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ABSTRACT  

 

The adult skeleton is continuously renewed by the bone remodeling process, which is 

carried out by coupled and balanced activities, localized in time and space, via cellular groupings 

known as basic multicellular units (BMUs). In cortical bone, a BMU is depicted as a cutting cone 

of osteoclasts in the front resorbing bone, followed by a reversal phase, and then a closing cone 

lined by osteoblasts behind forming new bone. Any imbalance in this sequence of events can lead 

to bone diseases such as osteoporosis. Although it is well known that many factors affect BMU 

activity and contribute to osteoporosis, little is known about BMU dynamic spatio-temporal 

regulation. The rate of BMU progression, their longitudinal erosion rate (LER) is a key example 

of where knowledge is lacking. LER has only been inferred by 2D (histological) double-labeling 

techniques based on remodeling in a steady state where the cutting cone advance is equal to that 

of the closing cone. If these spatio-temporal relationships are valid and constant, increasing the 

bone formation rate, as observed with recombinant parathyroid hormone (PTH), an anabolic 

treatment for osteoporosis, would concomitantly elevate LER. The present study utilizes a new 

methodology to explore whether the increased cortical remodeling activity induced by PTH, 

including accelerated bone formation, leads to an elevated LER. BMU progression was 

manipulated via different dosing regimens: PTH and PTH withdrawal (PTHW). It was 

hypothesized that LER would be higher during active dosing. After 14 days of PTH dosing, rabbit 

distal right tibiae were imaged in vivo by synchrotron-based phase-contrast micro-CT. For the 

following 14 days, the PTH group received the same treatment while the PTHW group was 

administered saline. At 28 days, the rabbits were then euthanized, and the tibiae were imaged ex 

vivo by micro-CT. The in vivo and ex vivo right limb data sets were then registered, and LER was 

measured as the distance traversed by BMU cutting cones divided by 14 days. A total of 638 BMUs 

were assessed. Counter to the hypothesis, LER was lower in the PTH (34.61 µm/day) compared 

with the PTHW (39.37 µm/day; p < 0.01) group. Slower BMU progression suggests that PTH has 

an important role in enhancing coupling both by increasing bone formation and slowing the 

advance of bone resorption within BMUs. This novel insight into BMU dynamics indicates that 

further investigation into LER modulation is warranted, with potential implications for combatting 

remodeling-related disease, improving treatment, and potentially reducing drug side effects. 
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CHAPTER 1.  Introduction 

 

1.1. Introduction 

 

Osteoporosis is characterized by bone tissue deterioration and decreased bone mass, 

leading to reduced bone strength and increased susceptibility to fracture.(1) Bone deterioration can 

occur over several years without presenting any symptoms, which is why osteoporosis is also 

known as the “silent thief”.(2) According to Osteoporosis Canada, two million Canadians aged ≥ 

50 years are affected by osteoporosis, and at least one in three women and one in five men will 

break a bone due to the disease.(2) Osteoporosis-related fractures, especially fractures of the hip, 

are associated with disability, mortality, and a high treatment cost.(3,4) An estimated 22% of 

Canadian women and 33% of Canadian men die in their first year after a hip fracture.(2,4) The 

number of Canadians aged ≥ 65 years is expected to grow rapidly over the next decade, reaching 

as high as 25% of the population by 2036.(4) As Canadians age, the number of osteoporotic 

fractures is expected to increase; in 2014, the annual cost of osteoporosis in Canada was already 

estimated at over $4.6 billion CAD.(4) Bone is a living tissue that is constantly being resorbed and 

replaced. Osteoporosis occurs when the replacement of new bone at the microstructural level does 

not keep up with the resorption of old bone. 

At the macrostructure level, bone is classified by two types of tissue: cortical bone (or 

compacta) and trabecular bone (or spongiosa). About 80% of total bone mass is cortical bone, 

which forms the outer wall of all bones. The remaining 20% of the bone mass is trabecular bone, 

which is found mainly in the bones of the axial skeleton and within the ends of long bones.(5) In 

healthy adults, cortical and trabecular bone are continuously renewed at the microstructural level 

to maintain their structure and integrity by a process known as bone remodeling. Remodeling 

occurs on any of the four bone surfaces/envelopes—periosteal, endocortical, intracortical, and 

trabecular (Figure 1.1)—and it is carried out by intricate arrangements of cells, referred to by  

Frost as basic multicellular units (BMUs).(6) In remodeling of the intracortical envelope (the 

focus of this thesis) a BMU initiates within a Haversian or Volkmann’s canal.(7)
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Figure 1.1. Bone anatomy. Diagram showing cortical and trabecular bone with the four bone surfaces/envelopes: periosteal, 

intracortical, endocortical, and trabecular. Illustration created by Gabriela Machado. 
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BMU’s morphology is an elongated cylindrical structure comprising a cutting cone of osteoclasts 

in the front resorbing bone matrix, followed by a reversal phase, and then a closing cone lined by 

osteoblasts behind forming new bone. The remaining space in the cavity is occupied by connective 

tissue, blood vessels, and nerves (Figure 1.2).(7) The final product of an intracortical remodeling 

event is a secondary osteon, a structure composed of concentric layers of bone enclosed by a 

cement line and surrounding a central canal, collectively also referred to as a Haversian system. 

Alternatively, primary osteons form directly during bone development and growth (modeling, 

discussed in Chapter 2) and therefore, have no cement line. In trabecular, endocortical, and 

periosteal remodeling no blood vessels are incorporated and the final product is called a 

hemiosteon.(7,8) This thesis focuses on remodeling and, specifically, that occurring within cortical 

bone.  

The process of remodeling consists of four sequential and distinct phases of cellular events: 

activation, resorption, reversal, and formation. This is often referred to as the remodeling 

cycle.(9,10) The activation phase is the first stage of bone remodeling, and it involves the detection 

of an initiating signal. This signal can take different forms, such as direct mechanical strain on the 

bone, which leads to structural damage, or hormonal effects (e.g., estrogen or parathyroid 

hormone) on bone cells.(9) Once there is a remodeling signal, osteoclast precursors are attracted to 

the bone surface, followed by differentiation and fusion to become fully functional osteoclasts. As 

soon as mature osteoclasts are present, bone-lining cells retract from the bone surface to expose 

the mineralized matrix. This appears to be an active process, and it is stimulated either by 

osteoclasts themselves as they approach the surface or by the same signal that initiated 

remodeling.(9) Without retraction of the bone-lining cells, osteoclasts cannot bind to the bone and 

begin resorption.(10,11) In the resorption phase, osteoclasts actively break down bone tissue by 

dissolving mineral and degrading collagen fibrils. As resorption proceeds, new osteoclasts are 

recruited to the remodeling site to either support existing osteoclasts or replace those that die. Once 

osteoclasts have finished resorbing bone, the remaining collagen fibrils on the exposed surface 

must be removed.(10) This is the beginning of the reversal phase, which is currently thought to be 

done by a specialized form of bone lining cells, known as reversal cells.(12) If the collagen fibril 

fragments are not removed, bone formation by osteoblasts does not proceed.(11) 
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Figure 1.2. A diagram of a basic multicellular unit (BMU) in cortical remodeling. Illustration 

created by Gabriela Machado. 
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These reversal cells, which cover most eroded surfaces, are also thought to deposit a thin layer of 

new bone matrix (the cement or reversal line). This clear histologic feature delineates Haversian  

systems’ boundaries from the surrounding older matrix.(12) During the formation phase, 

osteoblasts create a nonmineralized organic matrix (osteoid) consisting mainly of type I collagen 

fibers which serve as a template for inorganic hydroxyapatite crystals. The osteoblasts involved in 

bone formation experience one of three fates. The majority (90%) die as a result of apoptosis and 

may be replaced by new osteoblasts if local formation is still needed. Another portion of 

osteoblasts will be incorporated into the osteoid matrix and eventually become osteocytes 

embedded within lacunae. Finally, the osteoblasts left over at the end of the formation phase may 

remain on the bone’s surface as inactive bone lining cells. These bone lining cells retain the ability 

to be activated and to start producing bone matrix again. At the end of a bone remodeling cycle, 

the new bone matrix will continue to mineralize over time.(10,11) 

In healthy individuals, resorption, reversal, and formation are always coupled and 

balanced.(10) Coupling refers to the coordination of activities in time and space of osteoclasts and 

osteoblasts in each BMU, whereas balance refers to the amount of bone tissue resorbed and formed 

by a BMU. Any imbalance between resorption and formation (with a reduction in the volume of 

bone formed, an increase in the volume of bone resorbed, or both) disturbs the harmony of BMUs. 

Such disturbances are the root cause of osteoporosis. 

Osteoporosis is traditionally categorized into primary (type I and type II) and secondary 

forms.(1) Primary type I osteoporosis (or postmenopausal osteoporosis) is a common bone 

disorder in postmenopausal women and is caused by estrogen deficiency resulting from 

menopause. Estrogen affects osteoclasts, osteoblasts, and osteocytes, and estrogen deficiency leads 

to an increased bone remodeling rate and an imbalance between bone formation and bone 

resorption. These changes in bone remodeling balance affect both trabecular bone (e.g., thinning 

and loss of trabeculae) and cortical bone (e.g., cortical thinning and increased porosity).(13) On the 

other hand, primary type II osteoporosis (also known as senile osteoporosis) is associated with 

aging in both women and men.(1) It is caused by decreased bone formation by aging bone cells.(13) 

Secondary osteoporosis is defined as a bone disorder that is a secondary complication of an 

underlying medical condition, immobility, or adverse results of therapeutic interventions such as 

the use of glucocorticoids to treat specific diseases.(1) Glucocorticoids induce bone loss via 

osteoblast suppression, and by stimulating osteoclastogenesis, and consequently cause uncoupling 
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between resorption and formation.(14) Osteoporosis therapy is divided into antiresorptive and 

anabolic agents.(15,16) Antiresorptive agents such as bisphosphonates and denosumab are widely 

used to treat osteoporosis. Bisphosphonates, which are the most prescribed antiresorptive agents, 

inactivate and promote osteoclasts apoptosis, inhibiting bone resorption and increasing bone 

mineral density (BMD).(17) Denosumab is a fully human monoclonal antibody that binds to the 

receptor activator of nuclear factor-κB ligand (RANKL). RANKL is essential for osteoclast 

differentiation, activation, and survival. Therefore, Denosumab suppresses the development, 

activation, and survival of osteoclasts.(17,18) In BMUs, however, resorption and formation are 

coupled; therefore, suppressing resorption also suppresses formation. Consequently, the increased 

BMD occurs as a result of the mineralization of the existing bone and not by an increase in bone 

formation; thus, antiresorptive agents cannot reverse the bone tissue deterioration that is a 

characteristic of the disease.(16) On the other hand, anabolic agents act on osteoblasts increasing 

new bone formation. Teriparatide, which is a parathyroid hormone (PTH) analogue that consists 

of the first 34 amino acids, is the first anabolic medication approved to treat osteoporosis.(15) PTH 

has a profound effect on the skeleton at the tissue level. Elevated circulating levels of PTH can 

generate both catabolic and anabolic effects in bone, depending on the temporal profile of its 

increase.(19) Continuous elevation in PTH, as in primary and secondary hyperparathyroidism, 

increases the rate of remodeling and can result in bone loss. On the other hand, daily administration 

of recombinant PTH has shown to improve both cortical and trabecular bone in osteoporotic 

patients.(20,21) Teriparatide administration used to be limited to two years to treat osteoporosis, as 

this agent was associated with the occurrence of osteosarcoma in rats exposed to a high dose of 

PTH over a two-year period.(22) However, in November 2020, the US Food and Drug 

Administration (FDA) removed the two years lifetime treatment limitation.(23) 

The ideal therapy for patients with osteoporosis, or those at risk of developing the disease, 

must aim to improve coupling and balance between resorption and formation within individual 

BMUs. However, little is known about the spatio-temporal regulation of a BMU. Although it 

is well known that many factors affect BMU activity and contribute to osteoporosis, it is not well 

established how these factors impact the precise mode of a BMU advance in three-dimensional 

(3D) space over time (or four-dimensional - 4D). Modulation of remodeling, rather than 

elimination (as achieved by antiresorptive agents), represents a better strategy to prevent and 

potentially reverse osteoporosis. If BMUs can be closely coupled with balanced resorption and 

https://www-sciencedirect-com.cyber.usask.ca/topics/medicine-and-dentistry/osteosarcoma
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formation, slowed in their progression, and spatially constrained to avoid coalescence into large 

pores, then bone tissue can be more safely preserved and even improved, reducing the risk of 

osteoporotic fractures. To reach this goal, it is necessary to advance our fundamental understanding 

of BMU spatio-temporal regulation. Only a few studies in the literature from the 1970s(24–26) and 

80s(7) that have inferred the rate of progression of BMUs, defined as longitudinal erosion rate 

(LER), in dogs by 2D (histological) double-labeling techniques. In these classical studies, LER 

was calculated assuming that the advance of the cutting cone (unmeasurable) matched the advance 

of the closing cone (measurable by 2D histology). If such a relationship is valid and constant, then 

an increase in bone formation as observed with anabolic agents such as PTH,(27–30) for example, 

would concomitantly elevate LER. However, the direct measurement of LER in 3D space over 

time has been beyond reach for several reasons, including the small scale of cortical pores in 

clinical and preclinical models, and the high radiation dose necessary to detect them.(31,32) Another 

limitation is regarding a suitable preclinical (animal) model that exhibits cortical remodeling.  

In clinical studies, high-resolution peripheral quantitative computed tomography (HR-

pQCT) is the most advanced imaging method for assessing 3D microarchitecture and BMD in 

cortical and trabecular bone of the distal radius and tibia.(33) This modality has a nominal resolution 

(or standard isotropic voxel size) of 82 µm, and 61 µm in the second-generation scanners. 

However, the actual spatial resolution of the reconstructed images ranges from 92.5 to 154 µm 

(depending on the scanner generation); that said, both nominal resolutions limit this modality to 

image only the largest cortical pores (≥ 100 µm).(31,34) Another issue is that to measure LER, one 

would have to scan a patient twice in relatively quick succession, exposing the patient to two times 

the radiation dose. In vivo high-resolution X-ray microtomography (micro-CT) is well suited to 

provide 3D visualization of cortical bone microarchitecture, and it has the potential, from a 

resolution perspective, to directly measure LER accurately.(35) However, similar to HR-pQCT, a 

problem in acquiring LER in vivo with micro-CT is that the technique is based on absorption of 

X-rays and is directly related to radiation dose. For example, increasing the micro-CT image 

resolution by a factor of two increases the radiation dose by a factor of 16.(36) Even if one considers 

using an animal model to study LER, the relationship between resolution and radiation dose 

complicates in vivo imaging not only because it can be harmful to the animals, but also because it 

can potentially alter bone structure by altering BMU activities.(31) To overcome these 

resolution/radiation dose challenges, our group has been using synchrotron-based phase-
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contrast micro-CT at an equivalent radiation dose of 2–3 Gy (~1–3 Gy being commonly used in 

laboratory micro-CT systems) to image cortical bone porosity.(32) In this technique, contrast is 

generated through the refractive index variations within the interface of bone tissue and pores, 

which allows in vivo images with high resolution/contrast to be acquired without the expense of 

radiation dose.(32) The Canadian Light Source (CLS) is located on the University of Saskatchewan 

campus and plays a central role in this thesis project. Combining the use of synchrotron-based 

micro-CT imaging, with an appropriate animal model, can enable in vivo observation of 

BMU activity in 3D over time and the direct tracking of LER.(37) 

The ovariectomized rat is commonly used in experimental animal models for 

postmenopausal osteoporosis studies. However, it has several disadvantages, such as the failure to 

achieve true skeletal maturity (closure of the growth plates) and the low rate (or even absence) of 

remodeling in cortical bone.(38) These conditions limit the use of rats for the assessment of new 

treatments for osteoporosis, which require exploration of BMU dynamics in cortical bone 

remodeling. Rabbits are one of the smallest animal models that form Haversian systems by 

intracortical remodeling and reach skeletally maturity between six and nine months, when long 

bone growth plate closure occurs.(30,39,40) Despite the advantages of the rabbit model, it remains 

challenging to observe remodeling events in cortical bone because remodeling rates tend to be 

lower than those observed in trabecular bone. For a cortical bone model to be experimentally 

effective there is a need to boost the activation phase to increase the number of BMUs available 

for study within a given bone.(27) A recent study carried out by our group compared rabbit-based 

models of osteoporosis (ovariectomy [OVX], sham OVX control [SHAM], glucocorticoids [GC], 

and OVX+GC) with a PTH rabbit model.(27) The results showed that cortical porosity was 

substantially elevated in PTH rabbits relative to all other models of osteoporosis, and this was 

associated with increased remodeling rate and cortical pore size (Figure 1.3). PTH also increased 

periosteal and endosteal bone formation and osteonal mineral apposition rate (On.MAR) at the 

intracortical surface. On the other hand, our study also showed that PTH increased bone volume 

fraction (BV/TV) and trabecular number (Tb.N), whereas a pattern of loss was observed for the 

other groups (Figure 1.4).(27) 
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Figure 1.3. 3D micro-CT of cortical bone tibia in rabbit-based models of osteoporosis (ovariectomy [OVX], sham OVX control 

[SHAM], glucocorticoids [GC], and OVX+GC) and PTH, with cortical porosity highlighted in yellow. Image from Harrison et al.(27) 

with copyright permission to use. 



10 
 

 

Figure 1.4. A: 3D reconstructed images of epiphyseal subchondral trabecular bone structure in rabbit-based models of osteoporosis 

(ovariectomy [OVX], sham OVX control [SHAM], glucocorticoids [GC], and OVX+GC) and PTH. Trabecular bone is highlighted 

in yellow. B-E: Trabecular bone histomorphometric quantification by micro-CT, where: BV/TV = bone volume fraction, Tb.Th = 

trabecular thickness, Tb.Sp =  trabecular separation, and Tb.N = trabecular number. Image from Harrison et al.(27) with copyright 

permission to use. 
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These intriguing PTH-driven effects, catabolic in cortical bone and anabolic in trabecular bone, 

can be interpreted by the fact that PTH increases the rate of remodeling by the creation of new 

BMUs and by the rate of formative activities. However, it is unknown how PTH affects spatio-

temporal BMU regulation, warranting further investigation. As mentioned above, teriparatide 

therapy is limited to two years to treat osteoporosis, as this agent is associated with the occurrence 

of osteosarcoma.(22) Additionally, there is no consensus in the literature regarding the immediate 

effects of PTH withdrawal on bone. A clinical study showed a degree of bone loss at the spine in 

postmenopausal women after teriparatide discontinuation, whereas another study showed a 

sustained reduction in vertebral fracture risk in postmenopausal women after 18 months of 

teriparatide interruption.(41,42) . In this thesis, the clinical withdrawal of PTH treatment will not be 

explored. However, it is of great clinical relevance to obtain information on how PTH impacts 

LER, which could be applied to developing efficient osteoporosis therapies that improve long-

term use and limit adverse effects related to discontinuation. 

 

1.2. Objective and Thesis Organization 

 

A principal research goal in our group is to develop an imaging model capable of tracking 

remodeling events in 4D (3D over time). Currently, these efforts focus on using rabbits as our 

animal model and longitudinal synchrotron-based phase-contrast imaging to track BMUs.(37) This 

novel approach yields new insights into how BMU spatio-temporal behavior contributes to the 

bone tissue alterations observed in osteoporosis and, ultimately, will provide a platform for 

improving existing therapies and developing new ones. In this thesis, I investigate the spatio-

temporal behavior of BMUs in cortical bone of PTH-dosed rabbits. PTH is well known to have 

anabolic action on bone. Therefore, an increase in bone formation by PTH should also increase 

LER advancement, based on the classical studies. Specifically, I manipulate BMU behavior via 

different dosing regimens - PTH and PTH withdrawal (PTHW) to test the hypothesis that LER is 

higher during active dosing compared with PTHW.   

