analysis, the 

utilization of deep learning enabled the detection and exclusion of these sites from the measurements.  

6. Conclusion  

Deep learning-aided feature segmentation of µCT images of bone slices, following culture with 

osteoclasts, allows exquisite characterization of osteoclast resorption and accurate measurement of total 

volume of resorption.   For example, we show that thousands of osteoclastic resorption events analyzed 

here span a broad spectrum of morphologies, rather than fit into two distinct categories. This investigation 

establishes a foundation for future investigations into equine osteoclast activity and the effects of 

medications osteoclastic resorption in vitro.  The accurate measurement of resorption volume may also 

allow the development of novel species- specific biomarkers of bone resorption.  
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7. Tables 

Table 1. Volume, maximum depth, and aspect ratio of individual resorption events for all bone surfaces 

from experiment 1 (n=424).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Volume (*103µm3)  Maximum depth (µm) Aspect ratio 

Median  
(25thpercentile;75th percentile) 

6.86  
(3.47; 25.28) 

12  
(6; 21.75) 

0.25  
(0.18; 0.35) 

Mean (± SD) 105.55 (±612.88) 19.07 (±19.59) 0.27 (±0.13) 

Range 2.35 – 9,196.31 3 - 117 0 – 0.74 

Mode 2.7 12 0.18 
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Table 2: Volume measured by CNN (Unet-like) model and corresponding archival total area of 
resorption and CTX-I data.  

 

 

 

Specimen Total volume (*103µm3) Total area (mm2) * CTX-I (nM) * 

1 16,307.38 2.59 26 

2 7,419.71 1.40 16.23 

3 33,141.74 7.49 27.29 

4 40,461.96 5.51 25.87 

5 2,624.62 0.71 15.18 

6 24,333.45 3.21 25.38 

7 104.19 0.30 6.43 

8 15,200.70 2.48 14.35 

9 1,161.54 0.22 2.46 

10 27,626.02 4.86 13.01 

11 61,428.78 9.78 43.47 

12 18,815.92 3.23 15.65 

13 36,635.49 6.88 26.57 

14 25,999.70 4.38 10.56 

15 34,442.01 7.71 31.71 

16 59,727.11 8.47 63.81 

17 66,978.60 9.03 32.7 

18 48,786.71 5.35 19.52 

19 57,360.10 7.87 23.39 

20 77,423.66 7.75 28.88 

21 61,282.14 9.48 46.16 

Mean (± SD) 34,155.31 (± 23,407.80) 5.18 (± 3.15) 24.43 (± 14.56) 

Median 
(25thpercentile;75th

percentile) 

33,141.74  
(16,307.38; 57,360.10) 

5.35  
(2.59; 7.75) 

24.39  
(15.18; 28.88) 

Min-Max 104.19 – 77,423.66 0.22-9.78 2.46 – 63.81 

*Results reported as part of a previous investigation.21 
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8.Figures  

Figure 1: Study design illustrating culture and imaging methods for the µCT characterization and quantification of 

equine osteoclast resorption on equine bone slices. 

 

Experiment 1: Characterization of equine osteoclast resorption on decellularized equine bone slices in 3D 

employing µ-CT and deep learning-aided feature segmentation. Osteoclasts were differentiated from stored 

hematopoietic stem cells derived from bone marrow aspirates of 3 donors and cultured with bone slices. The bone 

slices underwent µCT imaging pre and post culture. Site matched SEM images were obtained from selected 

specimens for comparative purposes. In addition, the bone slices were stained with toluidine blue to reveal 

resorption area and patterns for comparison. Experiment 2: Development and validation of neural network to 

measure volume of equine osteoclastic resorption on bone slices in vitro. (A)Archived data from a previous study 

was employed (Malek et. al. 2022) for volume quantification with a deep learning model. The most resorbed surfaces 

from each donor were selected for further imaging processing (n=21). (B) Deep learning model training for volume 

quantification. Training segmentation was performed with the segmentation wizard tool in Dragonfly ORS software 

(version 2022.2). The training data were zoomed 2D images of one post-C bone slices. Each 2D was separated into 4 

ROIs (bone, background, bone resorption and vessels).  A pre-trained Unet-like with depth level of 4 layers was used 

for training (Sensor3D pre-trained on ORS500Kv01).  
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Figure 2: Equine decellularized bone slices.  