This thesis is structured into four chapters. Chapter 1 provides an introduction and the 

rationale regarding the problem of tracking remodeling in 4D and outlines the thesis objective. In 

Chapter 2, a literature review focused on the analysis of the dynamic activity of BMUs, the cellular 

actions of PTH in trabecular and cortical bone, and the current state of 3D cortical bone imaging 

https://www-sciencedirect-com.cyber.usask.ca/topics/medicine-and-dentistry/osteosarcoma
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is presented. Chapter 3 describes the main experiment of my thesis project. It is presented as a 

manuscript entitled “PTH Reduces Longitudinal Erosion Rate of Basic Multicellular Units During 

Cortical Bone Remodeling”. Chapter 4 consists of a summary of the overall findings and future 

directions for this research. 
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CHAPTER 2.  Literature Review 

 

2.1. Introduction 

 

In this chapter, I present an historical review of bone literature with a focus on cortical 

bone, culminating with the modern view of bone biology related to BMU remodeling. I also 

present how BMUs were quantified in the past and present and how 4D imaging of bone can 

contribute to a better understanding of BMU progression and regulation. As the objective of this 

thesis is to manipulate BMU behavior using PTH, an additional review of the cellular actions of 

this hormone in bone is presented. 

 

2.2. From the Earliest Works in Cortical Bone to BMU Remodeling 

 

For almost 350 years, bone has been the subject of research for many scientists. Antonie 

van Leeuwenhoek (1677) was the first to report the microscopic observation of cortical bone 

structures.(43) He described cortical bone as a collection of “pipes” joined together, and he drew 

what we can consider the first 3D rendering of cortical bone microstructure (Figure 2.1A).(35) In 

his observations, van Leeuwenhoek also noted the presence of pores arranged longitudinally and 

transversely. Later, in 1691, van Leeuwenhoek’s observations were confirmed by Clopton 

Havers(44) who described two types of interconnected pores providing routes to the medullary 

cavity. The longitudinal pores of cortical bone are known today as Haversian canals, in honor of 

Havers. 

At the beginning of the 19th century, the structure and disorders of bone drew the interest 

of a British surgeon called John Howship (1781-1841).(45) In 1815, Howship wrote about his 

observations of the structure and organization of bones after they attained full growth.(46) Using a 

solar microscope to analyze bone sections, he made his observations on cortical tissue of long
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bones and described longitudinal canals as having numerous lateral communications with the 

internal surface (endosteum) and with the external surface (periosteum). He also observed that the 

canals were larger than the vessels they contain. Figure 2.1 (B and C) presents Howship’s drawings 

of a longitudinal section of a cortical bone and its vascular canals. Two years later, Howship was 

in possession of a collection of diseased bones and began to study the changes that bone undergoes 

in pathological states. In his opinion, it was a subject neglected until that time.(47) He described 

that in some diseases, the longitudinal canals became uniformly larger, retaining their smooth and 

polished surfaces, whereas in other states they were less equally enlarged, and their cavities 

exhibited a rough and uneven appearance. 

 

   

(A) (B) (C) 

Figure 2.1. (A) Van Leeuwenhoek’s drawing of a cortical bone. From Leeuwenhoek (1677).(43) 

(B) Howship’s drawing of a longitudinal section of cortical bone where (a) endosteum, (b) 

periosteum and (c) Haversian canals are depicted. (C) Howship’s drawing of vascular canals (c). 

From Howship (1815).(46) 

 

More details of the structure of bone were then described by physiologists in the mid-19th 

century. In 1845, Todd and Bowmann(48) described cross sections of cortical bone as a patchwork 
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made up of Haversian systems (Haversian canals, their surrounding laminae, and their lacunae) 

linked by short laminae (referred to as interstitial laminae by Albert von Kölliker in 1850)(49) which 

occupy the spaces between the systems (Figure 2.2A). Following the work of Todd and Bowmann, 

Tomes and De Morgan in 1853 described the existence of spaces that are irregular in shape, 

corresponding to the peripheral outline of one or more Haversian systems.(49) They called them 

“Haversian spaces” (known today as resorption spaces) (Figure 2.2B). They pointed out that these 

spaces were essential to the development of Haversian systems and probably preceded the systems’ 

formation. They also demonstrated that old bone tissue is removed in a packet, and a new one is 

developed in its place. 

 

 

Figure 2.2. (A) a drawing of a cortical bone cross section showing a Haversian system (a), 

interstitial laminae (b), and a new Haversian system within an older one (c). (B) a drawing of a 

cortical bone cross section showing a Haversian or resorption space (R). Adapted from Tomes 

and De Morgan.(49) 

 

In 1862, Volkmann,(50) studying Haversian canals in a case of osteomyelitis, noted that the 

canals were considerably widened, appearing like irregular marrow spaces with toothed borders 

(the same Haversian spaces described by Tomes and De Morgan(49)) and narrowed with a varying 

caliber. He also noted that the canals were not surrounded by concentric lamellae but broke through 

the lamellae surrounding the existing blood vessels. These canals had an irregular course, most of 

them horizontal but some diagonal and longitudinal. In some cases, they were extended like a 

“snake” through the entire cortex. Haversian spaces also caught the attention of Albert von 

Kölliker,(51) who applied histological methods to a study of physiological resorption and observed 
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the presence of multinucleated giant cells, which, in 1873, he called osteoclasts (bone breakers). 

In 1877, Schwalbe(50) described the transverse perforating canals linking the periosteum to the 

Haversian system and named them Volkmann’s canals.  

At the beginning of the 20th century, it was already established that osteoblasts form bone 

and osteoclasts resorb it(52) and that physiological resorption is important in the development of 

the skeleton. Pathologic resorptions started to gain more of the attention of researchers.(50,53) In 

1930, Jaffe,(53) studying pathologic resorption in different specimens (experimental osteoporosis, 

bone tumors, and acute and inflammatory diseases), divided resorption into two processes: 

vascular and osteoclastic resorption. He reported a case of osteomyelitis and pointed out the same 

enlargement of the canals as Volkmann described in 1862. He also noted that some walls of the 

canals exhibited an indented appearance. Jaffe also described osteoclastic resorption as happening 

only in trabecular bone by a lacunar erosion (commonly known by this time as Howship’s lacunae), 

and he believed that osteoclasts did not play any role in the vascular resorptions. However, on the 

other hand, he assumed the possibility that because in some cases vascular resorption was so 

extensive that it could overshadow osteoclastic resorption in cortical bone. The cellular 

mechanisms of bone were not yet understood at that time. Jaffe’s vascular and osteoclast resorption 

theory of was then undermined by McLean and Rowland,(54) who, in 1963, pointed out the 

association of the “Haversian space” of Tomes and De Morgan(49) with the presence of the 

osteoclasts of Kölliker(51) and described that osteoclasts resorb bone cavities and extend them until 

they assume the form of tunnels, in which new Haversian systems form.  

In 1964, Johnson,(55) studying longitudinal sections of cortical bone, confirmed McLean 

and Rowland’s description and reported, for the first time, the cellular mechanisms by which a 

Haversian system is resorbed and formed. Johnson drew what he called a longitudinal and cross-

sectional sketch of cavitation and refill (Figure 2.3). He described the sequence and relationship 

as follows: 

 “The cavity is formed by a broad, shallow, cone shaped osteoclastic wave front, 

the ‘cutting cone’, containing an average of 6 osteoclasts in the plane section. 

This is followed by a zone of scattered clasts planning down the jagged edges of 

Howship’s lacunae and producing a slight further increase in diameter. The 

cutting cone is immediately followed by mesenchymal cell proliferation so that 

the spindle-shape cavity is at all times filled with connective tissue and blood 
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vessels. Finally, there is a very long, slowly closing cone of osteoblastic lamellar 

refill.” 

Johnson diagrammed eight-hour intervals across 24 hours of the radial cavitation and refill (Figure 

2.3 A, B, C = three generations of osteoclasts in the cutting cone seen in longitudinal and cross 

section; D = pause [later called reversal phase]; E, F, G = three stages of closing cone). He also 

stated that it takes 90 days to progress from E to G at the cross-sectional level and that the slope 

of the closing cone represents the same time period. Two years later, Frost(56) named the cellular 

sequence described by Johnson as the basic metabolizing unit and in 1969 renamed it basic 

multicellular unit (BMU).(6) 

 

 

Figure 2.3. Schematic representation of cavitation and refill (latter named BMU by Frost(6)) by 

Lent Johnson. Adapted from Johnson.(55) 

 

In the mid-20th century, a new era started for bone biology, and the modern concept of bone 

physiology can be attributed to Frost,(6) who, in 1969, developed a histomorphometric method to 

explore bone formational dynamics in several mammal species, including humans, using 

fluorescent tetracycline labels. With this method, Frost and coworkers were able to distinguish the 
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changes that occur in cortical bone; they also described three envelopes/surfaces: periosteal, 

Haversian (or intracortical), and endosteal. They coined the terms modeling and remodeling to 

refer to dynamic changes in bone tissue. They defined modeling as the resorptive and formative 

process that bone surfaces undergo during skeletal growth, and remodeling as the internal process 

by which bone is continually renewed by resorption and formation in the adult skeleton.(6) The 

former creates primary lamellae which may contain space that become primary osteons, whereas 

the latter creates secondary osteons. Frost divided remodeling into three fixed sequences: 

activation by an initial stimulus, resorption by osteoclasts, and formation by osteoblasts. He also 

defined remodeling as a process carried out by thousands of BMUs. It was only in the late 1970s 

that Roland Baron and colleagues, studying BMUs in the rat jaw, observed an intermediate phase 

(referred to by Johnson as a pause) between resorption and formation, which they termed the 

reversal phase.(12,57) This phase was characterized by the presence of mononucleated cells that they 

could not definitively identify as either post-osteoclasts (in the sense that they have re-emerged 

from osteoclasts in the cutting cone) or pre-osteoblasts (precursor cells to osteoblasts). Based on 

more recent discoveries, the remodeling sequence has been divided into four phases, as described 

in Chapter 1: activation, resorption, reversal, and formation. In 2013, Andersen et al. demonstrated 

that the mononucleated reversal cells are in fact osteoprogenitor cells.(58) A few years later, a 

follow-up study provided new insights into the cellular processes that occur during the reversal 

phase based on study of longitudinal sections of Haversian systems in human long bones, and they 

renamed it the reversal-resorption phase.(59) Details of this study are described in Section 2.2.2. 

 

2.2.1. LER of BMUs 

 

In the 1970s, the terms Haversian system, Volkmann’s canal, and Howship’s lacunae were 

well understood (they are still in usage today). Following Johnson’s and Frost’s work describing 

the cellular organization of BMU, more attention was given to the role of BMUs in disease states. 

In 1972, Jaworski and coworkers(60) studying cortical remodeling in adult individuals (healthy and 

diseased), noted the presence of two types of BMU resorption spaces that differed in morphology 

and mode of operation. They classified them as small and large cavities (Figure 2.4). They pointed 

out that the small cavities were outlined by Howship’s lacunae and exhibited  vascular resorption 

behavior as described by Jaffe.(53) In longitudinal section, their diameter varied between 40 and 
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105 µm (mean 64.5 µm) and in length between 135 and 275 µm (mean 221.8 µm). They also noted 

that the small cavities appeared to be more numerous in an older patient sample. Still, they could 

not make any age-related generalizations as the number of subjects was considerably small. The 

large resorption cavities were associated with secondary Haversian remodeling (BMU cutting 

cones) measuring longitudinally between 225 and 650 µm (mean 409.2 µm) in length, and between 

155 and 245 µm (mean 187.5 µm) in diameter. 

 

 

Figure 2.4. Schematic representation of the two types of BMU resorption spaces. Where on the 

top you can see a drawing of the small cavity, and on bottom the large cavity (BMU cutting 

cone). Adapted from Jaworski and co-workers.(60) 

 

With Frost’s tetracycline methodology, the mean thickness of new lamellar bone deposits 

was histologically measured directly and accurately in several mammal species.(6) On the other 

hand, the speed with which a BMU cutting cone resorbs bone could not be measured directly. 

Jaworski and Lok(24) developed a method based on tetracycline to measure bone dynamics in 

longitudinal sections of dog ribs. They labeled the bone of three dogs using two intramuscular 

injections, with a seven-day interval between them. The labels appeared in the longitudinal 

sections as two parallel bands on each side of the Haversian canal, as shown in Figure 2.5. They 

used two methods to infer the mean LER (µm/day), depicted in Figure 2.5. 

In method one, a single animal (dog #3) underwent a double biopsy one day (biopsy one) 

and again eight days (biopsy two) after the second tetracycline label. When bone biopsies were 
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taken after labeling at intervals from the same subject, the proximal end of the second label in the 

longitudinal section marked the base of the cutting cone on the day of labeling. Because of the 

continuous advance of the cutting cones, with each subsequent biopsy, the second label was found 

further behind the cutting cones and separated from them by the non-labeled osteoid (segment O 

in Figure 2.5). The mean distance Z, from the tip of the cutting cones to the second label’s proximal 

end, was measured within the two biopsies, where Z1 was from biopsy one and Z2 was from 

biopsy two. LER, the distance Y by t (Figure 2.5), was calculated as Z2-Z1/t, where t is the interval 

in days between biopsies one and two. In method two, Jaworski and Lok(24) used only a single biopsy 

(called biopsy one) that was double-labeled. The three dogs were biopsied after the second label, 

where dog #1 was biopsied at seven days, dog #3 at eight days, and dog # 2 at 11 days. They 

measured the length of the osteoid (O) formed after the second label, where O = Z – X, and divided 

it by the time interval between the second label and the biopsy day. According to method two 

(single biopsy), LER varied from 37 to 44.4 µm/days (mean 39.2 µm/day). Using methods one 

and two, the mean LERs from dog #3 were found to be very similar, with values of 36.7 µm/day 

and 37.3 µm/day, respectively. They also calculated the mean radial erosion rate (RER [µm/day]), 

that is, the mean speed with which each cutting cone enlarges from the tip to the maximal diameter 

at their base (segment D in Figure 2.5). The authors postulated that the cutting cone takes the same 

time to advance its whole length (X in Figure 2.5) as it expands laterally from the tip to its largest 

diameter. Therefore, the ratio of LER to RER must be equal to the ratio of the length of the cutting 

cone (segment X) to its radius (D/2) at the base. The mean RER was calculated as RER = (D x 

LER)/2X. Based on these calculations, the authors reported that RER varied from 6.2 to 7.8 

µm/day (mean 7.1 µm/day). 
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Figure 2.5. Schematic representation of a BMU illustrating method one and two from Jaworski 

and Lok to measure longitudinal erosion rate (LER). Where X: the length of the cutting cone, 

D: the diameter of the cutting cone, O: the length of osteoid seam after the second label, Z: the 

mean distance between the tip of cutting cones to the second label’s proximal end, and Y: the 

distance which the cutting cones traverse during the time between two biopsies. LER was 

calculated as Y/t, where Y = Z2-Z1, and t is the time between biopsy one and two. Adapted from 

Jaworski and Lok.(24) 

 

Following Jaworski and Lok,(24) Takahashi and Norimatsu(25) also quantified LER in the ribs of five 

dogs (Figure 2.6). They labeled the dogs using demethylchlortetracycline (a variant of tetracycline) injected 

daily for three days, and then, after a 17-day interval, they repeated the process. The animals were biopsied 

14 days after the second label. LER was calculated as the mean distance between L1 and L2 (where L1 and 

L2 are the lengths of bone formed on each side of the BMU, between two labels, Figure 2.6) divided by 20 

days (17-day time interval between the labels + 3 days of labelling). They considered that the mean bone-

forming distance (L1 and L2) was correlated to the mean bone-resorbing distance (where H1 and H2 are the 

distances from the tip of the cutting cone (CC) to the second label, on each side of the BMU, Figure 2.6). 

They reported LER varying between 31.7 and 44.0 µm/day (mean 38.0 µm/day). 
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Figure 2.6. Schematic representation of a BMU by Takahashi and Norimatsu.(25) Where CC: 

cutting cone, H1 and H2: lengths between the tip of the cutting cone and the end of the second 

label, L1 and L2: lengths between the ends of the first and second labels of each side, Od1 and 

Od2: diameters of the osteon at the end of the first and second labels. Adapted from Takahashi 

and Norimatsu.(25)  

 

In a third study, Jaworski and colleagues,(26) using the two methods developed by Jaworski 

and Lok,(24) measured LER and RER in uremic dogs and compared them with normal dogs. The 

length of the cutting cone and LER in the uremic dogs significantly decreased (from 310 µm to 

225 µm, and 43.61 µm/day to 27.7 µm/day, respectively). However, cutting cone diameter and 

RER were not significantly reduced (D from 125 µm to 117 µm, and RER from 9.2 µm/day to 7.7 

µm/day). They also calculated the segment Q (the length of bone deposited between the first and 

second label, Figure 2.7) and found it to be significantly decreased in uremic dogs (from 305 µm 

to 192 µm). A comparison of cutting cones from normal and uremic dogs, as well as humans, is 

shown in Figure 2.7. 
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Figure 2.7. Measurement of cutting cone length and diameter (X and D, respectively) as well 

as the length of bone deposited between the fist and second label (Q) in: a) an adult human 

(male); b) normal dog; and c) uremic dog. From Jaworski and colleagues(26) with copyright 

permission to use.  

 

In 1983, Parfitt(7) reported a very similar LER and RER for monkeys (36.7 µm/day and 6.2 

µm/day, respectively) compared with Jaworski and Lok’s(24) dogs (40 µm/day and 7 µm/day). 

However, Parfitt did not provide details about the monkey experiments, and he pointed out that the data were 

unpublished. In this work, Parfitt described what he called the “Geometric Relationship in Haversian 

Remodeling” presented in Figure 2.8, where R1, R2, and R3 are the successive positions of the cutting 

cone corresponding to the cement lines C1, C2, and C3, and H3 is the boundary of the Haversian 

canal at timepoint 3. Parfitt postulated that in the time taken for a cutting cone to advance from R1 to 

R3, which is the length of the closing cone (LFC), new bone formation in the closing cone fills the 

distance between C1 and H3 (or the wall thickness of a completed osteon). In other words, the time 

of radial closure, σr, which can be calculated from 2D cross-sectional histology using dynamic 

labels dividing the wall thickness (C1 to H3) by On.MAR, matches the time to advance a full LFC. 

Assuming all these geometric relationships are constant, LER can be calculated as LFC/σr. In other 

words, if a closing cone fills more rapidly, the cutting cone must speed up if BMU geometry 

assumption is to be maintained. Moreover, Parfitt assumed that there is no delay between 
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completion of resorption and commencement of formation, and inclusion of constant delay would 

not alter the relationships between LER and σr. 

 

  

Figure 2.8. Parfitt’s sketch of the geometric relationship in haversian remodeling. Where LER 

= LFC/σr. LFC: length of closing cone. σr: time of the radial closure. Adapted from Parfitt 1983.(7) 

 

Overall, all these classical studies based on 2D longitudinal sections are essential to our 

fundamental knowledge of BMU dynamics as we know them today. However, Jaworski and Lok’s 

method two, Takahashi and Norimatsu’s study, and Parfitt’s study were based on inferring LER 

from formation rates. They all assumed a set of geometric relationships considering the amount of 

bone formed equal to the amount of bone resorbed. Such a belief can be very problematic in 

diseases such as osteoporosis, particularly with new concepts of reversal phase arrest, and 

uncoupling between resorption and formation, in bone loss.(61) Indeed, one could argue that 

Jaworski and Lok’s method one directly measured LER from cutting cones’ advance using the 

mean values of two biopsies. However, the method suffers because LER could not be measured 

from the same BMU. With the new concepts in bone remodeling, it is crucial to know whether 

LER plays a role in BMU coupling. For example, could a lower LER improve the coupling and 

balance of BMU activities? Is a higher LER associated with uncoupling between formation and 

resorption? Another limitation in using 2D longitudinal sections to study BMUs is the difficulty 

of accurately positioning them as the sections rarely happen to be aligned parallel to the long axis 

of a BMU.(59) Ultimately, none of these methodologies has given a 3D picture of LER. These 

methodological issues led our group to explore image-based approaches to study cortical bone 

remodeling. The following section will discuss how BMUs were inferred as static in 3D serial 
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sections (histology) and the importance of 3D/4D imaging methodologies to quantify BMU 

dynamics. 

 

2.2.2. Characterization of BMUs in 3D Studies 

 

The first study of the 3D course of a Haversian system was performed by Cohen and 

Harris(62) in 1958 using the mid-femoral cortex of adult dogs. They cut bone samples into blocks 

and embedded them in celloidin. Then, they performed between 300 and 420 serial cross-sections 

(25–40 µm) and, using a phase microscope, photomicrographed each section. They then chose 

eight Haversian systems to trace and to reconstruct as a physical model by a time-consuming 

process.(62) They reported that the Haversian systems followed a spiral orientation but noted that 

this could be relevant only in the dog’s femur because the number of segments in their study was 

insufficient for a confident generalization. They also pointed out the variance in the morphology 

of Haversian systems and their distribution, which was linked to specific sites within the bone. 

In 1977, Tappen(63) studied resorption spaces in 3D and their continuation as fully 

developed Haversian systems, also using block staining and serial sectioning of decalcified long 

bone samples from dogs, baboons, and a human (male rib). By that time, the organization of BMU, 

including its resorption space, had already been described by Johnson(55) and Frost.(6) Tappen 

reported numerous features of Haversian systems and the remodeling process. For example, he 

described BMU resorption spaces as a continuum with Haversian canals and observed that they 

can tunnel in opposite directions from one another or in only one direction. Tappen recognized the 

new insights into pathological conditions that 3D serial cross-section studies could potentially 

offer clinicians compared with a single cross section or longitudinal section; however, serial 

sectioning is challenging and time consuming. Therefore, it was another 20 years before further 

work utilized this 3D approach. Robling and Stout(64) published a study in which they investigated 

drifting of BMUs in 3D. They found that a drifting BMU differs from the classic cutting and 

closing cone morphology. They also noted that drifting BMUs were more frequently observed in 

the bones of children. Ultimately, however, it was unclear to them what stimulus was involved in 

creating and guiding drifting BMUs. In the same year Stout and coworkers(65) performed a 3D 

digital analysis of Tappen’s(63) original data. Their 3D image reconstruction did not support Cohen 
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and Harris’s suggestion that Haversian systems had a spiral organization, but instead, they found 

a complex arrangement that was dominated by branching.  

Lassen and colleagues(59) performed serial longitudinal sectioning in cortical bone samples 

from the femora and fibulae of patients who underwent surgeries from coxa valga and jaw 

reconstruction. Series of 20 to 60 adjacent (3.5 µm thick) sections were then studied to capture 

remodeling events from initiation of resorption to formation as a continuum (the classic cutting 

and closing cone shape). They found that tip of the cutting cone was followed by a period during 

which both reversal cells and osteoclasts were found, which they called this the reversal-resorption 

phase. The 3D results showed that the initial cutting cone (resorption phase) was mainly engaged 

in elongating the canal (LER), whereas additional events in the reversal-resorption phase were 

involved in widening it (RER), with the majority of the diameter of the resorption space being 

created by radial expansion. They also pointed out that the formation phase was linked to the 

density of osteoprogenitor cells and that bone formation is only initiated when this threshold (at 

least 39 cells/mm) is reached. They showed that the length of the reversal-resorption phase was 

dependent on how fast osteoprogenitors were recruited to reach the threshold, and thus, the slower 

the recruitment of osteoprogenitors, the more bone was resorbed. They concluded that the newly 

recognized reversal-resorption phase plays a central role in the coupling of resorption-formation 

phases. 

Andreasen et al.,(66) using the same methodology as Lassen and colleagues,(59) studied the 

relationship between cortical vascular porosity and aging in women ranging from 16 to 78 years 

old with no evidence of metabolic diseases or drug treatment that could affect calcium metabolism. 

Their study showed that age-induced cortical porosity is related to increased pore size (widening) 

rather than increased pore density. They classified their finds into two types of pores: type I pores 

associated with remodeling events with the classic cutting closing cone tunneling into the cortex 

(creating a new pore) and type II pores associated with expansion of an existing pore (widening 

into a Haversian resorption space). They pointed out that aging and vascular porosity are associated 

with a shift from type I to type II pores. They concluded that increased cortical porosity related to 

aging results from the intracortical remodeling of existing vascular pores (type II) with an extended 

reversal-resorption phase (described by Lassen and colleagues(59)). The extension in the reversal-

resorption phase could be linked to a delay of coupling (or uncoupling) of the resorption and 

formation phases. A delay in coupling between resorption and formation would make cutting cones 
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larger than the closing cones, making the assumptions of the classic LER studies even more 

problematic.  

Although all these 3D studies have contributed to our understanding of the structural 

complexity of Haversian systems, it is important to point out that they are based on a static view 

of BMU morphology. As already described, the progression of BMUs has only been investigated 

by 2D longitudinal sections via dynamic histomorphometry of the formation phase (closing cone), 

drawing upon many assumptions. There is a gap in our knowledge regarding how BMUs are 

regulated over time, caused by the lack of efficient 3D methodologies. A better understanding of 

BMU spatio-temporal behavior can contribute to a better understanding of cortical bone 

remodeling in disease states, including osteoporosis. The methodological difficulties of 3D (serial 

section) histology ultimately led to the exploration of 3D and 4D imaging-based approaches to the 

study of cortical bone remodeling. 

 

2.3. 3D Imaging of Cortical Bone Microstructure 

 

With the advance in X-ray imaging technology in the later 1980s and beginning of the 

1990s,(67) it was possible to image isolated bone samples in 3D using non-invasive/non-destructive 

X-ray micro-CT. The development of micro-CT scanners and algorithms by Feldkamp et al.(68) 

and Kuhn et al.(69) was the key step towards the 3D quantification of osteoporotic changes in 

trabecular bone microarchitecture.(67) For commercially available micro-CT scanners at that time, 

resolutions of 30 to 15 µm were typically used, rapidly making this technology the “gold standard” 

for studying osteoporotic changes in trabecular bone.(31) Cooper and coworkers(35) in 2003, pointed 

out the importance of choosing the right scan resolution if one is interested in studying cortical 

bone with micro-CT, especially vascular porosity in 3D. The length of resorption spaces sectioned 

longitudinally in human bone varies from 225 to 650 µm,(60) but human cortical pore size varies 

considerably across age, sex, and sampling site, and many vascular pores as small as 10 µm in 

cross-sectional diameter can be present in human bone.(35) Having that in mind, they used a high-

resolution scanner (10 µm) to develop a method to quantify cortical bone microstructure in 3D 

based on the direct histomorphometric parameters from trabecular bone. Their method opened the 

door to further 3D cortical microarchitecture research.(27,35,70–77) For the study of remodeling, 

micro-CT is an excellent tool for the detection of BMU-related resorption spaces as the cutting 
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cones generally stand out from the smaller canals of completed Haversian systems (mean canal 

diameter reported in humans around 71 μm(78)). Cooper and colleagues(72) were the first to apply 

this technology to visualize the morphology of BMU-related resorption space in human cortical 

bone (Figure 2.9) and to quantify the distance transverse by it over time. The cohort studied 

included 82 human femoral midshaft samples from males and females, with ages ranging between 

18 and 92 years old. Their results showed that the distance transverse by BMU-related resorption 

spaces did not differ between sexes and ages, and the mean value was in the order of 3,770 µm.(72) 

They considered that the mean BMU range measurement obtained in their study was an 

underestimate because in many cases BMUs extended beyond the field of view of the micro-CT 

scan, and thus could not be measured along their entire length. Regarding the morphology of 

spaces, their results showed several variations, including unidirectional, bidirectional, branched, 

and even highly clustered forms as identified by Johnson in 1964. 

 

Figure 2.9. BMU-related resorption space in the cortex of a human femur. From Cooper and 

colleagues(72) with copyright permission to use. 

 

Despite micro-CT’s advantages of non-invasive/non-destructive 3D visualization, it has 

limitations. One of them is the fact that this technology remains largely limited to detecting 

porosity at the vascular level.(31) Synchrotron radiation (SR) micro-CT has many advantages over 

conventional micro-CT, such as greater flux of photons, higher brilliance, and coherence. With SR 
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it is also possible to focus the beam into a small size to visualize smaller-scale structures including 

osteocyte lacunae, microcracks, and Haversian system borders and thus their morphology.(31) 

Maggiano and coworkers used SR micro-CT to reconstruct Haversian system networks in 3D in 

human cortical bone to study aged-related changes.(79) They found two types of branching 

morphologies: lateral and dichotomous branching (Figure 2.10). The lateral branching was 

characterized by a newly formed canal that connects the Haversian canal of a previously existing 

Haversian system with adjacent tissue, where it extends through the formation of a new BMU. The 

dichotomous branching was a result of the formation of two new osteonal branches from one. 

Regarding age-related changes, their results showed that in younger individuals, transverse 

connections were most common. On the other hand, in older individuals, they found that the 

connections more frequently resulted from new Haversian systems growing inside previously 

existing systems (or the type II pores as observed by Andreasen et al.(66)). 

 

A      B  

Figure 2.10. (A) Haversian canal and its lateral branching. (B) Haversian canal with 

dichotomous branching resulting in two osteonal branches. From Maggiano and co-workers(79) 

with copyright permission to use.  
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Even though we have gained a lot of new knowledge regarding the 3D morphology of 

Haversian systems, there is still a lack of knowledge regarding BMU dynamics in 4D. To detect 

and track BMUs, one must turn to in vivo imaging. In clinical studies, high-resolution peripheral 

quantitative computed tomography (HR-pQCT) has been used for the in vivo characterization of 

human bone in 3D since its commercially availability beginning in the mid-2000s.(34) HR-pQCT 

is non-invasive, and it employs a low radiation dose for assessing bone microarchitecture in 

cortical and trabecular tissue of the distal radius and tibia. This technique uses a standard 

measurement protocol with an in-plane voxel size of 82 μm and 61 µm in first- and second-

generation scanners, respectively.(35) Whereas the reconstructed images have a voxel size of 61 to 

82 μm, the actual spatial resolution of the images ranges from 92.5 to 154 μm (130 μm near the 

center of the field of view).(80) Consequently, structures less than 100 μm in scale are not typically 

resolved. Considering that the mean canal diameter in human cortical bone varies between 56 and 

456 μm, and many cortical pores diameter are around 10 µm, this technique cannot resolve all 

canal sizes, and it is limited to the largest cortical pores.(35,70) One way to overcome this limitation 

is by increasing image resolution. However, there is a cost in terms of radiation dose. Increasing 

the scan resolution by factor of two increases the radiation dose employed by factor of 16 if image 

quality is to be maintained, with all else kept equal.(36) This limitation holds for not only the use 

of HR-pQCT in in vivo human studies but also the use of conventional micro-CT and SR micro-

CT for preclinical (animal) models, as all these techniques develop contrast based on the 

absorption of X-rays. However, because of the monochromatic capabilities of SR, it is possible to 

perform micro-CT scans based on phase contrast instead of absorption. Micro-CT images are 

based on the differences in X-ray absorption related to the sample’s internal structure that is being 

imaged; on the other hand, phase-contrast images exploit differences in the refractive index of the 

sample to differentiate the small differences in density within a sample.(81) In other words, the 

differences in refractive index of the sample will refract the X-ray photons as they pass through 

the sample and these differences can be used to generate contrast. Some examples of phase-

contrast imaging applied to biomedical studies are in-line phase-contrast imaging, diffraction-

enhanced imaging, and interferometer-based imaging.(32,81,82) The simplest of these techniques to 

implement is in-line phase, where the detection of the differences in the X-ray refractive indices 

of the sample can be optimized by altering the distance between the samples and the X-ray 

detector.(31) Our group has established the feasibility of synchrotron in-line phase-contrast micro-
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CT to image cortical porosity in rats with radiation doses comparable to those used in in vivo 

imaging of trabecular bone.(32) In this preliminary work, ex vivo imaging, and dosimetry 

measurements were employed to optimize and implement an in vivo protocol using rats as a model. 

SR micro-CT images were compared against conventional micro-CT protocols and their related 

doses (Figure 2.11). The results showed that SR micro-CT was superior in the detection of cortical 

pores without a substantial increase in dose (voxel size of 11.8 µm and radiation dose of 2.53 Gy) 

compared with the laboratory source (voxel size of 18 µm, and radiation dose of 1.2–1.5 Gy; voxel 

size of 9 µm, and radiation dose of 11.7–18.2 Gy). A second step was towards tracking of 

individual remodeling events in vivo. The first trial was performed using rat forelimbs (Figure 

2.12).(31) The two micro-CT scans were taken two weeks apart from each other, and it was possible 

to track a change in the same BMU-related resorption spaces (from image A to B [red rectangle]). 

A limitation in this study is the fact that the rats showed very little remodeling (few, if any, BMUs). 

Nevertheless, this methodology can be applied to a larger animal model than rats, such as rabbits, 

which are well known in the literature to exhibit cortical remodeling. However, for a rabbit model 

to be fully operational with many remodeling events to be studied, it is necessary to increase the 

activation of BMUs. Human PTH is well documented in increasing cortical porosity in rabbits. 

Our group has recently studied rabbit-based models of osteoporosis and compared them with a 

PTH rabbit model.(27) The results showed that cortical porosity was substantially elevated in PTH 

rabbits relative to all other rabbit-based models of osteoporosis, and this was associated with an 

increased remodeling rate and cortical pore size (Figure 1.3). 
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Figure 2.11. A) in vivo laboratory SkyScan 1176 micro-CT (18 μm, 1.2–1.5 Gy dose), (B) in 

vivo SR micro-CT (11.8 μm, 2.53 Gy dose), (C) in vivo laboratory micro-CT (SkyScan 1176; 9 

μm, 11.7–18.2 Gy dose). Image from Pratt and colleagues(32) with copyright permission to use. 

 

 

Figure 2.12. Images showing in vivo matched scans of a rat forelimb acquired with SR micro-

CT (11.8 μm, 2.53 Gy). Scan (B) was carried out two weeks after scan (A) on the same rat’s 

forelimb. Image (C) is an enlarged section of image (B) (red rectangle) displaying new 

remodeling events (red arrows). Image from Harrison and Cooper(31) with copyright permission 

to use.  
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Using the PTH rabbit model associated with longitudinal in vivo synchrotron-based phase-

contrast micro-CT, we developed an imaging model capable of directly tracking remodeling events 

in 4D (3D over time).(37) In this thesis research, I used the same PTH protocol as described in our 

previous work, where the rabbits were dosed at 30 μg/kg/day.(27) LER was assessed for 185 BMUs 

from 12 rabbits showing a mean value of 23.79 ± 1.83 µm/day. This methodology is described in 

Chapter 3 with full details. 

As mentioned in Chapter 1, in this thesis, I am using this novel approach to obtain new 

insights into how PTH affects spatio-temporal BMU regulation. In the next section, I provide 

an overview of how PTH affects cortical and trabecular bone remodeling, and more importantly, 

how PTH might affect LER as proposed in my hypothesis. 

 

2.4. Effects of PTH in Cortical and Trabecular Bone 

 

PTH, an 84-amino-acid peptide hormone (or PTH 1-84), is produced by the parathyroid 

glands and is essential for the maintenance of an appropriate calcium balance in the bloodstream, 

regulating bone remodeling.(83) At the BMU level, PTH increases the rate of remodeling as 

measured by activation frequency (Ac.f [1/mm2/yr]), in other words, the number of new BMUs 

(or remodeling events) being initiated per unit area in a given time.(27) Takahashi and coworkers(84) 

described the impact of PTH as involving first an increase in the number of osteoclasts and 

consequently an increase in the number of resorption surfaces. Because resorption and formation 

are coupled,(85) the increased bone resorption is associated with an increase in bone formation, 

which was clearly shown by the correlation between osteoclast number and the osteoblastic 

surfaces found in their study.(86) At the cellular level, PTH favors bone resorption indirectly 

through the osteoblast. First, PTH binds to its receptor, PTH receptor 1 (PTHR1), on 

stromal/osteoblastic cells and thereby increases production of the RANKL.(19,87) Second, RANKL 

binds to its receptor RANK on the hemopoietically derived pre-osteoclasts. This interaction is 

essential for osteoclast recruitment, differentiation, and activation.(19) Communication between 

RANK and RANKL can be inhibited by the decoy receptor osteoprotegerin (OPG), and thus, 

ultimately, the RANKL:OPG ratio will modulate the degree of osteoclast differentiation and 

activation. Conversely, PTH increases both osteoblast proliferation and survival, thus increasing 

bone formation.(19) By acting directly on osteoblasts and indirectly on osteoclasts(88), PTH has a 
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double effect on bone metabolism: catabolic and anabolic. The catabolic effect was first observed 

in primary hyperparathyroidism (PHPT) patients, where an individual exposed to continuously 

high amounts of circulating PTH presents with secondary osteoporosis.(19,87) In symptomatic PHPT 

patients, osteoporosis was only diagnosed in the past after a bone fracture. With the advance in the 

diagnosis of osteoporosis in the 1980s by dual-energy X-ray absorptiometry (DXA), more insights 

were possible into the skeletons of subjects with PHPT.(19) Studies were performed by measuring 

bone mineral density (BMD) at different skeletal sites and histomorphometry of biopsies from the 

iliac crest.(89) Some studies conducted in the 1980s showed a catabolic effect of PTH in cortical 

bone, with a greater reduction of BMD,(89,90) and other investigations found an equivalent or even 

greater deficit in trabecular bone.(91,92) Parisien et al.(93) conducted a histomorphometric study of 

iliac crest biopsies from 27 patients with mild PHPT. The results showed that cortical thickness 

(Ct.Th, µm) was significantly lower in PHPT patients than in controls, whereas total bone density 

(TBD, %) was not significantly different between the two groups. In trabecular bone, bone volume 

fraction (BV/TV, %) and trabecular number (Tb.N, 1/mm) were significantly higher in PHPT 

patients. Trabecular separation (Tb.Sp, µm) was significantly lower in PHPT patients than 

controls, whereas trabecular thickness (Tb.Th, µm) was not significantly different between PHPT 

patients and controls. They concluded the study by stating that PTH could have a protective effect 

on trabecular bone. Several other studies since have shown that trabecular bone microarchitecture 

is preserved in patients with mild-PHPT.(94–97) Dempster et al.(98) extended the histomorphometric 

analysis of iliac crest biopsies from patients with mild PHPT to 3D analysis using micro-CT. They 

concluded that trabecular bone microarchitecture was also preserved in patients with mild PHPT.  