 

 

 

 

 

 

Cortical bone slices were obtained from the distal third metacarpal bone cortex from a young horse at postmortem.  

Magnification of µCT image (rectangle) shows details of the normal anatomical structures of a cortical bone slice 

including vascular canals (*). osteons (**) and haversian canals (***). 

 

 

 

 

 



 81 

Figure 3: Example of pre- and post-culture (with osteoclasts) µCT images of equine bone slices.  

 

 

 

 

 

 

 

(A) 3D reconstruction of pre-culture unresorbed bone slice. The magnified image (broken rectangle) shows the 

normal anatomical structures of the bone (B) 2D cross-sectional view showing smooth, straight, unresorbed bone 

surfaces of the pre-culture bone with blood vessels (asterisk) (C) 3D reconstructions of the same bone slice post-

culture with osteoclasts for 21 days. The magnified (broken rectangle) image reveals a topographic map of bone 

resorption performed by osteoclast cells (D) 2D view at the exact same position as image B with resorption events 

easily identified (yellow arrows). Note in the post-culture scans the difference in depth between events of 

resorption.  
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Figure 4: 3D representation of resorption events and the measured parameters (volume, aspect ratio and 

maximum depth) for each specimen (A, B and C) from experiment 1. 

 

 

 

 

 

 

 

 (A) Post osteoclast culture equine bone slice with resorption events extracted from deep learning feature-aided 

segmentation color coded by volume (a) 3D representation of resorption events showing different volumes (b) 3D 

representation of aspect ratio and morphology in a segmented 3D µCT image. From left to right; example of a “pit-

like” rounded morphology resorption with an aspect ratio of 0.72 (yellow); example of an 0.48 aspect ratio resorption 

(green); example of a “trench-like” elongated morphology resorption with an aspect ratio of 0.03. (c) 2D cross-

section image showing the maximum depth of a resorption event. The total number of resorption events was 12. 

106. and 306 for specimen A, B, and C respectively which goes in accordance with the severity of resorption observed 

(mild, moderate, and severe). For each resorption events the parameters of volume, depth, and aspect ratio were 

box plotted (graphs on the right). 
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Figure 5: Figure showing specimen excluded from the study due to shaped dents that hindered image analysis.  

 

 

 

 

 

 

 

(A) 3D µCT image of the abnormal bone slice showing “pancake-like” dents (yellow arrows); (B) Cross-sectional 2D 

µCT image of the bone slice pre-culture; (C) Cross-sectional 2D µCT image of the same bone slice showing the dented 

region (yellow arrow); (D) SEM image of the same bone slice comparing the dented abnormal region (yellow arrow) 

and a normal resorption cavity (blue arrow); (E) Zoomed SEM image of the bottom surface of the abnormal dented 

region; (F) Zoomed SEM image of the bottom surface of a normal resorption cavity. 
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Figure 6: Comparison between imaging techniques employed at the exact same region.  

 

 

 

 

 

 

 

(A) µCT (B) SEM (C) Light microscopy image of a bone slice stained with toluidine blue. Note that although microscopy 

and SEM showed a better resolution when magnified, those techniques do not give any information on the 3D aspect 

of resorption cavities. µCT permitted not only a topographic map of osteoclastic bone resorption as well as the 

extraction of individual events of resorption and morphological characterization.   
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Figure 7: Portfolio of resorption events.  

 

Different resorption events extracted from one of the specimens from experiment 2 illustrating the different 

morphology and volume. The bone slice shows where each individual resorption event was located. The resorption 

events are color coded by volume from smallest (purple- *103µm3) to biggest (dark blue- *103µm3). The numbers on 

the right low corner of each resorption events are the aspect ratio. 
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Figure 8: Correlation between automated model volume of resorption on bone slices with CTX-I media biomarker 

and area of resorption.  