The anabolic effect of PTH was first noted in 1923 by Bauer, Aub, and Albright.(99) Using 

parathyroid extract (PTE) in growing rats (8 U/day), they found an increased number of trabeculae, 

but they did not comment on the significance of the finding.(100) More convincing evidence of 

PTE’s anabolic effect was obtained by Selye(101) and Pugsley and Selye.(102) In both studies, there 

was an increased proliferation of osteoclasts and osteoblasts using a single injection of 20 U PTE 

in rats. With continuous treatment, an increase in bone tissue and decrease in the number of 

osteoclasts was observed. They also noted that the treatment with a lower dose (5 U on alternative 

days) led to proliferation of osteoblasts only. Jaffe(103) and Burros(104) also conducted studies using 

similar small doses of PTE and confirmed Selye’s results on the stimulation of osteoblasts.(100) The 

anabolic action of PTH was then confirmed in the 1970s,(100) and the first small uncontrolled 
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clinical trial (four patients) was conducted using low doses of a fragment of PTH, the first 34 

amino-terminal acid (PTH 1-34) to treat osteoporosis in postmenopausal women for six 

months.(105) The results showed increased calcium isotope incorporation in the skeleton after PTH 

(1-34) treatment. In a multicenter trial in 1980, 21 patients with osteoporosis were also treated with 

PTH (1-34; daily dose of 100 µm) for six to 24 months. They found a substantial increase in iliac 

crest BV/TV (70 % above the baseline). They concluded that the PTH fragment 1-34 could be 

useful to treat patients with crush fracture syndrome.(106) 

The paradox of the dual catabolic and anabolic actions of PTH remained a puzzle for a 

long time, until experiments using dogs and rats suggested that the difference could be related to 

the modes of PTH administration.(100) Podesek et al.(107,108) performed two separated studies using 

PTH (1-34) in dogs. Daily injections (15 U/kg/day) were compared with continuous infusions (4.5 

U/kg/day). The daily dose increased bone formation and resorption, and BV/TV in the iliac crest. 

The authors used a daily dose similar to that used in a human study,(107) where the changes in bone 

parameters were very similar to their findings.(100) Tam and coworkers(109) performed their studies 

in rats with different doses of bovine PTH (1-84) and different regimens (daily and continuous). 

With both methods of administration, bone formation surfaces were increased, but resorption was 

only increased with PTH administered continuously. They noted an increased net result in 

trabecular bone by daily injection of PTH. A low dose administered continuously maintained 

BV/TV, but the high dose caused a decrease.(100) These observations were confirmed ten years 

later by Hock and Gera.(110) They also used rats as their animal model and concluded that both 

modes of PTH administration increased bone formation, but only intermittent daily dosing of PTH 

increased bone mass consistently.(100) A definitive clinical trial was conducted in postmenopausal 

women from 99 centers in 17 countries between 1999 and 2001.(111) The 1637 patients with prior 

vertebral fractures were treated with 20 or 40 µg of PTH (1-34) by subcutaneous injections daily. 

The results showed a decrease in the risk of vertebral and nonvertebral fractures and an increase 

in femoral, vertebral, and total body BMD. Regarding the doses, they found that 40 µg increased 

BMD more than 20 µg did, but both doses had similar effects on the fracture risk. These results 

led the US Food and Drug Administration to approve PTH (1-34) for use in osteoporosis in 

November 2002.(112,113) 

The significant anabolic effects of PTH in trabecular bone were well established; however, 

its effects on cortical bone in humans were less clear. Studies in osteoporotic patients between 
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1980 and1990, showed that cortical bone mass decreased after treatment with PTH,(114–116) and the 

suggestion at that time was that the increase in trabecular bone was at the expense of cortical 

bone.(114) This catabolic effect on cortical bone provoked the curiosity of researchers who were 

starting to investigate this effect using rats as an animal model.(117–121) Controversially, their results 

showed an increase in the mechanical strength, thickness, and mass of cortical bone, and most of 

the PTH response was limited to the periosteal and endosteal surfaces. Rats do not normally 

undergo cortical remodeling, and therefore they could not show the effect of PTH on the 

intracortical envelop.(38) Other animals that exhibit cortical remodeling, such as ferrets, monkeys, 

dogs, and sheep, were used to investigate PTH effects on cortical bone.(122–126) However, the 

sample sizes of these studies were considered too small for a significant statistical analysis. Hirano 

and colleagues(30) decided to investigate the effects of biosynthetic PTH (1-34) in remodeling of 

cortical bone in rabbits. They pointed out that rabbits are the smallest animals that form Haversian 

systems by intracortical remodeling. In their study, mature New Zealand white rabbits were treated 

with once-daily injections of PTH (1-34) at 10 µg/kg/day or 40 µg/kg/day for 140 days. Their 

results showed that intracortical bone remodeling in the rabbits’ tibia was activated and increased 

by eight-fold with the lower dose and 24-fold with the higher dose. Cortical porosity (associated 

with the number of BMUs) also increased using both doses. This increase was paralleled by 

increases in bone formation rates at the periosteal (Ps.MS/BS) and endocortical (Es.MS/BS) 

surfaces, as well as osteonal mineral apposition rate (On.MAR) at the intracortical surface. A 

second study was carried out by the same group(39) using the same biosynthetic human PTH (1-

34) at a lower dose of 10 μg/kg/day for 35 and 70 days. They aimed to study if cortical porosity 

increases before the changes in cortical geometry. The results showed that at 35 days, the number 

of resorption cavities and activation frequency were significantly greater compared with the 

control group, and by 70 days, these parameters remained significantly elevated. Bone formation 

rates at the periosteal and endosteal surfaces were increased after 70 days; however, no difference 

was found in On.MAR in the intracortical surface by 35 or 70 days. Although intracortical 

remodeling increased in this study, they concluded that it did not affect cortical bone mechanical 

strength. As it was well established that PTH daily dosing was associated with an increase in 

porosity in cortical bone, Zebaze and coworkers(127) decided to investigate if a weekly dose of PTH 

would be beneficial to patients with structural deterioration and increased cortical porosity. They 

treated 17 female New Zealand rabbits aged six months for one month with PTH (1-34), divided 
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into five groups: (i) 20 µg/kg once daily, (ii) 40 µg/kg once daily, (iii) 140µg/kg once weekly, (iv) 

280µg/kg once weekly, and (v) control. Both daily and weekly doses were comparable with the 

dose used clinically. They micro-CT scanned the femoral cortex (at 15 µm voxel size), and their 

results showed that the daily dose was associated with an increase in porosity, and the high daily 

dose (40 µg/kg) increased porosity five-fold. Both weekly doses were not associated with 

increased porosity. They concluded that the catabolic effect of intermittent PTH in cortical bone 

depends on the dose and frequency of administration. Yamane et al.,(128) using the same animal 

protocol from Zebaze and coworkers,(127) quantified not only cortical porosity but also the dynamic 

histomorphometric parameters. Their results showed that the daily, but not weekly, administration 

of PTH stimulated periosteal bone formation, and the weekly PTH regimens promoted well-

organized endosteal bone formation. Cortical porosity was increased by the daily, but not weekly, 

PTH doses. 

As mentioned in Chapter 1 (Figures 1.3 and 1.4), our group recently published a study of 

rabbit models of osteoporosis (ovariectomy [OVX], glucocorticoids [GC], and OVX + GC) and 

compared cortical remodeling and porosity in these models with that induced by PTH.(27) The PTH 

group was dosed by daily injections of PTH (1-34) at a concentration of 30 μg/kg for 4 weeks. The 

PTH dose used was intermediate to what was used by Hirano and colleagues.(30) The distal tibia 

was micro-CT scanned using a resolution of 10 µm (voxel size). We observed an increase in 

cortical porosity in all groups, but PTH had the most pronounced difference (Ct.Po = 28.8-fold 

increase). The PTH rabbits also showed a dramatically elevated activation frequency (Ac.f = 14.2-

fold increase), with increases in periosteal and endosteal bone formation and On.MAR at the 

intracortical surface (Ps.MS/BS = 2.6-fold, Es.MS/BS = 3.6-fold, and On.MAR = 1.4-fold, 

respectively). In a second PTH trial by our group, LER was directly quantified for the first time, 

as mentioned in the previous section. The rabbits were dosed with the same PTH protocol used in 

the previous study.(37) The animals’ right tibiae were imaged in vivo by synchrotron-based phase-

contrast micro-CT halfway through the protocol (at 14 days) and then ex vivo (post-mortem) by 

conventional micro-CT at the end of the protocol (at 28 days). Results showed that cortical porosity 

between in vivo and ex vivo scans varied from 2.93% to 6.94%, and these values aligned with the 

preceding ex vivo study by our group(27) and also with the values reported by Zebaze and 

coworkers(127) and Yamane et al..(128) Notably, in our first trial involving PTH, we observed 

increased periosteal and endosteal bone formation, as well as Ac.f and On.MAR, as also reported 
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by Hirano et al.,(30) Mashiba et al.,(39) and Yamane et al..(128) None of these works had yet studied 

the impact of PTH on LER, with our second trial being the first to use 4D images to quantify it. 

Our studies and others showed that PTH increases remodeling rates and thus the number of BMUs 

available to be studied. These studies also showed that PTH increases On.MAR at the intracortical 

surface, reducing the radial closure (σr) time. All of the classic LER studies linked the rate of bone 

formation with that of resorption with Parfitt most explicitly postulating that LER could be 

calculated as LFC/σr (Section 2.2.1). Because PTH shortens σr, then PTH should directly impact 

LER advancement, making it higher than LER in a normal state.  

 

2.5. Conclusion 

 

There is a gap in our knowledge regarding how BMUs are regulated in space and time that 

is a result of the lack of 3D (spatial), let alone 4D (spatio-temporal), methodologies. The limited 

LER data reported in the literature were published almost 50 years ago, and they only provide 2D 

information of a 3D living system that changes over time. Our group has recently developed a 

method using longitudinal in vivo synchrotron-based phase-contrast micro-CT in association with 

a PTH rabbit model.(37) This methodology has a great potential to serve as a platform for more 

detailed analyses of how PTH affects spatio-temporal BMU regulation. Moreover, this new 

methodology can yield new insights into how PTH impacts LER, which has significant clinical 

relevance in understanding PTH’s complex actions, this could, in turn, lead to strategies to improve 

responsiveness to PTH therapy. Therefore, in this thesis, I explore BMU behavior in 4D in cortical 

bone of rabbits using PTH to increase cortical bone remodeling rates and thus the number of BMUs 

available for study. Based on the classical LER studies, as discussed, I hypothesize that PTH causes 

a concomitant increase in LER due to increased anabolic activities in BMU. This hypothesis will 

be tested via a PTH versus PTH withdrawal (PTHW) study presented in detail in Chapter 3.  
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CHAPTER 3.  PTH Reduces Longitudinal Erosion Rate of Basic Multicellular 

Units during Cortical Bone Remodeling 

 

This chapter presents a manuscript entitled “PTH Reduces Longitudinal Erosion Rate of 

Basic Multicellular Units during Cortical Bone Remodeling” that is to be submitted to the Journal 

of Bone and Mineral Research (JBMR). This manuscript aims to describe the methodology used 

to quantify LER in 4D and how PTH can impact BMU progression. This chapter is formatted 

following JBMR’s guidelines for manuscript submission. Researchers who contributed to this 

manuscript as co-authors include Kimberly Harrison, Beverly Hiebert, Gavin King, Kurtis Swekla, 

Ning Zhu, Peter Pivonka, Terra Arnason, and David Cooper. I was engaged in all aspects of this 

work, including the animal protocol, in vivo and ex vivo imaging, image processing, and data 

analysis, as well as the writing of this manuscript. 

 

3.1. Introduction 

 

The adult skeleton is continuously renewed to maintain its structure and integrity by a 

process known as bone remodeling.(10) Remodeling is a cyclic process, coordinated in time and 

space by a complex arrangement of cells first defined by Frost as basic multicellular unit (BMU),(6) 

although Lent Johnson(55) had previously described the same structure in 1964. BMU has been 

classically depicted as an elongated cylindrical structure comprising a cutting cone of osteoclasts 

resorbing bone matrix, followed by a reversal phase and, finally, a closing cone lined by osteoblasts 

behind forming new bone (Figure 1.2).(7,55) Recent research has modified this classical view, 

revealing that the initial cutting cone created by densely packed osteoclasts is followed by a zone 

of secondary resorption conducted by scattered osteoclasts intermixed with 

reversal/osteoprogenitor cells, and it was postulated that once a threshold of osteoprogenitor cell
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density is reached, bone formation is initiated and resorption is switched off.(59,66) Thus, the 

reversal phase is now known as the reversal-resorption phase.(12,59) In young healthy individuals, 

resorption and formation are coupled and balanced within BMUs.(10,85) Coupling refers to the 

coordination of activities, in time and space, of osteoclasts and osteoblasts in each BMU, whereas 

balance refers to the net amount of bone tissue resorbed and formed. With aging or following 

menopause, BMUs deposit less bone than they resorb, leading to reduced bone mass.(11,13) This 

reduction in bone mass can be the result of either a negative balance between resorption and 

formation or a coupling defect (uncoupling), where the remodeling cycle is aborted, leading to a 

prolonged resorption-reversal phase that does not progress to the formation phase, creating an 

extreme case of imbalance.(10,11,58,61,85) Osteoporosis, which arises from summed bone loss across 

a multitude of BMUs, affects 200 million people worldwide, and the associated expenses to treat 

resulting fractures cost billions of dollars annually, placing a significant burden on health care 

systems.(129) The standard treatment for osteoporosis is based on antiresorptive agents such as 

bisphosphonates and denosumab that act on osteoclasts, inhibiting bone resorption and increasing 

bone mineral density (BMD).(15,16,18) Nevertheless, because resorption and formation are coupled 

within BMUs, inhibiting resorption also inhibits formation. Therefore, the increased BMD induced 

by such treatments occurs due to the mineralization of existing bone and not by an increase in bone 

formation. Thus, antiresorptive agents cannot reverse bone tissue deterioration.(16) Furthermore, 

such therapies are associated with adverse side effects, with rare but serious potential  of 

osteonecrosis of the jaw and atypical fractures.(130,131) Teriparatide, a parathyroid hormone (PTH) 

analog (1-34), is an anabolic agent offering an alternative treatment for osteoporotic patients.(112) 

Intermittent PTH administration stimulates bone formation by increasing osteoblast numbers and 

preventing osteoblast apoptosis, therefore prolonging the time spent performing their matrix-

synthesizing function.(132) PTH is an effective treatment; however, it is more expensive than 

antiresorptive agents(133) and its clinical administration is limited to two years, as it is associated 

with osteosarcoma in rats exposed to a high dose over two years.(22)
  

The best therapy for patients with osteoporosis or those at risk of developing the disease 

would entail improving coupling and balance between resorption and formation within individual 

BMUs. Modulation of remodeling, rather than its elimination (as achieved by antiresorptive 

agents), represents a better strategy to prevent and potentially treat osteoporosis. PTH has offered 

an anabolic alternative, but it has complex actions affecting both bone formation and 

https://www-sciencedirect-com.cyber.usask.ca/topics/medicine-and-dentistry/osteosarcoma
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resorption.(19,27) For example, PTH has been shown to increase bone formation on trabecular, 

endosteal and periosteal surfaces while significantly increasing intracortical 

porosity.(20,27,30,127,128,134,135) The latter can be attributed to an increased remodeling rate (activation 

frequency; Ac.f) as observed in human(29) and animal studies.(27,30,125,136,137) Consistent with its 

anabolic actions, PTH has also been shown to increase intracortical bone formation, elevating 

osteonal mineral apposition rate (On.MAR).(28,29) Further studies of PTH’s direct impact on BMUs 

could ultimately help improve treatment regimens – maximizing formation and minimizing 

resorption while potentially reducing side effects. Despite ongoing advancement in knowledge of 

BMU morphology at the cellular level, still little is known about BMU dynamic spatio-temporal 

regulation. The rate of progression of BMUs, their longitudinal erosion rate (LER), is a key 

example where our knowledge is lacking. Indeed, the limited information we have is from studies 

conducted in the 1970s and ‘80s, which indirectly assessed LER using double fluorochrome 

labeling combined with 2D histomorphometric analysis.(7,24–26) Jaworski and Lok(24) were pioneers 

of this approach, assessing LER in longitudinal sections of dog ribs via two different methods. In 

the first, the authors measured the mean distance from the tip of the cutting cones back to the 

second fluorochrome labels in two biopsies taken seven days apart, and LER was calculated as the 

difference in these mean distances divided by the time (Figure 3.1). In the second method, they 

inferred LER by the amount of osteoid formed after the second label by the time between the 

second label and the biopsy (Figure 3.1). Takahashi and Norimatsu,(25) inferred LER from dog ribs 

by the amount of bone formed between two labels by the time between them. In the latter two 

methods (Jaworski and Lok’s(24) second method and that of Takahashi and Norimatsu(25)), it is 

assumed that the advance of the cutting cone matches that of the closing cone. Parfitt(7) took this 

assumption of a steady state a step further. He postulated that in the time it takes for a BMU to 

radially fill from the start of the closing cone, the closing cone must advance the equivalent of its 

original length. LER could thus be calculated as the length of the closing cone divided by the time 

required for radial closure (Figure 3.1). Histologically, this radial closure time can be calculated 

from osteonal wall thickness (µm) divided by On.MAR (µm/day). Should these spatio-temporal  
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Figure 3.1. The classic BMU cutting and closing cone morphology (without the new reversal-

resorption zone(59,66)). Top: Jaworski and Lok,(24) and Takahashi and Norimatsu(25) methods in 

classical studies for inferring longitudinal erosion rate (LER) from fluorochrome labeling.  

Jaworski and Lok measured LER using two methods. In the first, LER was calculated as the 

difference in the mean distance from the tip of the cutting cones back to the second fluorochrome 

labels in two biopsies (taken from the same animal) divided by the time between biopsies. And 

in the second method, by the length of osteoid formed after the second label by the time between 

the second label and the biopsy. Takahashi and Norimatsu inferred LER as the length of the 

closing cone advance between the first and second labels by the time between the labels (where 

t = t1-t2). On the bottom, Parfitt’s(7) geometric relationship for inferring LER as the length of 

the closing cone divided by the time of radial closure (or radial infilling = osteonal wall thickness 

(µm) divided by On.MAR (µm/day). 

 

relations be valid and constant, then increasing On.MAR, as observed with PTH dosing,(27–30) for 

example, would concomitantly elevate LER. That said, the validity of the assumed relationship 

between the activities of the closing cone and the rate of advance of the cutting cone is uncertain 

and questionable on several grounds, not the least of which is the high degree of variation evident 
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in the data of Jaworski and Loki(24) and Takahashi and Norimatsu.(25)Recent evidence of more 

complex BMU dynamics, including the presence of a reversal-resorption zone and even 

uncoupling of formation from resorption further undermines the assumptions underpinning these 

classical analyses. Due to a lack of direct assessment, it is unclear how and why LER might vary 

and its potential role in BMU dynamics including effects on coupling and balance. For example, 

does possible variation in LER impact the time required to reach the postulated cellular 

density(59,66) and thereby impact the size of the reversal-resorption zone? To help shed new light 

on such questions, we have recently developed a new methodology to quantify LER in 4D (3D 

over time) using in vivo synchrotron-based phase-contrast micro-CT imaging combined with a 

PTH rabbit model.(37) Rabbits are the smallest common laboratory animal that exhibits cortical 

remodeling similar to humans, and PTH is well known to increase cortical remodeling rate 

(Ac.f),(27,30) On.MAR,(27,30,39) and porosity(27,30,39,127,128) while also stimulating bone formation on 

trabecular,(27,30) endosteal,(27,30) and periosteal(27,30) surfaces in rabbits. In this study, we utilize this 

new methodology to explore whether the increased cortical remodeling activity induced by PTH, 

including accelerated On.MAR, leads to elevated LER as postulated by classical studies. 

Specifically, we aimed to manipulate BMU progression via different dosing regimens - PTH and 

PTH withdrawal (PTHW). We hypothesized that LER would be higher during active dosing as 

PTH increases bone formation rates. 

 

3.2. Materials and Methods 

 

3.2.1. Animal protocol 

 

The animal protocol was reviewed and approved by the University of Saskatchewan’s 

University Animal Care Committee and adhered to the Canadian Council on Animal Care (CCAC) 

guidelines for humane animal use. University veterinarians were directly engaged in the 

development of the protocol. Skeletally mature, six-month-old (3.4-3.9 kg), female New Zealand 

white rabbits (14 animals in total) were acquired from a commercial supplier (Charles River 

Laboratories, Quebec, Canada). The rabbits were housed individually in stainless steel rabbit racks 

in the Laboratory Animal Services Unit in the University of Saskatchewan. The room temperature 

(20–22 ºC) and humidity (40–60 %) were controlled by a computerized system, and the light cycle 
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was maintained at 12 hours of dark and 12 hours of light. The animals had free access to food, 

18% rabbit pellets fortified with vitamins (Vitamin A (min) 15,000 IU/kg, Vitamin D (min) 6,000 

IU/kg and Vitamin E (min) 150 IU/kg) and minerals (Calcium (act) 1.0%, Phosphorus (act) 0.7%, 

Sodium (act) 0.3% and Selenium at 0.3 mg/kg). More details of the rabbit pellets can be found 

elsewhere (https://www.trouwnutrition.ca/en-ca/product-lister-high-pro/18-rabbit-pellets-38713- 

Hi-Pro Feeds, Trouw Nutrition Canada Inc., Sherwood Park, Canada). The Rabbits were hydrated 

through an automated watering system (ad libitum). The rabbits were acclimatized for seven days 

before starting the PTH dosing period and weighed at the end of acclimatization (before starting 

the dosing period) and then weekly for a total of 28 days. The animals were randomly divided into 

two groups of seven animals each, with the first group undergoing 28 days of PTH (1-34) 

Teriparatide (Alfa Aesar, Ward Hill, MA, USA) dosing (PTH) and the second group undergoing 

14 days of dosing before PTH was withdrawn (PTHW). During dosing, both groups received 30 

µg/kg/day of human PTH (1-34) (Alfa Aesar, Ward Hill, MA, USA) by subcutaneous injection 

daily for a period of 14 days. The PTH dose used was based upon a previously establish 

protocol,(27) which represents an intermediate dose level when compared with similar rabbit 

studies.(30,127) On the 14th day the rabbits were imaged in vivo at the Canadian Light Source (CLS; 

in vivo imaging, see below). Beginning on the 15th day, the PTHW group was administrated 1 mL 

of saline at 0.9% concentration in lieu of the PTH dosing (which continued for the PTH group). 

At the end of the 28th day, all rabbits were euthanized by intravenous injection of pentobarbital 

sodium (Euthanyl; Bimeda-MTC, Animal Health Inc, Cambridge, Canada) at a dose of 0.4 mL/kg. 

After euthanasia, right and left tibiae were dissected and fixed in 10% formalin prior to imaging 

by conventional micro-CT (ex vivo imaging, see below). For future histological analysis, the 

rabbits were labeled using the fluorochrome calcein (Sigma Aldrich, St. Louis, Missouri, USA). 

Calcein was administered by subcutaneous injection at a dose of 10 mg/kg on days  13 and 14 (label 

1) and then on days 27 and 28 (label 2)  An overview of the animal protocol is presented in Figure 

3.2. 
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Figure 3.2. Study design for LER and cortical bone microarchitecture and geometry outcomes.  

 

3.2.2. In vivo imaging at 14 days 

 

We performed in vivo synchrotron-based phase-contrast micro-CT imaging at the 

Biomedical Imaging and Therapy (BMIT-BM 05B1-1 beamline) facility at the CLS. Rabbits were 

first anesthetized as per an established protocol using a sedative and anesthetic cocktail of 0.4 

mg/kg of butorphanol, 2 mg/kg of midazolam, and 0.1 mg/kg of dexmedetomidine.(138) They were 

then brought into the imaging hutch and placed in a custom setup and kept under anesthesia with 

an isoflurane/oxygen gas mixture. The right leg was securely held in place using a cylindrical 

Lucite sample holder to avoid movement and positioned at 60 cm from the detector to give an ideal 

phase-contrast propagation (Figure 3.3 A and B).(32) Rectal temperature, heart rate, respiratory 

frequency, and pulse oximetry were monitored before starting the scans and after the experiment. 

Oxygen saturation and respiratory frequency were observed during imaging by CCTV video 

camera. After imaging, a reversal drug cocktail of 1 mg/kg of antisedan and 0.02 mg/kg of 

flumazenil was administered to reverse the effects of the anesthetics. The animals were kept 

hydrated and warm until fully recovered. 

Imaging of the tibia was performed with an energy of 37.5 keV, with a sequence of 1000 

projections over 180 degrees captured at an isotropic voxel size of 13 µm to enable detection of 

BMU cutting cones (rabbit mean canal diameter ~ 70 µm measured in 3D micro-CT(27)) and some 

of the larger vascular canals. The mean radiation dose applied was 2.2 Gy, with a rotation velocity 

of 5.75 deg/s, and exposure time of 31.3 ms. To account for ring current decay, density neutral 

Lucite filters of varied (20 - 60 mm) thickness were used to maintain a constant dose rate of 0.085 
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Gy/s. Radiation dose was estimated using a PinPoint ion chamber (model 31014, PTW, 

Germany).(37) Thermoluminescent dosimeter (TLD) chips (Mirion Technologies, Ontario, Canada) 

were used to confirm the radiation dose received in the rabbits leg. The methodology used to 

measure radiation dose using an ion chamber and TLD chips is described in Appendix A. A scout 

scan was taken first to identify the region of interest to be imaged (Figure 3.3 C). We used the 

ankle joint (distal tibial epiphysis) as an anatomical landmark to ensure accurate targeting of the 

same region of interest for the subsequent ex vivo imaging. From this landmark we moved 20 mm 

up, and from that point, we performed the first scan: View #1 = 9.5 mm in height. Immediately 

above that, we performed a second scan: View #2 = 9.5 mm in height with 0.21 mm of overlap 

with view #2 (Figure 3.3 C). Scans were filtered back projection reconstructed with flat and dark 

field corrections and phase retrieval using the UFO-KIT (https://ufo.kit.edu/dis) software 

(Appendix B), The data sets were generated as 8-bit bitmaps, and 3D renderings were generated 

and stitched (View #1 + View #2 ~ 19 mm) (Figure 3.4A) using the AMIRA 6.2 (FEI; 

https://www.fei.com) software package for image registration and LER quantification.  

 

  

Figure 3.3. (A) Anesthetized rabbit setup for in vivo imaging at the BMIT facility at CLS. (B) 

Zoomed in view of the right distal tibia to be imaged by synchrotron-based phase-contrast micro-

CT; (C) Scout image used to define the regions of interest (View #1 + View #2 ~ 19 mm, with 

a 0.21 mm of overlap). Scale bar = 5 mm 
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3.2.3. Ex vivo imaging at 28 days 

 

On the dissected tibiae a scalpel was utilized to mark the corresponding landmarks utilized 

for in vivo imaging. A 25 mm region corresponding to Views #1 and #2 (~ 19 mm ) + 3 mm below 

the bottom mark and + 3 mm above the top 2 marks (Figure 3.4 A) was then imaged using a 

SkyScan 1172 laboratory micro-CT system (Bruker SkyScan, Kontich BE) at 5 μm isotropic voxel 

size to resolve both remodeling-related resorption spaces and the majority of vascular canals 

permeating the cortex.(27,37) The latter, unchanged canals, served as stable points of reference for 

3D image registration. The scan protocol included X-ray settings at 74 kVp, 135 µA, with an 

exposure time of 500 ms, rotation step of 0.2 over 180 degrees, and 0.5 mm aluminum filter (to 

remove low energy photons). The ex vivo micro-CT data sets were filtered back projection 

reconstructed using the NRecon software package (Bruker). The data sets were generated as 8-bit 

bitmaps, and their 3D renderings (Figure 3.4 B) were generated using AMIRA 6.2. 

 

3.2.4. 3D image registration and LER quantification 

 

For the right limbs, the in vivo and ex vivo (downscaled by a factor of two, to 10 μm) data 

sets were visually segmented using the best range threshold for each data set, separating BMU-

related resorption spaces and vascular canals from the higher density bone. A step by step of the 

segmentation is presented in the Appendix C1. Following segmentation, the 3D volumes were 

registered as described: 

1) The in vivo data set was manually aligned (translated and rotated) into position between 

the two marks (bottom and top) of the ex vivo data set, to improve the outcome of the subsequent 

automated registration.(139) 

2) Automatic affine registration was then applied using the rigid (translation and rotation) 

transformation, isotropic scaling (as the images had different voxel size, even after downscaling 

the ex vivo data sets) and correlation metrics to converge on the best fit between the two data sets 

(Figure 3.4 C and D). After this step, the 3D registration was visually inspected, and in the case of 

a mismatch, manual adjustment was applied followed by another two or three iterations of 

automatic registration depending on the data set. 
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The advance of BMUs, detectable as a change in position between the two data sets, was 

manually landmarked with points placed on the most forward points of the cutting cones. The 3D 

distance (D) (Figure 3.3 F) traversed by BMUs during the time between scans was calculated as 

D =√(𝑋2 − 𝑋1)2 + (𝑌2 − 𝑌1)2+(𝑍2 − 𝑍1)2, where, X1, Y1, and Z1 were recorded from the in 

vivo scan (t1) and X2, Y2, and Z2 were recorded from the follow-up ex vivo scan (t2). Daily LER 

(µm/day) was calculated as D/(t2 − t1). We targeted quantifying 25 BMUs in View#1 and View#2, 

giving a total of 50 BMUs for analysis. A step-by-step description of this methodology is presented 

in Appendix C. 

We have also quantified BMU advance direction along the tibia diaphysis using Z1 and Z2 

coordinates divided by the time intervals t1 and t2. The BMU direction going up towards the 

proximal tibia was calculated as Z2 – Z1/t2-t1 > 0 = + LER, and the BMU direction going down 

towards the distal tibia as Z2 – Z1/t2 – t1 < 0 = - LER. 

 

3.2.5. Cortical bone microarchitecture and geometry 

 

Analysis of cortical bone microarchitecture and geometry was conducted in the 20 mm 

long region of interest of the right in vivo and ex vivo scans and in the comparable region of the 

left ex vivo scans using CTAnalyser (CTAn; version 1.16.4.1; Bruker). The scan data sets were 

binarized using Otsu automatic thresholding to measure cortical porosity (Ct.Po, %), mean canal 

diameter (Ca.Dm, µm), and cortical thickness (Ct.Th, µm) in 3D. The geometric parameters of 

cortical area (Ct.Ar, mm2), total area (Tt.Ar, mm2), and medullary area (Ma.Ar, mm2) were 

accessed in 2D using a single, midpoint slice of the 20 mm region of interest.(27,37) These measures 

facilitated both comparison both between the treatment group (PTH vs. PTHW) and within animals 

(right vs. left), with the latter providing an assessment of the potential impacts of the in vivo scan 

radiation. 
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Figure 3.4. (A) 3D renderings of in vivo images with view #1 + view #2 stitched (voxel size = 

13 µm). (B) 3D rendering of ex vivo image (voxel size = 5 µm). (C) 3D image registration, 

where the in vivo dataset was manually aligned (translated and rotated) into position between 

the two marks (bottom and top) of the ex vivo dataset. (D) BMUs in vivo in blue and ex vivo in 

white. (E) zoomed-in view showing BMU progression; (F) BMU landmarks in gold for in vivo 

and in blue for ex vivo,where D is the 3D distance traversed by BMUs during t1 and t2. Scale 

bar: 2 mm. 
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3.2.6. Statistical analysis 

 

All statistical analyses were performed with IBM SPSS Statistics (v28.0; SPSS Inc., 

Chicago, IL). The first step was to check the assumptions of normality and homogeneity of 

variance using Shapiro-Wilks and Levene’s tests, respectively, with α = 0.05, to decide between 

parametric and nonparametric tests. As normality was not confirmed for LER and BMU direction, 

but the data showed the same variance between groups (Levene’s test, α = 0.05), we used the 

nonparametric Mann-Whitney test (α = 0.05) and the Wilcoxon signed-rank test (α = 0.05), 

respectively. The assumptions of homogeneity of variance and normality were met for body weight 

and the cortical microarchitecture and geometry outcomes from PTH and PTHW, and we 

compared the data using two-way mixed ANOVA (one within and one between-subjects factor, α 

= 0.05), where dosing time was the within-subjects factor, treatment group was the between-

subjects factor, and dosing time vs. group was tested for an interaction between factors. As our 

data had only two levels of repeated measures (14 and 28 days), the concept of sphericity was 

considered met (Greenhouse-Geisser epsilon [ε] = 1, sphericity assumed).(140) The equality of 

covariance matrices was measured by a Box’s M test (α = 0.05), and the data were also assessed 

for outliers by examination of studentized residuals for values greater than ± 3. For the parameters 

that presented a statistically significant interaction, we performed the analysis using simple main 

effects with pairwise comparisons. 

 

3.3. Results 

 

3.3.1. PTH reduces LER relative to PTHW 

 

LER was assessed for 651 BMUs (seven PTH rabbits with 50 BMUs each: N = 350, five 

PTHW rabbits with 50 BMUs each, one with 33 BMUs and another one with 17 BMUs: N = 301) 

from the 14 registered scan sets. LER distributions for PTH and PTHW were similar, and both 

were skewed left, as assessed by visual inspection of histograms (Figure 3.5 A). Counter to our 

hypothesis, the median LER was higher for PTHW than for PTH (p < 0.01, Figure 3.5 B and Table 

3.1). 
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Table 3. 1. LER quantification 

 

A B 

Figure 3.5. (A) LER distribution. Both PTH (N = 350) and PTHW (N = 301) are skewed left. 

(B) LER data are presented as boxplot (n = 7/group) with median, interquartile range, max and 

min values plotted as dots, and mean as a cross. A Mann-Whitney U test (α = 0.05) was used to 

compare medians. 

 

BMU direction along the diaphysis was divided as + LER and – LER (Table 3.2). PTH 

showed + 166 LER and - 184 LER (p = 0.097) while PTHW showed + 150 LER and - 151 LER 

(p = 0.061). We also analyzed BMU direction in relation to the scan views (Table 3.3). PTH 

showed differences in - LER in View# 1 and View 2 (p = 0.027) as well as + LER in View#1 and 

View#2 (p = 0.027). PTHW did not present differences in - LER in View# 1 and View 2 (p = 

0.262) or + LER in View#1 and View#2 (p = 0.931).  

 

 

Parameter 

Group 

Mann-Whitney U Test (α = 0.05) 

PTH (N= 350) PTHW (N = 301) 

Mean ± sd 

(Minimum – 

Maximum) 

Mean ± sd 

(Minimum – 

Maximum) 

PTH 

Median 

(IQR) 

PTHW 

Median 

(IQR) 

p 

LER 

(µm/day) 

34.61 ± 10.61 

(14.20 – 76.50) 

39.37 ± 11.01 

(17.70 – 79.80) 

32.55 

(12.03) 

37.80 

(12.35) 
< 0.01* 

LER = longitudinal erosion rate. PTH = parathyroid hormone. PTHW = parathyroid hormone withdrawal. sd = 

standard deviation. IQR = interquartile range. *Statistically significant. 
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Table 3. 2. BMU direction along the tibia diaphysis 

 

Table 3. 3. BMU direction in View# 1 and View# 2 

 

 

 

 

 

 

 

 

 

 

Group 

BMU Direction Wilcoxon Signed-Rank Test (α = 0.05) 

Z2 – Z1/t2 – t1 > 0 

= + LER 

Z2 – Z1/t2 – t1 < 0 

= - LER 
p 

PTH (N = 350) 166 184 0.097 

PTHW (N = 301)  150 151 0.061 

LER = longitudinal erosion rate. PTH = parathyroid hormone. PTHW = parathyroid hormone withdrawal. 

Group 

Scan Views Wilcoxon Signed-Rank Test (α = 0.05) 

View# 1 View# 2 p 

PTH + LER 97 70 0.027* 

PTH - LER 78 105 0.027* 

PTHW + LER 75 77 0.931 

PTHW – LER 70 79 0.262 

LER = longitudinal erosion rate. PTH = parathyroid hormone. PTHW = parathyroid hormone withdrawal. 

*Statistically significant. 
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3.3.2. Cortical porosity increases with PTH dosing but remains stable after withdrawal, 

and cortical geometry measures differ by dosing time 

 

Micro-CT 3D renderings and 2D cross-sectional images are presented in Figure 3.6. Figure 

3.6A shows in 2D that PTH induced periosteal and endosteal bone formation, and intracortical 

remodeling (Figure 3.6 A 2D a,b,c). Table 3.4 shows the results of the microstructural and 

geometric measures. Ct.Po differed by time and group (p < 0.01 and p = 0.006, respectively), and 

there was an interaction between these factors (p < 0.01) (Table 3.4). Simple main effect analysis 

reveled that Ct.Po was increased for PTH at day 28 vs. day 14 (p < 0.01, Table 3.3 and Figure 3.4B 

2D a,b,c); however, for PTHW, Ct.Po did not differ by time (p = 0.620). Between groups, Ct.Po 

was increased at 28 days for PTH compared with PTHW (p < 0.01, Table 3.5 and Figure 3.7 A). 

Ca.Dm (Table 3.4, Figure 3.7 B and Figure 3.8) was decreased over time (day 28 vs. day 14) in 

both groups (p < 0.01,), but the decrease was not different between PTH and PTHW (p = 0.122). 

Ct.Th, Tt.Ar, Ct.Ar and Ma.Ar did not differ by group (Table 3.4 and Figure 3.7 C-F). Intriguingly, 

dosing time was statistically significant showing a slight increase in Ct.Th (p < 0.01), Tt.Ar (p = 

0.025), and Ct.Ar (p < 0.01) and a slight decrease in Ma.Ar (p = 0.009). 
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PTH/W 14 days (in vivo) (A) PTH 28 days (ex vivo) (B) PTHW 28 days (ex vivo) (C) 

3D 2D 3D 2D 3D 2D 

   

Figure 3.6. 3D renderings with vascular canals highlighted in light yellow (red scale bar = 2 mm) and 2D cross sectional images with 

pores highlighted in purple (white scale bar = 1 mm), where (A) 3D and 2D images of PTH/W at 14 days, (B) 3D and 2D images of 

PTH at 28 days, and (C) 3D and 2D images of PTHW at 28 days. Regions a, b and c = zoom in of 2D images with yellow arrows 

showing periosteal formation, intracortical remodeling and endocortical formation (respectively) in A and B. In C, regions a and b 

showing intracortical remodeling and endocortical formation (respectively). 
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Table 3. 4. Statistical analysis of cortical bone microarchitecture and geometric parameters by dosing time and group for the right tibiae  

 

 

 

 

 

 

Dosing Time 
Two-way Mixed ANOVA (α = 0.05) 

Day 14 (in vivo) Day 28 (ex vivo) 

PTH 

(n= 7) 

PTHW 

(n = 7) 

PTH 

(n= 7) 

PTHW 

(n = 7) 
Dosing Time Group 

Dosing Time vs. 