 

 

 

 

 

 

 

(A) CTX-I concentration per well and volume of resorption were analysed at the end of the culture. There was a 

strong positive correlation between CTX-I in the media and volume of resorption (r=0.79; p<0.0001). (B) There was 

a very strong positive correlation between volume of resorption and area of resorption (r=0.95; p<0.0001). Each 

circle represents a specimen. r, Spearman correlation coefficient. 
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Supplementary Figure 1: Retrospective analysis of prior bone slice resorption areas. 

 

 

 

 

 

 

 

 Analysis of archival data from previous investigation21 in the laboratory revealed that one side of the bone slice 

(surface 1 and 2) was always substantially more resorbed than the other. 
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Supplementary Figure 2: Creation of cropping boxes for overestimation correction.  

 

 

 

 

 

 

 

To avoid resorption overestimation, each bone slice was divided into 4 boxes (red rectangles). Each box was placed 

the closest to the resorption surface as possible (B) and the bone resorption ROI was cropped (C). 
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Chapter 3 - General discussion 
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Several interesting new findings are reported in the present study, providing basis for future research 

aimed at improving knowledge of the biology of equine osteoclast. An accurate technique integrating µCT 

imaging and deep learning-aided feature segmentation, has been implemented for the 3D 

characterization and direct volumetric measurement of discrete osteoclast resorption events on bone 

slices. In addition, an automated CNN (UNet-like) was trained for accurate measurement of resorption 

volumes on bone slices incubated with osteoclasts thereby reducing the need for manual segmentation. 

The total volumes of resorption measured correlated strongly with the biomarker of bone resorption (CTX-

I) concentrations in the culture media of the samples and also the canonical toluidine blue stained 

resorption area measurements from the same bone slices, underpinning its accuracy. This reported 

procedure can be useful for more objective future studies of osteoclastic resorption. 

Osteoclast activity is often investigated in vitro by culturing them on their natural substrates, either bone 

or dentine, to mimic best the in vivo environment. The most accessible and frequent metric of their in 

vitro activity, in the past, was the area of toluidine blue stained resorption on bone slices at the end of the 

osteoclast culture period.  However, it has been known for some time that the measurement of the 

volume of resorption on bone slices is a more accurate parameter of osteoclast activity.38 In the present 

study, µCT image registration of matching bone slices, pre and post culture with osteoclasts, combined 

with deep learning-aided feature segmentation facilitated volume measurement and yielded data on both 

2D cross-section images and in 3D enabling very detailed characterization of resorption events. 

Subsequently, a neural network was trained specifically to enable the assessment of resorption volume in 

post-cultured bone slices alone. 

Using Deep Learning helps analyze data quickly and accurately. This becomes even clearer after the 

network has been trained. Nonetheless, it's noteworthy that the arduous process of establishing an 

efficient and well-trained network demands substantial effort and diligence. In the present research, two 

different neural networks were used, and both needed extensive training.   

The discovery of new technologies and tools within the Dragonfly software prompted the creation of the 

second neural network, indicating a departure from the original plan. However, this change resulted in a 

notably more potent tool, capable of autonomously quantifying bone resorption volume using solely post-

culture bone slices. 

 

Depth of osteoclast resorption 

The assessment of the depth of osteoclast bone resorption by osteoclasts in vitro provides insight into the 

activity of osteoclasts beyond their basic adherence and spreading behavior that area measurements 
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capture.38 The measurement of depth could potentially allow evaluation of the effects  of therapies 

targeting osteoclasts and investigating the mechanisms involved in bone remodeling processes as it has 

been shown that different resorption behaviours are linked to different resorption depth.30 Resorption 

cavity depths have been measured using SEM stereophotogrammetry and mean (± SD) maximum depth 

values varying from 1.96 (± 0.12) to 2.5µm (± 0.18) were detected when chick osteoclasts were grown on 

dentine slices for 24 hours.234 Additionally, when murine osteoclasts were cultured on bovine bone slices 

for a much longer period of 14 days, a similar median (25th percentile; 75th percentile) maximum 

resorption depth of 1.4µm (1.0; 2.0) was measured applying the same technique.235 In contrast, vertical 

scanning profilometry, that allows an assessment of a 3D surface profile of a substrate, detected greater 

mean resorption depths of 29.7µm (± 4.3) when human osteoclasts were cultured on dentine slices but 

for even greater cultures periods of 21 days.236 For comparative purposes, the mean maximum depth 

measured in this study using µCT was 19µm (± 19.59), which aligns with the findings of the previous 

investigation conducted by Mabilleau, et al. (2012). However, in light of the skewed distribution of the 

data, the median (12µm) and mode values (12µm) were deemed to be a more accurate depiction of the 

overall dataset.  The apparent discrepancy in the parameter measurements among the aforementioned 

reports may be explained by variations in culture periods, species, and the substrates investigated.  