Group 

Parameters 
Mean ± sd Mean ± sd Mean ± sd Mean ± sd p p p 

Ct.Po (%) 1.03 ± 0.50 1.00 ± 0.70 2.97 ± 0.88 0.90 ± 0.40 < 0.01* 0.006* < 0.01* 

Ca.Dm (µm) 101.48 ± 19.24 98.34 ± 16.00 73.12 ± 12.60 54.31 ± 3.50 < 0.01* 0.122 0.053 

Ct.Th (µm) 1320.51 ± 87.25 1362.35 ± 91.73 
1423.64 ± 

103.87 

1442.03 ± 

97.00 
< 0.01* 0.550 0.418 

Tt.Ar (mm2) 34.08 ± 3.17 35.58 ± 0.71 34.62 ± 3.57 35.67 ± 0.75 0.025* 0.348 0.088 

Ct.Ar (mm2) 21.56 ± 1.72 22.76 ± 1.11 22.66 ± 1.78 23.42 ± 1.29 < 0.01* 0.242 0.135 

Ma.Ar (mm2) 12.51 ± 1.96 12.82 ± 1.16 11.97 ± 2.43 12.25 ± 1.13 0.009* 0.754 0.941 

Ct.Po = cortical porosity. Ca.Dm = canal diameter. Ct.Th = cortical thickness. Tt.Ar = total tissue area. Ct.Ar = cortical area. Ma.Ar = marrow area. PTH = 

parathyroid hormone. PTHW = parathyroid hormone withdrawal. sd = standard deviation. CI = confidence interval. *Statistically significant. 
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Table 3. 5. Statistical analysis of cortical bone porosity (Ct.Po) by pairwise comparisons (two-way mixed ANOVA with simple main 

effects) 

 

 

Dosing Time 
Two-way Mixed ANOVA (α = 0.05) - Pairwise Comparisons 

Day 14 (in vivo) Day 28 (ex vivo) 

PTH 

(n= 7) 

PTHW 

(n = 7) 

PTH 

(n= 7) 

PTHW 

(n = 7) 

Day 14 

PTH vs PTHW 

Day 28 

PTH vs PTHW 

PTH 

Day 14 vs 28 

PTHW 

Day 14 vs 28 

Parameters 
Mean ± sd Mean ± sd Mean ± sd Mean ± sd 

p 

(95 % CI) 

p 

(95 % CI) 

p 

(95 % CI) 

p 

(95 % CI) 

Ct.Po (%) 1.03 ± 0.50 1.00 ± 0.70 2.97 ± 0.88 0.90 ± 0.40 
0.889 

(-0.65 - 0.75) 

< 0.01 

(1.28 - 2.87) 

< 0.01 

(-2.33 - -1.56) 

0.620 

(-0.29 - 0.47) 

Ct.Po = cortical porosity. PTHW = parathyroid hormone withdrawal. sd = standard deviation. CI = confidence interval. *Statistically significant. 
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A B 

C D 

E F 

Figure 3.7. Cortical bone microarchitecture and geometry analysis by time (day 14 vs. day 28) 

and group (PTH vs. PTHW). Where A represents Cortical porosity (Ct. Po) results (bars showing 

statistically significant difference (α = 0.05) for simple main effect). B-F show comparison of 

canal diameter (Ca.Dm), cortical thickness (Ct.Th), total area (Tt.Ar), cortical area (Ct.Ar) and 

medullary area (Ma.Ar) results (bars showing statistically significant difference (α = 0.05) for 

main effect time). Data are presented as boxplot (n = 7/group) with median, interquartile range, 

max and min values plotted as dots, and mean as a cross. 
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Figure 3.8. Cortical canal diameter (Ca.Dm) distribution in PTHW and PTH by time. 

 

3.3.3. Radiation dose employed does not affect cortical bone microarchitecture and 

geometry in a time frame of 14 days 

 

The effect of radiation dose on cortical bone microarchitecture and geometry, comparing 

body side and group at 28 days (ex vivo; left tibia vs. right tibia, and PTH vs. PTHW), is presented 

in Table 3.6 and Figure 3.9. There was no difference between body sides (contralateral left vs. 

right tibiae) nor an interaction with group (p ≥ 0.099, Table 3.6). The groups only differed for 

Ct.Po (p < 0.01) and Ca.Dm (p < 0.01), reflecting intergroup differences as previously discussed 

in Section 3.3.2. Importantly, these results showed no radiation effects in cortical bone 

microarchitecture and geometry parameters for the period of 14 days between in vivo and ex vivo 

images.
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Table 3. 6. Statistical analysis of radiation dose effect in cortical bone microarchitecture and geometry parameters by body side and 

group 

 

 

Body Side (ex vivo) 
Two-way Mixed ANOVA (α = 0.05) 

Left Tibiae Right Tibiae 

PTH 

(n= 7) 

PTHW 

(n = 7) 

PTH 

(n= 7) 

PTHW 

(n = 7) 
Body Side Group Body Side vs. Group 

Parameters 
Mean ± sd Mean ± sd Mean ± sd Mean ± sd p p p 

Ct.Po (%) 3.31 ± 1.21 0.82 ± 0.33 2.98 ± 0.88 0.90 ± 0.40 0.313 < 0.01* 0.125 

Ca.Dm (µm) 75.4 ± 8.82 53.97 ± 3.95 73.13 ± 12.59 54.31 ± 3.49 0.461 < 0.01* 0.322 

Ct.Th (µm) 1424.99 ± 127.98 1441.99 ± 85.33 1423.64 ± 103.87 1442.03 ± 97.01 0.929 0.755 0.926 

Tt.Ar (mm2) 35.40 ± 2.84 35.68 ± 1.50 34.63 ± 3.57 35.67 ± 0.75 0.202 0.611 0.215 

Ct.Ar (mm2) 22.85 ± 1.85 23.38 ± 1.23 22.66 ± 1.78 23.42 ± 1.29 0.655 0.446 0.520 

Ma.Ar (mm2) 12.54 ± 2.11 12.30 ± 1.27 11.97 ± 2.43 12.25 ± 1.13 0.099 0.984 0.156 

Ct.Po = cortical porosity. Ca.Dm = canal diameter. Ct.Th = cortical thickness. Tt.Ar = total tissue area. Ct.Ar = cortical area. Ma.Ar = marrow area. PTH = 

parathyroid hormone. PTHW = parathyroid hormone withdrawal. Sd = standard deviation. *Statistically significant. 
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A B

 

C D 

E F 

Figure 3.9. (A-F) comparison of cortical bone microarchitecture and geometry by body side 

(contralateral left vs. right tibiae) and group (PTH vs. PTHW) at 28 days (ex vivo). Data are 

presented as boxplot (n = 7/group) with median, interquartile range, max and min values plotted 

as dots, and mean as a cross. With bars showing statistically significant difference (α = 0.05) for 

main effect, group. 
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3.3.4. No difference in body weight 

 

The rabbits’ weight did not differ by time (p = 0.378), nor group (p = 0.081), and there was 

no interaction between dosing time and treatments (p = 0.201). Moreover, the results revealed that 

all animals tolerated the experimental conditions (PTH dosing and in vivo synchrotron imaging) 

very well with neither group changing between day 0 and 28 (Table 3.7).  

 

Table 3. 7. Rabbit weight at day 0 and day 28 during dosing period 

 

3.4. Discussion 

 

In the present work, we studied the effect of PTH on LER using our recently developed 

methodology to quantify BMU LER in 4D (3D over time), combining longitudinal in vivo 

synchrotron-based phase-contrast micro-CT with a PTH rabbit model.(37) More specifically, we 

aimed to study how PTH impacts BMU progression via two different dosing regimens, PTH and 

PTH withdrawal (PTHW). Counter to our hypothesis, we found that LER was lower in PTH (34.61 

µm/day) compared with PTHW (39.37 µm/day). This result is inconsistent with the underlying 

assumptions of the classic LER studies of Jaworski and Lok,(24) Takahashi and Norimatsu,(25) and 

Parfitt,(7) who all assumed that the advances of the cutting and closing cones are equal and function 

in ways that do not change over time. Cortical bone loss in osteoporosis and aging has been shown 

to be a result of an imbalance between the cutting and closing cones due to premature termination 

of bone formation, resulting in increased porosity.(66) Recent studies have shown that cortical bone 

 

Dosing Time 

Two-way Mixed ANOVA (α = 0.05) 

Day 0 Day 28 

PTH 

(n= 7) 

PTHW 

(n = 7) 

PTH 

(n= 7) 

PTHW 

(n = 7) 

Dosing 

Time 
Group 

Dosing Time vs. 

Group 

Parameter 
Mean ± 

sd 

Mean ± 

sd 

Mean ± 

sd 

Mean ± 

sd 
p p p 

Weight 

(kg) 

3.72 ± 

0.16 

3.76 ± 

0.13 

3.68 ± 

0.22 

3.88 

±0.14 
0.378 0.081 0.201 

PTH = parathyroid hormone. PTHW = parathyroid hormone withdrawal. sd = standard deviation. CI = confidence 

interval. 
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loss also reflects that the reversal-resorption phase is generally prolonged, leading to a delay or 

absence of initiation of bone formation, resulting in an enlargement of the pores.(59) Moreover, it 

was postulated that the coupling/uncoupling mechanism between the reversal-resorption phase and 

formation is governed by an osteoprogenitor density threshold. If the cell threshold is not reached, 

bone formation cannot start, and its absence is a significant contributor to bone loss.(59,66) In 

trabecular bone studies, PTH has been shown to favor the availability of osteoprogenitors 

cells,(141,142) to reduce the time for initiation of bone formation,(58,143) and to decrease resorption 

depth.(143) Our results in cortical bone suggest that PTH slows LER compared with PTHW, 

whereas it speeds bone formation (according to several rabbit studies PTH increases 

On.MAR(27,30,39,127,128)). A recent follow up study performed by our group using sham 

ovariohysterectomy (OVH) rabbits found a mean LER of 39.9 µm/day (unpublished data). If PTH 

slows down LER and simultaneously increases the closing cone advance, then the size of the 

reversal-resorption phase can be considered shorter, as well as the time required to reach the 

postulated cellular density, therefore decreasing the overall volume of remodeling space. In other 

words, PTH appears to have an important role in enhancing the coupling between the cutting and 

closing cones. One could ask, but what happens if the closing cone increase outpaces the cutting 

cone going beyond coupling? We can argue that if at some point the closing cone is faster than the 

cutting cone, then the volume of the resorption space will change. In our study, we noticed in the 

ex vivo scans that some in vivo BMUs seemed to be resolved, that the resorption space was filled 

and no clear BMU continued. Future analysis could examine if PTH leads to a shorter BMU 

lifespan. 

In the present work, we did not measure Ac.f. However, we know from our previous 

work(27) and other studies(30,39) that PTH increases Ac.f in rabbits. Martin,(144) using mathematical 

analysis, showed that if Ac.f is decreased, the number of new remodeling spaces will decline 

relative to the number of refilling BMUs, yielding a decline in porosity. On the other hand, if Ac.f 

is increased (as occurs with PTH), the number of remodeling spaces will increase in proportion to 

refilling BMUs, and there will be an increase in porosity. Cortical porosity can be increased by an 

enlargement of the remodeling spaces related to a defect in balance and coupling, as discussed 

above, by an increase in the number of remodeling spaces related to an increase in Ac.f, or both. 

Our result suggests that PTH slows LER and enhances coupling, which yields a positive bone 

remodeling balance. Therefore, we can argue that PTH increases bone formation rates in the 
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periosteal, endosteal, and intracortical surfaces, as shown in rabbit studies,(27,30,39) which produces 

an overall anabolic outcome despite increases in Ac.f. Further studies of PTH, or any other 

osteoporosis treatment, directly impacting BMUs could help improve treatment and potentially 

reduce adverse effects. 

Our LER previous study(37) found a mean LER of 23.8 µm/day over the 14 days between 

in vivo and ex vivo imaging (Supplemental Figure 3.10). Here, we have used the same animal 

protocol as previously (30 µg/kg/day of human PTH [1-34]),(37) and the only difference was the 

scan views. In the present study, the region of interest was larger (View #1 + View #2 ~ 19 mm) 

than that used in the previous study (View #1 ~ 10 mm). As such, we sought to rule out the 

possibility of LER variation along the diaphysis. We plotted the distribution of individual BMU 

LER values and BMU counts in relation to their mid-Z coordination position (Supplemental 

Figures 3.10 A and B, respectively). There was no apparent relationship in LER distribution along 

the diaphysis. PTH showed a similar distribution in the total number of BMUs (View #1 = 178 

and View #2 = 172) along the diaphysis, whereas PTHW showed a higher number of BMUs in the 

more proximal view (View #1 = 119 and View #2 = 182). However, the total number of BMUs 

were not different by view (p = 0.606) or group (p = 0.534). In the literature, LER was inferred in 

dogs by longitudinal histological sections using 2D labeling techniques. Jaworski and Lok(24) 

reported LER varying between 37 and 44.4 µm/day. In a second study Jaworski and colleagues,(26) 

using the same methodology, found that LER was reduced in uremic (27.7 µm/day) vs. normal 

(43.61 µm/day) dogs. Differences in our first and second LER measurements could be attributed 

to differences in intraspecies variation. However, they could also be due to a sampling issue, as in 

this study, we measured more BMUs (n = 651) compared with our first LER study (n = 186). 

Supplemental Figure 3.10 shows a few high LER values from PTH and PTHW in the distribution, 

which shifted the mean to the right compared with our previous study. Additionally, with respect 

to other classical studies, we cannot rule out interspecies variation between our rabbits and the 

dogs in other studies, as well as intraspecies variations (type of bone and age differences). Jaworski 

and Lok’s(24) work, for example, showed a high variation in the length of cutting cones (using their 

first method) and in the length of osteoid (using their second method) in the dog ribs. 

Heřt and colleagues,(145) studying osteon orientation in the diaphysis of long human bone, 

observed that osteons are aligned along the dominant local mechanical loading (longitudinal) 

direction. Such observation was confirmed by Petryl et al.(146) that also indicated that cutting cone 
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tunnelling is guided by mechanical stimuli. On the other hand, the absence of mechanical load 

seems to deregulate the orientation and sizes of resorption spaces.(147) Studies using the finite 

element (FE) model in 2D(148) and 3D(149,150) have shown that BMU trajectories are influenced by 

mechanical load and microdamage. It is not the scope of this paper to discuss bone biomechanics. 

However, our data allowed us to quantify the BMU advance direction in a way that was not 

explored before. We have not found differences in the BMU direction along the diaphysis in both 

PTH and PTHW (Table 3.2 and Supplemental Figure 3.11 C). However, when we divided the 

analysis by scan view, we found that PTH showed differences in - LER in View# 1 and View 2 (p 

= 0.027) and + LER in View#1 and View#2 (p = 0.027) (Table 3.3). Martinez-Reina and 

colleagues(150) have used 3D strain-based and strain and damaged-based FE models to study BMU 

trajectories and orientation along a human femur's diaphysis. The angle α orientation defined the 

BMU trajectories with respect to the long bone axis (or Z coordinate in 3D). The authors divided 

the diaphysis into two halves, distal and proximal (or View#1 and View# 2, respectively, in the 

present work). Their results showed differences in BMU orientation in the distal and proximal 

halves using bone models. However, the authors did not differ BMU trajectory as going up (+ 

LER) and going down (- LER). 

Beyond LER, our additional measures of cortical bone microarchitecture and geometric 

parameters are consistent with past studies. Our PTH rabbits dosed for 28 days showed a mean 

Ct.Po of 2.97%. This result is consistent with two other PTH rabbit studies performed by our group 

(LER PTH_previous(a)(37): Ct.Po = 2.93% to 6.94%, ex vivo PTH_previous(b)(27): Ct.Po = 1.51% 

to 6.00%) (Supplemental Figure 3.12 A) and a third study by Yamane et al.,(128) who dosed their 

rabbits with 40 μg/kg/day for 4 weeks, and they found a Ct.Po of 3.62% in the tibiae using micro-

CT. Our Ca.Dm decreased in both of our groups (Table 3.4). The differences can be attributed to 

the anabolic effects of PTH, but also to the difference in imaging modalities (synchrotron micro-

CT in vivo and conventional micro-CT ex vivo) and their respective voxel sizes (13 µm and 10 

µm) used in our method. As shown in Figures 3.6 B and C, both PTH and PTHW at 28 days (ex 

vivo scans) showed an elevated presence of small structures compared with the images taken at 14 

days (Figure 3.6 A). This is most likely primarily due the higher resolution used in the ex vivo 

scans that allowed the small structures to be detected, as well as to the Otsu’s automatic 

segmentation applied that included many smaller canals in the quantification. In our previous 

studies, we used a fixed global threshold to segment only the larger canals. Therefore, the tiny 



65 
 

structures detected in this study contribute to the decrease in Ca.Dm, as this parameter is calculated 

by Hildebrand’s(151) sphere-fitting method. We also compared Ca.Dm distribution of PTH and 

PTHW with our two other studies (Supplemental Figure 3.12 C). There was a peak in values at 50 

µm and another one at 100 µm in PTHW. PTH showed two peaks with similar distributions at 50 

µm and 100 µm; this result is very similar to that of our LER PTH_previous(a) study (a).(37) The 

100 µm values match the expected size of rabbit osteons/BMUs,(27) and the lower values can be 

related to the increased scan resolution at 28 days (ex vivo scan). Our ex vivo PTH_previous(b) 

study(27) also showed a peak at 100 µm and a second one skewed right to large pores (125 µm), 

suggesting coalescence of canals. Zebaze and coworkers(127) reported that PTH produces larger 

pores by enlarging existing canals, which we also observed in both of our studies. Some studies 

have shown that cortical bone can be remodeled by two types of processes.(60,66) One is associated 

with remodeling events with the classic cutting and closing cones tunneling into the cortex (called 

type I pores), and the other one is associated with enlargement of existing pores (widening into 

Haversian resorption spaces, called type II pores). The PTH rabbits seem to show both types of 

remodeling. Intriguingly, Ct.Th, Tt.Ar, Ct.Ar and Ma.Ar differed over time, but not by group 

(Table 3.4 and Figure 3.7 C-F). Such differences can be attributed to the anabolic effects of PTH 

in the endosteal and periosteal surfaces but also to the difference in imaging modalities, as 

mentioned above. We observed modeling activities on the endosteal and periosteal surfaces at 14 

days (Figure 3.6 A), and they were more pronounced at 28 days (Figure 3.6 B). The endosteal 

activities are linked to new bone formation as reported in our two other studies(27,37) and studies 

conducted by different groups.(30,39,127) We also can not rule out the possibility that the rabbits were 

still growing. 

Our LER, cortical bone microarchitecture, and geometric outcomes showed high levels of 

variation that were also observed in our previous studies (LER PTH_previous(a)(37) and ex vivo 

PTH_previous(b)(27)), as shown in in Supplemental Figures 3.9 and 3.11. However, the variations 

in the present study were not identified as outliers when assessed by examination of studentized 

residuals for values greater than ± 3, and thus, all the data were retained for analysis.  

To rule out any impact of radiation dose in our cortical remodeling outcomes, we compared 

the ex vivo scans of the right tibiae (irradiated in vivo) with their contralateral left. The radiation 

dose of 2.2 Gy used in our study did not affect the cortical parameters from both groups in the 14-

day interval between in vivo and ex vivo scans, as presented in Table 3.6 and Figure 3.9. Our 
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previous LER study investigated potential radiation dose impacts on LER advancement and 

cortical bone microarchitecture employing 1 Gy, 2.5 Gy and 5 Gy in the in vivo scan. LER did not 

differ across radiation dose groups, nor did cortical microarchitecture outcomes comparing right 

vs. left (contralateral) tibiae. The 2.5 Gy dose provided sufficient image quality and 3D registration 

capacity and thus was selected for the present study.(37) As the dose was below 5 Gy (even in the 

region of overlap between scans), and no radiation impact was found in the previous LER study 

and most other measures, this enabled the possibility to scan the region of interest twice in the 

present study, unlike in the previous one. Furthermore, the rabbits used in this study did not present 

weight loss or changes in behavior such as loss of appetite or decrease in water intake. Mashiba 

and colleagues(39) treated their rabbits with PTH at 10 µg/kg/day for 35 and 70 days, and both 

control and PTH groups showed normal body weight gain, with no significant difference between 

them. Hirano and colleagues(30) found a small decrease in weight after dosing their rabbits at 40 

µg/kg/day 5 days a week for 20 weeks. On the other hand, the rabbits that were treated with PTH 

at 10 µg/kg/day 5 days a week for 20 weeks showed a small increase in body weight. An increase 

in body weight was also found in their control rabbits. In our previous LER study, the rabbits 

showed overall weight loss between week 0 and week 4, which we also observed in another (ex 

vivo; no LER assessment) study by our group, ex vivo PTH_previous(b).(27) However, in our 

previous LER study, when radiation dose groups were compared, no difference in weight was 

found. These rabbits also did not show changes in behavior, such as loss of appetite and decrease 

in water intake. 