In order to assess the resemblance of these in vitro events to real-life resorption, it is valuable to compare 

the depth values with those derived from ex vivo specimens. Fluorescence-based serial milling of vertebral 

cancellous bone specimens from healthy elderly humans revealed median maximum resorption depths of 

26.3µm with a range from 4.9 to 116.7 μm,220 a strikingly similar  range to the current study (3 – 117µm), 

underpinning that the in vitro model replicates in vivo resorption events and measurement techniques. 

Furthermore, the mean maximum resorption depth of 14.8µm (± 2.56) previously measured in rat 

vertebrae237 using the same techniques was similar to the median (12µm) and mode (12µm) recorded in 

the current study.  

 

Volume of osteoclast resorption-individual resorption events 

While depth measurements are informative of the type of osteoclast activity, the measurement of the 

resorption volume is the ideal measure of osteoclast activity on bone slices in vitro for comparative 

studies.  Although the volume of discrete or individual resorption events on bone or dentine slices has 

been illustrated in the past by stereophotogrammetric SEM234,238 and confocal microscopy,217,239 there is 

sparse information in the scientific literature on their actual measured volumes.  Mean volumes varying 

from 0.98 up to 4.59 *103µm3 were measured using stereophotogrammetric SEM for osteoclasts from a 
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variety species (rat, chick, and rabbit) grown on dentine slices for 24h.123 Although a mean resorption 

event volume of 2.45*103µm3 was also measured using confocal microscopy when chick osteoclasts were 

cultured on dentine slices for 24h,240 the median volume was lower (0.85*103µm3) when they were 

cultured on equine metacarpal bone slices for 20h.107  The mean volume of individual resorption events 

of human osteoclasts cultured on dentine slices for 21 days was much greater (57.3 ± 15.6 *103µm3) when 

measured with vertical scanning profilometry.236 Despite the fact that the current investigation allowed 

the measurement of similar mean resorption events volumes (105.55 ± 612.88 *103µm) to the latter, 

because of the skewed nature of the data, the median (25th percentile; 75th percentile) value 6.86*103µm 

(3.47; 25.28) was again considered to reflect the overall data better.  The mean resorption volume (614.16 

± 311.93 *103µm3) of natural resorption cavities in cancellous bone from elderly human vertebrae using 

fluorescence-based serial milling220 was higher than that measured in the current study (105.55 ± 612.88 

*103µm).  On the other hand, the mean resorption cavity volume measured in rat vertebral cancellous 

bone was 36.50 ± 5. 35 *103µm3 using the same technique237 and closer to that was measured herein.  

 

Total volume of osteoclast resorption on bone slices   

The measurement of the total volume of resorption of the complete surface of the bone slice is an 

additional parameter to consider when comparing factors influencing osteoclast activity in vitro. However, 

only a limited number of studies have been able to successfully incorporate this parameter. The bone 

slices in the present study were approximately uniform in size, but there was a substantial variability in 

the mean total volume of resorption per bone slice (34,155.31 ± 23,407.80 *103µm3) indicating a high level 

of heterogeneity and sensitivity in the resorption experiments.   

Previous in vitro techniques for measuring the depth and volume of resorption on bone slices have several 

limitations, such as the requirement for sample preparation, sophisticated equipment, and a researcher’s 

expertise. Additionally, when measuring depth, some of the techniques failed to consider the morphology 

of the resorption cavities in directions other than the observed plane.220 This reported approach using µCT 

imaging of bone slices and deep learning-aided feature segmentation in the current study overcame these 

limitations. Our method involved minimal sample preparation and generated multiple cross-sectional 

images that facilitated the visualization and precise measurement of resorption depth and volume using 

an automated technique and is a user-friendly alternative for measuring the maximum depth of the entire 

bone slice sample. 