We did not have a control group in the present study, which certainly is a limitation. 

However, in our ex vivo PTH_previous(b) study,(27) we had a sham ovariectomy control (SHAM) 

group that showed very low Ac.f compared with the PTH group (14.2-fold increase). In our PTH 

group, we measured 350 BMUs in 7 rabbits, which is equal to 50 BMUs/rabbit. Thus, if we used 

a similar control group in the present study with 7 rabbits and Ac.f was 1/14.2 that of PTH, it 

would only provide 3.5 BMUs/rabbit As the objective of the present research was to study the 

effect of PTH on LER and the use of a control was not feasible due to the low remodeling rate, we 

adopted a withdrawal model as an alternative. This approach had the advantage of increasing 

remodeling in a similar manner in both groups from the beginning of the experiment. The 

withdrawal group, although certainly not a control, represents a return towards a more normal 

state, with the caveat that the continuing effects cannot be ruled out and certainly warrant further 
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study. A second limitation to be considered is the fact that we used different modalities for in vivo 

and ex vivo imaging. However, multiple in vivo assessments would increase the complexity of the 

experiment for several reasons that include acquiring two different synchrotron beam time 

allotments in a short time interval and, more importantly, would have increased the animals’ 

radiation exposure.  

Another limitation in our study is that certain assumptions such as PTH increasing Ac.f 

and On.MAR, are based only on our previous work and others in the literature. Because of the 

pandemic, we were not able to perform a histology analysis in this study. We have ensured 

registration repeatability in our method, which means that the entire 3D registration was repeated 

by the same operator under the same conditions and using the same measurement procedure. 

However, we have not yet measured the reproducibility (the degree of agreement between the 3D 

registrations measured by different individuals), representing another limitation. 

The present study is the first to study the impact of PTH on LER progression. Counter to 

our hypothesis, we found that LER was lower in the actively dosed PTH group and higher in the 

PTHW group. This apparent slowing of BMU progression by PTH has intriguing implications for 

BMU dynamics. This finding suggests that PTH slows the cutting cone advancement but speeds 

up that of the closing cone. We thus hypothesize that PTH shortens the size of the resorption-

reversal phase and decreases the volume of remodeling-related resorption spaces, yielding an 

overall positive bone balance despite increased Ac.f. Therefore, this study shows that slowing of 

BMU progression could play an essential role in how PTH enhances coupling and produces an 

overall anabolic outcome despite transient increases in porosity. This makes PTH a powerful drug 

to treat osteoporosis. Further investigation into LER modulation is warranted, with potential 

benefits for treating remodeling-related diseases, improving treatment, and possibly reducing the 

adverse effects of drugs. 

 

3.5. Supplementary Materials 

 

Figure 3.10 (A) shows the histogram of LER and (B) the mean LER by group in the present 

study and in the LER PTH_previous(a) study.(37) LER was higher in the present study (PTH = 

34.61 µm/day and PTHW = 39.37 µm/day) compared with the previous PTH study (LER 

PTH_previous(a) = 23.8 µm/day). The discrepancy between studies can be attributed to the 
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differences within species, such as the cortical bone microarchitecture variation. However, it can 

also be attributed to a sampling issue. As it is shown in Figure 3.10 A, the present study measured 

more BMUs (651 BMUs) compared with our first PTH-previous(a) (186 BMUs) study. A few 

high LER values from PTH and PTHW in the distribution could shift from the mean to the right 

side of the graph. 

 

A 

B 

Figure 3.10. Comparison of LER in PTH and PTHW groups with our previous work (LER 

PTH_previous(a)(37)). (A) Histogram of LER distribution for PTH (N = 350), PTHW (N = 301) 

and PTH_previous(a) = 186. (B) LER data are presented as boxplot with median, interquartile 

range, max and min values plotted as dots, and mean as a cross. 

 

In the present study, the region of interest was larger (View #1 + View #2 ~ 19 mm) than 

that used in LER PTH_previous(a)(37) (View #1 ~ 10 mm). We sought to rule out the possibility of 

LER variation along the diaphysis. Figure 3.11 A shows LER distribution and Figure 3.11 B the 
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numbers of BMUs by group in the present study by the mid Z coordinate position along the 

diaphysis. LER was equally distributed along the diaphysis in both PTH and PTHW. The total 

numbers of BMUs were also equally distributed in PTH (View #1 = 178 and View #2 = 172), 

whereas PTHW showed a higher number of BMUs in View #2 (n = 182) compared with View # 

1 (n = 119). However, the total number of BMUs were not different by view (p = 0.606) or group 

(p = 0.534). We have also analyzed LER direction as going up to the proximal region (Z2 - Z1/t2 

– t1 > 0 = + LER) and going down to the distal region (Z2 - Z1/t2 - t1> 0 = - LER) along the 

diaphysis (Figure 3.11 C). We have not found differences in the BMU direction along the diaphysis 

in both PTH and PTHW (Table 3.2 and Figure 3.11 C). However, when we divided the analysis 

by scan view, we found that PTH showed differences in - LER in View# 1 and View 2 (p = 0.027) 

and + LER in View#1 and View#2 (p = 0.027) (Table 3.3). 
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A B 

C D 

  

Figure 3.11. PTH and PTHW LER distribution (A), number of BMUs (B), and BMU direction (+LER going up to the proximal region 

and -LER going down to the distal region) (C) along the mid Z coordinate position in the rabbit tibia diaphysis (D). 
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Figure 3.12 shows comparisons of (A) cortical porosity, (B) canal diameter and (C) canal 

diameter distribution at 14 and 28 days of PTH dosing in the present study (PTH vs. PTHW) 

compared with the two previous studies (LER PTH_previous(a) and ex vivo PTH_previous(b)) 

conducted by our group. Previous(a)(37) was our first LER study using PTH to increase the number 

of BMUs, and the data were collected in vivo at 14 days and ex vivo at 28 days of PTH dosing. 

Previous(b)(27) was our first PTH rabbit study in which the rabbits were dosed for 28 days, and the 

data were collected ex vivo.  

At 14 days mean Ct.Po was similar between PTH and PTHW, with PTH_previous(a)_Day 

14 showing a high variation attributed to a microarchitecture difference between rabbits. At 28 

days, mean Ct.Po was similar between PTH, LER PTH_previous(a)_Day 28, and ex vivo 

PTH_previous(b)_Day 28, again with LER PTH_previous(a)_Day 28 showing high variation. We 

used an automatic threshold to segment the pores in the present study. However, LER 

PTH_previous(a) and ex vivo PTH_previous(b) used the same fixed global threshold value. 

Therefore, the high degree of variation in the LER PTH_previous(a) study can be explained by 

differences in cortical bone microarchitecture between rabbits. Regarding mean Ca.Dm both PTH 

and PTHW showed decreased values between 14 and 28 days. As explained before, this decrease 

can be attributed to the scan resolution and type of segmentation used in the present study. On the 

other hand, the mean Ca.Dm in the LER PTH_previous(a) study at 14 days and 28 days was 

similar. Comparing Ca.Dm between studies at 28 days, the present study and LER 

PTH_previous(a) showed similar values. All studies showed a similar peak in Ca.Dm distribution 

(Figure 3.12 C) at 100 µm.
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A B 

C 

Figure 3.12. (A-C) Comparison of cortical porosity (Ct.Po), canal diameter (Ca.Dm) and Ca.Dm distribution in rabbit tibiae of PTH 

and PTHW groups, and with our two previous work (LER PTH_previous(a)(37) and ex vivo PTH_previous(b)(27)). All data were 

compared at 28 days. 
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CHAPTER 4.  Conclusion 

 

4.1. Thesis Overview 

 

The rate of progression of a basic multicellular unit (BMU), their longitudinal erosion rate 

(LER), was first described by Jaworski and Lok(24) in 1972 using 2D double tetracycline labeling. 

Still, little is known about BMU spatio-temporal regulation. This knowledge gap is due to a lack 

of efficient 3D methodologies that include a suitable 3D imaging technique that balances high 

resolution and radiation dose and accommodates a preclinical model that exhibits cortical 

remodeling.(21,27) Our group has developed a novel approach combining longitudinal in vivo 

synchrotron-based phase-contrast micro-CT in association with a parathyroid hormone (PTH) 

rabbit model.(37) PTH is well documented in the literature to exert both catabolic (increased 

resorption) and anabolic (increased bone formation) actions on the cortical bone of 

rabbits.(27,30,39,127,128) These complex effects can be reconciled by the interpretation that PTH 

increases the rate of remodeling – both the creation of new BMUs (activation frequency, Ac.f) and 

the rate of formative activities (osteonal mineral apposition rate, On.MAR).(27) However, how PTH 

affects BMU spatio-temporal behavior is unknown, warranting further investigation. In the classic 

studies from the 1970s(24–26) and ‘80s,(7) LER was inferred using 2D double tetracycline labeling. 

The measure was based on an assumed steady state where the cutting cone progression is equal to 

that of the closing cone. Based on this assumption, Parfitt(7) postulated that LER could be 

calculated as the length of the closing cone divided by the time required for the radial infilling. In 

2D sections, radial infilling is calculated from osteonal wall thickness divided by osteonal mineral 

apposition rate (On.MAR). If this spatio-temporal relationship is valid and constant, increasing 

On.MAR, as observed with PTH,(27–30) would concomitantly elevate LER. The aim of this thesis 

was to use the novel approach developed by our group to explore whether the increased On.MAR 

generated by PTH extends to the progression of individual BMUs. Specifically, I manipulated 

BMU progression via different dosing regimens: PTH and PTH withdrawal (PTHW). I 

hypothesized that LER would be higher during active dosing, as PTH is also known to increase 

On.MAR.(132)  

Chapter 2 presents a literature review. It starts with a historical overview to consider how 

important terminologies in cortical bone that are still used today, such as the Haversian system, 
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Volkmann’s canal, and Howship’s lacunae, were discovered. Early studies on the Haversian 

system and Volkmann’s canal led to the first description of a cortical BMU and the bone 

remodeling concepts used in modern biology. LER studies from the 1970s and ‘80s using 2D 

longitudinal sections with double-labeling techniques played an essential role in our fundamental 

understanding of BMU dynamics as we know them today. However, such studies were based on a 

steady state, where LER could be inferred considering a constant relationship between the cutting 

cone and the closing cone. Therefore, the amount of bone formed was equal to the amount of bone 

resorbed, and BMU functioned in ways that did not change over time. However, with new concepts 

of uncoupling between resorption and formation playing a role in bone loss, such an assumption 

is problematic. Advancement in X-ray imaging regarding resolution and radiation dose led our 

group to explore 4D (or 3D over time) imaging in the study of BMU progression.(22,28) 4D imaging 

can contribute to a better understanding of BMU regulation in disease states, including 

osteoporosis. The first trial was performed using rat forelimbs.(31) However, rats showed very little 

cortical remodeling leading our group to rabbits, which are known in the literature to exhibit 

cortical remodeling. However, because a normal rabbit has very few BMUs to be explored at any 

one time, it was necessary to increase the activation of BMUs. PTH is well known in the literature 

to increase cortical porosity in rabbits.(27,30,39,127,128) None of the studies presented in the literature 

examined how PTH impacts BMU progression, warranting further investigation, as PTH is used 

to treat osteoporosis in humans. Our group has combined PTH rabbits with in vivo synchrotron-

based phase-contrast micro-CT to serve as a platform for more detailed analyses of how PTH 

affects spatio-temporal BMU regulation. The new methodology presented in this thesis offers new 

insights into how PTH impacts LER, which has significant clinical relevance in understanding 

PTH’s complex actions that could, in turn, lead to strategies to improve responsiveness to PTH 

therapy. 

Chapter 3 presents the main experimental study, which aimed to investigate the spatio-

temporal behavior of BMUs (specifically, LER in 4D) in the cortical bone of PTH-dosed rabbits. 

LER was quantified in PTH and PTH withdrawal (PTHW) groups and compared over 14 days. 

The hypothesis was that PTH would elevate LER as this agent is known to increase bone 

formation. The mean PTHW LER was higher than PTH, countering the thesis hypothesis. The 

thesis results suggest that PTH enhances the coupling between resorption and formation by 

slowing cutting cone advancement and speeding up bone formation. Therefore, the size of the 
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reversal-resorption phase can be shorter and thus the time required to reach the postulated cellular 

density to switch from reversal-resorption phase to formation, which consequently decreases the 

overall volume of the remodeling space, yielding a positive bone balance despite increased Ac.f. 

The results presented in this thesis suggest that slowing BMU progression could play an important 

role in how PTH produces an overall anabolic outcome despite transient increases in porosity, 

which makes PTH a powerful drug to treat osteoporosis. This apparent slowing of BMU 

progression by PTH has intriguing implications for BMU dynamics, and further investigation is 

warranted, consequently for combatting remodeling-related diseases. 

 

4.2. Future Directions 

 

Our group’s new method has been established as a platform by which cortical bone 

remodeling can be tracked and studied. My thesis is the first to use this model to manipulate BMU 

behavior and shed light on how PTH affects BMU coordination in time and space. This study has 

clinical relevance, as PTH is an anabolic agent used to treat osteoporosis. Other aspects of PTH’s 

actions on bone remodeling, such as its combination with antiresorptive agents, can be investigated 

using the novel approach employed in this thesis. Experiments utilizing this platform could involve 

the following: 

1. Studying the temporal nature of PTH bone effects in vivo at multiple time points to detect 

changes in microarchitecture and geometry over time. Researchers state that the anabolic 

window induced by PTH occurs early in treatment.(152,153) Thus, PTH anabolic effects 

would be maximal at early time points during the experiment, and this hypothesis could be 

tested.  

2. Studying PTH low-dose regimens to maximize the beneficial aspects of PTH while 

minimizing the negative. Our group has been dosing the rabbits at 30 µg/day, and results 

have shown that PTH highly increased cortical porosity. Using this model approach, we 

could compare BMU behaviour using PTH at 20 µg/day (dose used to treat osteoporotic 

patients) and at 10 µg/day (lower dose employed in rabbits(30,39)), which could be translated 

into the clinical setting and improve osteoporosis treatment. 
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In addition to the PTH-rabbits, other clinically relevant models, such as ovariectomized 

(OVX) rabbits, can be used to study the actions of glucocorticoids (GC) and osteoporosis 

treatments in BMU behavior. Currently, we have two projects in progress in this regard. 

1.  Investigation of glucocorticoids. OVX, GC, OVX+GC, and sham OVX control (SHAM) 

rabbits combined with longitudinal in vivo synchrotron-based phase-contrast micro-CT. 

During my master’s, I had the opportunity to work on these experiments performed at the 

Canadian Light Source, where the rabbits’ right tibiae were imaged at 14 days in vivo and 

then imaged ex vivo (post-mortem) after 28 days of GC dosing. This study outcome will 

give more insights into how GC affects BMU uncoupling. A second outcome is regarding 

how estrogen suppression affects BMU behaviour. 

2. Investigation of antiresorptive (alendronate) and anabolic (PTH) agents using OVX, 

OVX+Alendronate, and OVX+PTH rabbits combined with longitudinal in vivo 

synchrotron-based phase-contrast micro-CT. This study aims to examine BMU behavior 

using the two main osteoporosis agents in varied doses (clinical and higher). The 

hypothesis is that alendronate will slow and/or stop BMU progression and inhibit the 

initiation of new BMUs, whereas PTH will slow BMU progression and enhance formation. 

 

Another relevant topic for future study is 3D BMU-related resorption space morphology 

or BMU shape analysis. Our BMU data can provide a more comprehensive measurement of each 

remodeling phase, such as the length and radius of the cutting cone and reversal zone. Such 

measures can indicate the changes in volume within each phase, and their slope will give the radial 

rate of changes. Such analysis can provide more insights into how bone resorption and formation 

are spatially and temporarily synchronized in diseases states, as well as the impact of drug 

interventions such as GC, alendronate, and PTH. This project is also in progress. 

In summary, this thesis represents the first application of a 4D method that enables the 

study of BMUs behavior and establishes it as a platform to study cortical bone remodeling. LER 

was higher in PTHW than in PTH, counter to the thesis hypothesis. This find suggests that PTH 

slows cutting cone advancement while simultaneously speeding up the advancement of closing 

cone, making the reversal-resorption phase shorter. The new insights into BMU dynamics gained 

from this work indicate a novel way in which PTH enhances coupling that is beyond increased 

formation, which yields an overall positive bone balance despite an increase in cortical porosity. 
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This makes PTH a powerful treatment for osteoporosis. Further investigation of BMU modulation 

is warranted, with potential implications for combatting remodeling-related disease, improving 

treatment, and potentially reducing drug adverse effects. 
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APPENDIX A  

 

This appendix presents the methodology used to measure the in vivo radiation dose applied 

to the rabbits during the experiments in the BMIT-BM 05B1-1 beamline at the Canadian Light 

Source.  

 

A.1.  In vivo radiation dose measurements 

 

The radiation dose applied to rabbits during the in vivo images was measured using a 

PinPoint ion chamber (model 31014, PTW, Germany) and Thermoluminescent dosimeter (TLD) 

chips (Mirion Technologies, Ontario, Canada). Before starting the in vivo imaging acquisition, the 

ion chamber was positioned in the middle of the beam (position#1 - distance from the source to 

the ion chamber = 51 m) behind the slits (Figure A1.a) and then inside the Lucite tube used as the 

rabbit leg holder (position#2 - distance from the source to the sample = 58.8 m, Figure A1.b). The 

dose rate was estimated as 79.9 mGy/s (current:163 mA) at position#1 and 42.2 mGy/s (current: 

160mA) at position#2. The ion chamber was used during the experiment to estimate each rabbit’s 

dose rate and keep the desired radiation dose at 2 Gy using 1000 projections. 

A total of eight TLD chips (TLD chip size = 3.15 x 3.15 mm) were scanned using the same 

parameters as the in vivo images to confirm the radiation dose applied to the rabbits. The chips 

were wrapped and taped using Kapton film. We positioned one chip (6ARE-A) in the same 

position as the ion chamber (position#1, Figure A2.a, one scan), and three chips (5ARE-A, B and 

C, three subsequent scans) were taped outside the Lucite tube (position#2, Figure A2.b). Using a 

rabbit carcass (the right tibia was dissected from a previous experiment), we wrapped four chips 

(4 AREA-A, B, C and D) on the right leg to position the rabbit leg inside of the Lucite tube (Figures 

A3. a and b). Three sequential scans were performed to map the radiation dose applied to the rabbit 

leg. Table A1 summarizes each TLD chip radiation dose with corresponding ion chamber readings. 
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a 

b 

Figure A. 1. The PinPoint ion chamber (a) at position#1 and (b) at position#2. 

 



98 
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b 

Figure A. 2. TLD chips wrapped in Kapton film. (a) at position#1 and (b) at position#2, showing 

the region of the three subsequent scans. 
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b 

Figure A. 3. (a) TLD chips wrapped in the rabbit carcass. (b) The rabbit leg inside the Lucite 

tube shows the region of the three subsequent scans. 
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Table A. 1. in vivo and ex vivo data sets threshold ranges 

 

 

TLD Chip 

ID # 

Radiation Dose Estimation using TLD Chips and Ion Chamber 

TLD 

(Gy) 
TLD Description 

Ion 

Chamber 

(Gy) 

6ARE-A 2.22 TLD in the same position as the ion chamber (position #1). 2.11 

5ARE-A 1.85 
Without the rabbit leg and outside of the tube. TLD was positioned in the 

image of Scan#3. 

2.11 

5ARE-B 1.13 
Without the rabbit leg and outside of the tube. TLD was positioned in the 

image of Scan#2. The chip went out of the field of view during scan. 

2.16 

5ARE-C 1.34 
Without the rabbit leg and outside of the tube. TLD was positioned in the 

image of Scan#1. The chip went out of the field of view during scan. 