 

Analysis of the morphology of individual osteoclast resorption events 
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In addition to the depth and volume of osteoclast resorption on bone slices, the assessment of the shape 

and form of the cavities they sculpt in the bone substrate can provide information as to the state of their 

activity.  Recent investigations characterized osteoclast resorption cavity morphology on bone slices30,34,82 

and ex vivo30 by classifying them as being  of two distinct types, either "pits" or "trenches", using time-

lapse recording in combination with confocal microscopy,34,82 and SEM.30 The pit mode are rounded-

shaped resorptions characterized by short-term active bone breakdown that is interrupted by migration 

periods. The trench mode on the other hand reflects a more aggressive form of resorption combined with 

osteoclast migration, being deeper,30 longer, and faster.82 In the present investigation, although both pits 

and trenches were observed, the majority of resorption events could not be easily classified into these 2 

discrete categories but were rather combinations of both. This observation is in agreement with Hefti, et 

al. (2010) who observed three different types of resorption, namely resorption pits, trails and dense areas 

of resorption where no distinction of patter was possible when mouse osteoclasts were cultured on 

bovine bone slices for 14 days and imaged with SEM. It is important to note that they elected to exclude 

these densely resorbed areas from their analysis because of the difficulty of doing so. Herein, it is 

proposed that resorption cavities should be classified along a spectrum of shapes that more accurately 

reflect osteoclast activity, rather than simply pits and trenches.  It is also possible that different osteoclasts 

may have resorbed the same region, because of the length of the culture period leading to the creation 

of pits within trenches and vice versa. Consequently, the term "resorption events” is utilized here rather 

than "cavities". 

 

Deep learning segmentation of osteoclast resorption on bone slices 

The neural network trained in the second arm of the study, provided a practical, user-friendly alternative 

for calculating resorption volume on bone slices as only post-culture slices were imaged and the amount 

of manual segmentation required was greatly reduced. The UNet-like CNN, Sensor3D, was initially 

described for organ segmentation on CT scans.241 Unlike previous approaches that processed complete 

sets of tomographic images, it operates on individual slices and considers as few as three sequential image 

slices, capturing inter-slice dependencies and learning the spatial and temporal relationships between 

them.241  

Comparisons of the deep learning segmentation of  osteoclast resorption with classical parameters of 

resorption: CTX-I biomarker and toluidine blue area measurements 

During the process of bone degradation, osteoclastic enzymes, including cathepsin K, digest type I collagen 

in the bone matrix, causing the release of bone resorption products into the bloodstream including CTX-
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I, a well-established biomarker of bone resorption.71,72,115,116 The neural network volume of resorption 

correlated strongly with the levels of the CTX-I biomarker measured in the media, harvested from the 

osteoclast on bone cultures, confirming that this new method is accurately measuring resorption.   

Although toluidine blue staining of resorption on bone slices post-culture is widely used to assess 

osteoclast activity, it only captures surface resorption in 2D. The area of resorption measured may be 

misleading121 as it may also  reflect osteoclast spreading and attachment rather than actual resorptive 

activity.38-40 For example, an increased area of resorption, if in combination with decreased cavity depth, 

does not necessarily mean increased resorptive activity.38,40,122 Additionally, manual segmentation of area 

is considered to be time-consuming and prone to bias due to inter-user variations.196  Therefore, when 

analyzing bone resorption, it is ideal to consider all three factors: area, depth, and volume40 that are 

described in the study herein. The neural network volume measurements of resorption on the bone slices 

correlated with the prior canonical area measurements, made with light microscopy on toluidine blue 

stained bone slices supporting the validity of the 3D measurements.  However, the approach is faster and 

eliminates the labor-intensive aspects associated with manual segmentation enabling a more 

comprehensive examination of the entire specimen and ensuring a more thorough analysis. 

One bone slice had atypical sandpit-like depressions, not described previously to our knowledge. SEM 

imaging of this specimen revealed that the deep regions of these depressions exhibited a characteristic 

roughness not observed in the resorption cavities, observed in the majority of specimens. As all specimens 

were cultured under identical conditions, these atypical depressions are likely indicative of an unusual 

type of resorption or potential unexplained artifacts.  

 

Study limitations 

It is acknowledged that this study has several limitations. Firstly, the use of a cubic voxel size of 3µm in 

µCT imaging may introduce limitations in the detection of smaller resorption cavities. Previous research 

by Tkachenck, et al. (2009) reported that images with voxel sizes exceeding 1.4 μm could potentially 

introduce errors in the detection of  smaller resorption cavities in ex vivo bone specimens. At the same 

time, Tkachenko, et al. (2009), employed  voxels with an aspect ratio not equal in all dimensions. By using 

cubic voxels in the current investigation, it allowed reliable detection of resorption cavities in cortical bone 

indicating that resorption cavities were clearly visible in the images with a resolution of 3µm cubic voxel. 

However, it remains plausible that extremely small pits may have gone undetected. Another potential 

limitation of this study is the presence of physiological structural variations in the bone slices, such as 

vascular channels and pores. These structural variations can pose challenges in accurately distinguishing 
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them from true resorption cavities during image analysis. However, the implementation of deep learning 

techniques in the form of feature segmentation enabled the detection and exclusion of these sites from 

the measurements. It is important to recognize these limitations and consider their potential implications 

on the results and interpretations of the study. Further investigations could explore the use of smaller 

voxel sizes to enhance the detection of smaller resorption cavities and improve the resolution of µCT 

imaging. Additionally, efforts to refine the deep learning model for more accurate discrimination between 

true resorption cavities and physiological structural variations could enhance the reliability of the 

measurements. 

 

The findings of this study provide valuable and significant insights into the detection and quantification of 

osteoclast bone resorption by incorporating µCT imaging and deep learning-aided feature segmentation 

techniques. This non-destructive approach not only enhances our understanding of osteoclast activity but 

also lays a strong foundation for numerous future possibilities in osteoclast research. 

One promising avenue that will be facilitated by this technique is the evaluation of different medications 

commonly administered intra-articularly in equine veterinary medicine, such as corticosteroids, allowing 

researchers to assess their effects on osteoclast activity in vitro at clinically relevant doses and 

consequently any adverse effects on the equine athlete’s skeleton. Furthermore, it provides an 

opportunity to delve deeper into the volume and three-dimensional aspects of osteoclast bone 

resorption. These insights and analysis empower researchers to acquire a more comprehensive 

comprehension of the spatial distribution, patterns, and intricacies involved in bone resorption, as well as 

factors that influence the delicate equilibrium between bone resorption and bone formation. These 

discoveries could potentially pave the way for developing innovative tools, including a precise bone 

resorption biomarker, specifically for horses, aimed at identifying early imbalances in bone health. This 

preventive approach could enable us to make timely modifications to racehorse training routines, 

potentially reducing the risk of severe injuries.  
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Conclusion 
Accurately quantifying and characterizing bone resorption by osteoclasts poses significant challenges. 

Traditional 2D resorption area measurements have limitations, often providing oversimplified 

representations. Several 3D methods have been explored; however, they have their own restrictions in 

terms of resolution, destructive nature, and sample preparation requirements. High-resolution µCT has 

provided a non-destructive and accessible means of examining bone microstructure, prompting its 

exploration for the detection and quantification of bone resorption on bone slices. 

The application of deep learning-aided feature segmentation on µCT images of bone slices cultured with 

osteoclasts offers a powerful and precise method for characterizing osteoclast resorption and accurately 

measuring the total volume of resorption. This study paves the way for more extensive and accurate 

investigations into factors that influence equine osteoclast resorption in vitro, including the effects of 

medications such as corticosteroids and bisphosphonates. Understanding how these medications impact 

osteoclast activity can provide valuable insights into their efficacy and potential side effects. 

Future investigations are essential to expand our understanding of equine osteoclast activity and the 

factors that influence it. By accurately measuring the resorption volume using this technique, it becomes 

possible to further explore species-specific biomarkers of bone resorption. This advancement has 

significant implications for equine health and welfare, as it aids on the identification of specific biomarkers 

that can be used to assess osteoclast activity in horses. Such biomarkers may have the potential to serve 

as early indicators of bone resorption, aiding in the screening and prevention of fatal fractures in 

racehorses. 
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