2.20 

4ARE-B 3.33 
With the rabbit leg inside of the tube. TLD was positioned in the image of 

Scan#3. 

2.13 

4ARE-C 2.87 
With the rabbit leg inside of the tube. TLD was positioned in the image of 

Scan#2. 

2.15 

4ARE-D 1.93 
With the rabbit leg inside of the tube. TLD was positioned in the image of 

Scan#1. 

2.16 

4ARE-A 0.06 

With the rabbit leg inside of the tube. Half of the TLD was positioned in 

bottom of the image of Scan#1. The chip went out of the field of view 

during scan. 

2.16 
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APPENDIX B  

 

This appendix presents the settings used for image reconstruction for the in vivo data sets 

using the UFO-KIT software package (https://ufo.kit.edu/dis) and the ex vivo data sets using the 

NRecon software package (Bruker). 

 

B.1.  In vivo data sets reconstruction 

 

EZ-UFO is a graphical user interface to the UFO-KIT software package (Figure B1) used 

for the reconstruction of synchrotron-based X-ray micro-CT data available at the Biomedical 

Image and Therapy Facility (BMIT) at the Canadian Light Source (CLS). EZ-UFO reconstructs 

the images using the Filtered Back Projection (FBP) algorithm. In the main tab (Figure B1), you 

can set parameters for the center of rotation, phase retrieval, filters, region of interest and histogram 

settings, and configuration before you click on reconstruct. In the new software version, it is also 

possible to set advanced parameters for reconstruction, stitch images, and view them. The first 

version of the software used in this thesis only consisted of the main tab. Below, I am describing 

the step-by-step used for the in vivo data sets reconstruction. 
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Figure B. 1. Ez-UFO main interface. 
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Once the EZ-UFO was launched, the first step was to select the input and output directories 

for the images and the names of the darks, flats and tomo from each data in the Configuration 

section (Figure B1). After that, enable Phaganin/TIE phase retrieval was selected using the 

parameters taken from the in vivo image (photon energy = 37.5 keV, pixel size = 13 µm and 

sample-detector distance = 60 cm) and the default value of 200 for the delta/beta ration. The 

Paganin phase retrieval method(154) converts the image signal into enhanced image contrast 

between materials. In other words, it enhanced the image contrast between bone and soft tissue in 

the in vivo data sets. The next step was to set the center of the rotation axis. During the image 

acquisition the center of rotation axis varied between 1029 to 1031. The rotation axis was set at 

1030 pixel. In the first version of the software, it was possible to use a sinogram filtration in the 

frequency domain filter with kernel sizes of 1, 2 and 3. This filter uses convolution to suppress 

variations in the mean intensity of sinogram rows. As the in vivo images did not present significant 

ring artifacts, a convolution kernel of size =1 was used on the reconstruction. By default, EZ-UFO 

reconstructs the images in 32-bit format. However, the user can clip the image histogram to 16 or 

8-bit format (Region of interest and Histogram settings section in Figure B1). To apply this step is 

necessary to choose the best range values for the histogram to be clipped. A preview reconstruction 

was applied to each in vivo data set using the Select rows which will be reconstructed (First row 

in projections = 100, Number of rows = 200, and Step = 20, Region of interest and Histogram 

settings section in Figure B1). After this step, each short reconstruction was opened in the ImageJ 

software (https://imagej.nih.gov/ij/) to record their histogram range values. Table B1 presents each 

32-bit histogram range of the in vivo data sets. The best histogram range was chosen using the 

minimum and maximum values of table B1 (-3.881E-7 – 1.768E-6). It was applied to Clip 

histogram and save slice in the Region of interest and Histogram settings section (Figure B1) to 

convert the images into the 8-bit format. Figure B2 shows an image dataset histogram before and 

after clipping. All the in vivo data sets were then reconstructed using the button Reconstruct in the 

Configuration section.  
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Table B. 1. In vivo and ex vivo data sets threshold ranges 

 

 

 

 

 

 

 

 

 

 

Rabbits 

32-bit Histogram Ranges 

in vivo View# 1 in vivo View# 2 

PTHW1 -3.321E-7 – 1.478E-6 -3.073E-7 – 1.492E-6 

PTHW2 -2.772E-7 – 1.370E-6 -2.791E-7 – 1.412E-6 

PTHW3 -3.881E-7 – 1.483E-6 -2.946E-7 – 1.340E-6 

PTHW4 -3.229E-7 – 1.473E-6 -2.973E-7 – 1.342E-6 

PTHW5 -3.336E-7 – 1.435E-6 -2.773E-7 – 1.311E-6 

PTHW6 -3.637E-7 – 1.768E-6 -3.239E-7 – 1.731E-6 

PTHW7 -2.986E-7 – 1.350E-6 -3.124E-7 – 1.421E-6 

PTH1 -3.022E-7 – 1.281E-6 -3.107E-7 – 1.328E-6 

PTH2 -2.925E-7 – 1.263E-6 -3.120E-7 – 1.587E-6 

PTH3 -2.915E-7 – 1.290E-6 -3.267E-7 – 1.423E-6 

PTH4 -3.776E-7 – 1.424E-6 -3.769E-7 – 1.396E-6 

PTH5 -3.804E-7 – 1.283E-6 -3.238E-7 – 1.251E-6 

PTH6 -2.756E-7 – 1.358E-6 -2.985E-7 – 1.337E-6 

PTH7 -3.809E-7 – 1.265E-6 -2.985E-7 – 1.469E-6 
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a 

 

b 

 
Figure B. 2. (a) 32-bit histogram of PTHW6 in vivo View#1. (b) 8-bit histogram of PTHW6 in 

vivo View#1 after clipping. 

 

B.2. Ex vivo data sets reconstruction 

 

The ex vivo data sets from the right and left tibia were reconstructed using the NRecon 

software package (Bruker). The NRecon reconstructs the images using the Filtered Back 

Projection (FBP) algorithm. Once  NRecon is started and a data set is loaded ( Figure B3), it is 

possible to see a scout scan image with two dark-red lines indicating the slice range for volume 

reconstruction, and a green line indicating the slice to be reconstructed in the preview mode. The 

first step is to do a preview reconstruction of a slice of your data set by clicking on the Preview 

button on the Start tab (Reconstruction section Figure B3). Once the preview reconstruction is 

done, the Output tab (Reconstruction section Figure B4) automatically pops up showing an image 

slice. In this tab, you can see the image histogram with the minimum and maximum values of the 

attenuation coefficients, and you can also modify a few output parameters, such as the histogram 

range, image format, scales, ROI, etc. The first step in our methodology was to record the 

histogram range values of each ex vivo data set (Table B2). The best histogram range for 

reconstruction was chosen using the minimum and maximum values of table B2 (-0.008 – 0.08), 

and we set the images out put as 8-bit format.  

There are another two tabs for reconstruction parameters in the NRecon. The Settings and 

Advanced tabs. The Settings tab shows the aligned mode. In this tab, we have selected  
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Figure B. 3. NRecon main interface shows the Start tab. 
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Figure B. 4. NRecon main interface shows the Output tab. 
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Table B. 2. The attenuation coefficient histogram range of the right and left tibia 

 

to Show Misalignment compensation with a value of 4. We have also selected Object larger than 

the field of view, and Ring artifact reduction with a value of 1. In the Advancement tab, you can 

set the parameters for Smoothing filter with different kernels. This filter removes noise, but it may 

introduce blurring to your image. We have not used the Smoothing filter in our reconstruction. 

Once all the parameters were set, we used the Start tab clicking on the Start button to do the 

reconstruction of the whole data set.  

 

Rabbits 

Attenuation Coefficient Histogram Range 

Right Tibia Left Tibia 

PTHW1 -0.008-0.06 -0.008-0.07 

PTHW2 -0.007-0.07 -0.007-0.06 

PTHW3 -0.008-0.07 -0.008-0.06 

PTHW4 -0.006-0.08 -0.006-0.08 

PTHW5 -0.008-0.07 -0.008-0.07 

PTHW6 -0.008-0.07 -0.008-0.07 

PTHW7 -0.008-0.07 -0.008-0.07 

PTH1 -0.008-0.07 -0.008-0.07 

PTH2 -0.007-0.07 -0.006-0.07 

PTH3 -0.008-0.07 -0.008-0.08 

PTH4 -0.008-0.06 -0.008-0.07 

PTH5 -0.008-0.07 -0.008-0.07 

PTH6 -0.007-0.07 -0.007-0.08 

PTH7 -0.008-0.07 -0.008-0.07 
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APPENDIX C  

 

This appendix presents the methodology developed for the 3D image registration and 

longitudinal erosion rate (LER) quantification used in my thesis. It is divided into data 

segmentation, 3D data registration, and LER quantification, as shown below. 

 

C.1.  Data Segmentation 

 

In this section, I describe how data sets were imported, resized by a factor of 2, and 

segmented using the Amira software (version 6.2). 

 

1. Open Amira software and click on open data to import your files (Figure C1.a). If your 

data set is too big, you will receive a message about out-of-core data. In the loading policy 

tab, choose to read complete volume into memory and click ok (Figure C1.b).  

2. Next, set your images’ voxel size and click ok (Figure C2.a). In this thesis, the voxel size 

of in vivo data sets was 13.05 µm, and ex vivo data sets was 4.93 µm. Data set will be 

visible in the project view, as you can see in Figure C2.b. You can rename it if you want. 
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a 

b 

Figure C. 1. Importing a data set in Amira: (a) click on open data and (b) read complete 

volume into memory. 
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a 

b 

Figure C. 2. (a) Set a data set voxel size. (b) View data set in the project view area. 
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3. As the ex vivo data sets were big, I had to reduce their size by a factor of 2 to save 

computational memory. Click on data set (Figure C3), then choose compute > volume 

operations > resample > create.  

 

 

Figure C. 3. Resizing a data set in Amira: use volume operations > resample > create. 

 

4. Once you have created the resample module, you must change the voxel size on the 

properties panel, and then click the apply button (Figure C4).  
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Figure C. 4. Setting the voxel size in the properties area. 

 

5. You have created your resampled data set (Figure C5.a). Now you can click on the 

segmentation tab (Figure C5.b). 
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a 

b 

Figure C. 5. (a) Data set resampled. (b) The segmentation tab. 
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6. Once you have imported your data set into the project view, click on the segmentation tab. 

In the segmentation area, be sure you have selected the image you need to segment and 

look at the segmentation editor (red circle). In the same segmentation editor, you can see 

the image label that was created automatically (Figure C6). 

 

 

Figure C. 6. Segmentation tab in Amira. Red circle shows the image name and label field.  

 

7. In the materials area, you will see the exterior and inside. Make sure the inside material 

(green box) is selected (Figure C7.a). To start the data segmentation, click on the histogram 

icon (red arrow) in the selection area, and with the cursor, visually choose the best threshold 

for your image (red circle in Figure C7.b).  
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a  

b  

Figure C. 7. First steps for segmentation: (a) exterior and inside materials and (b) image 

histogram. 
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8. In this example, the best threshold was selected from 64 to 255. Next, click on select 

masked voxels. Make sure all slices are selected (red circle in Figure C8.a). Once this has 

been applied (entire image series masked), click on the + button (red circle in Figure C8.b). 

This action creates your inside material. Table C1 presents the threshold ranges used for 

the in vivo and ex vivo data sets used in this thesis. 

 

Table C. 1. in vivo and ex vivo data sets threshold ranges 

 

 

 

Rabbits 

Threshold Ranges 

in vivo View# 1 in vivo View# 2 ex vivo 

PTHW1 134 – 255 134 – 255 126 – 255 

PTHW2 147 – 255 147 – 255 113 – 255 

PTHW3 142 – 255 142 – 255 112 – 255 

PTHW4 142 – 255 142 – 255 129 – 255 

PTHW5 144 – 255  144 – 255 138 – 255 

PTHW6 144 – 255 144 – 255 138 – 255 

PTHW7 140 – 255 140 – 255 131 – 255 

PTH1 147 – 255 147 – 255 127 – 255 

PTH2 135 – 255 135 – 255 130 – 255 

PTH3 130 – 255 130 – 255 105 – 255 

PTH4 132 – 255 132 – 255 114 – 255 

PTH5 132 – 255 132 – 255 122 – 255 

PTH6 130 – 255 130 – 255 128 – 255 

PTH7 139 – 255 139 – 255 114 – 255 
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a  

b  

Figure C. 8. (a) Masked voxel selection. (b) + button to create inside material. 

 

9. In the next step, click on the segmentation tab (red arrow), then click on remove islands. I 

used the remove islands to create a mask in the bone and pores. I set a value of 5000 voxels 

to make sure that the cortical bone and pores were connected. Next, select all slices and 
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then click apply. Once that is finished, click on close (Figure C9.a). Next, click on select 

inside material (red arrow). You will see that the bone and pores are segmented. In other 

words, both are now included in the segmentation (Figure C9.b). 

 

a  

b  

Figure C. 9. (a) Using remove islands to segment bone and pores. (b) Selecting inside material. 
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10. For the next step, click on the selection tab (red arrow in Figure C10) and then shrink all 

slices. This helped to remove new bone formation from the endosteal envelope, that could 

make the visualization of registration more difficult. In some data sets I had to apply it x2 

or x3, depending on the amount of bone formation in each data set. After shrinking all 

slices, add new material (red circle in Figure C10); click on the button and add it to the 

materials area.  

 

 

Figure C. 10. Using the shrink all slices. 

 

11. In this example, the new material is material 3 (in red). You can see that material 3 is 

selected. Then, click on the + button in the selection area (red arrow in Figure C11). You 

will see a red mark around your image (two red arrows in the XY slice in Figure C11). 
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Figure C. 11. Creating material 3. 

 

12. With material 3 still selected, go to the selection area and click on select only current 

material (red arrow in Figure C12.a). Next, invert the image threshold (in this example, 

from 0 to 64 in Figure C12.b). With this action, you can see the pores are blue and ready 

to be segmented. Next, click on select masked voxels (red circle in Figure C12.b).  
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a 

b 

Figure C. 12. Creating material 4: (a) selecting only current material (red arrow) and (b) 

selecting masked voxels (red circle), 

 

 



123 
 
 

 

13. As your pores are now masked, add a new material (material 4 in Figure C13.a). With 

material 4 selected, click in the + button (red circle in Figure C10.b). You can see a pink 

mark around the pores. 

a 

b 

Figure C. 13. (a) Adding material 4 (red circle). (b) Inserting the pores in material 4 (red 

circle). 
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14. To see the pores segmented, click on the select icon in material 4 (red arrow in Figure C14). 

Then, click on the single viewer to see the pores in 3D (red arrow in Figure C14). 

 

 

Figure C. 14. Visualizing the segmented pores in 3D. 

 

C.2.  3D Registration 

 

In this section I describe how the 3 data sets (View #1 and View #2 in vivo and ex vivo) 

used in this thesis were registered using the Amira software (version 6.2). The same methodology 

can be used to register 2 data sets. 

1. Once you have finished segmenting your data sets as described in the previous section, 

click on the project tab. You will see your data sets with labels in the project view area 

(Figure C15). 
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Figure C. 15. Data sets in the project view area 

 

2. Click on each data set, then choose display> volren > create (Figure C16.a and b).  

3. This way, you will be able to see your data sets in 3D (Figure C17). 
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a  

b  

Figure C. 16. (a) Click on the image and choose to display volren. (b) Data sets with the volren 

modules. 
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Figure C. 17. Volrens displayed in 3D 

 

4. Before applying automatic registration, you must manually align your data sets. That will 

help with the automatic registration. For this thesis, the in vivo data sets were manually 

adjusted (the model), and the ex vivo data set was stationary (the reference). First, click on 

the View #1 data set (red arrow), and in the properties area, click on the transform editor 

icon (small green circle). You can see a bounding box that will allow you to rotate and 

translate the data set (white arrow). Use the arrow cursor (small white circle) to move your 

data set (Figure 18A.a). When your data set is ready, you can go to the registration. Click 

on the View #1 data set > geometry > transform > register images > create (Figure 18A.b). 
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a

 

b 

 

Figure C. 18. (a) Manual alignment of View #1 in vivo data set. (b) Creating your registration 

module. 
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5. As you have created your registration module (red circle in Figure 19A), go to the 

properties area and choose the model (View #1) and reference (ex vivo) (white circle in 

Figure 19A). Click on rigid+Iso-scale and choose the metric correlation (or mutual 

information) and then click apply (Figure 19A). 

 

 

Figure C. 19. Applying automatic registration. 

 

6. Now you must register View #2. Go back to the project view area and turn off the View #1 

volren, as you have already registered it, and turn on View #2 (Figure C20.a). Click on the 

View #2 data set (red circle in Figure C20.a), and in the properties area (red arrow in Figure 

C20.a), click on the transform editor icon (green circle in Figure C20.a). Manually adjust 

(rotation and translation) your data set (white arrow in Figure C20.a). Use the arrow cursor 

(white circle) to move your data set to the best position (Figure C20.a). Once your View 

#2 is ready, then go to the registration. Click on View #2 data set > geometry > transform 

> register images > create (Figure C20.b). 
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a  

b  

Figure C. 20. (a) Manual alignment of View #2 in vivo data set. (b) Creating your registration 

module. 
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7.  In this case, View #2 is the model, and ex vivo and View #1 are the references (white circle 

in Figure C21.a). Use the same transformation and metric as described above. Then, click 

apply (red arrow in Figure C21.a). Once your registration is done, you can turn on the View 

#1 volren. Now you can see the 3 data sets registered (Figure C21.b). 

 

a  

b 

Figure C. 21. (a) Applying automatic registration. (b) The 3 data sets registered. 



132 
 
 

 

 

8. To inspect your registration, go back to the project view area and turn off all the volrens 

(Figure C22).  

 

 

Figure C. 22. Turning off volrens in the project view area. 

 

9. With volrens off, click on the labels of each data set, as in this example: ex vivo.labels> 

display > isosurface > create (Figure C23.a). Now do the same for the View #1 and View 

#2 in vivo data sets. With these actions, you have created your isosurface modules (red 

arrows in Figure C23.b). Click on the threshold (properties area) and click apply (Figure 

C23.b).  
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a 

b  

Figure C. 23. (a) Creating isosurface modules. (b) Choosing the threshold for the isosurfaces. 
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10. You can choose different colors for your threshold. In this example, the ex vivo BMUs are 

in white, View #1 in vivo BMUs are in blue, and View #2 in vivo BMUs are in red (Figure 

C24). 

 

 

Figure C. 24. Ex vivo BMUs are in white, View #1 in vivo BMUs are in blue, and View #2 in 

vivo BMUs are in red. 

 

B.3.  LER Quantification 

 

In this section, I describe how to landmark basic multicellular unit (BMU) using Amira 

software (version 6.2). For this thesis, we used two landmarks: one in the BMU in vivo and another 

in the BMU ex vivo. This way, the 3D coordinates of each BMU were computed, which enabled 

quantification of the distance between them. LER was calculated as the distance between BMUs 

divided by the time between in vivo and ex vivo image acquisition, as described in Section 3.2.4. 

BMUs were landmarked as described below. 

1. With all isosurfaces on, click on the project view area (red circle in Figure C25) and choose 

create object. Search for landmark and click on landmarks (2sets).  
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Figure C. 25. Creating landmarks-2sets. 

 

2. Now you can see the landmarks-2sets module in the project view area (red circle in Figure 

C26.a). To connect the landmarks, click on landmarks-2sets and go to the properties area 

(Figure C26.b). Choose image set1: view#1 and image set2: ex vivo. Now you can see that 

the object landmarks-2sets is connected to the two data sets (Figure C26.b). 
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Figure C. 26. (a) Landmarks-2sets module in the project view area (red circle). (b) Choosing 

image set 1 (View #1 in vivo) and set 2 (ex vivo). 
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3. Next, click on landmark editor (flag icon in the properties area – Figure C27). In the 

landmark editor, you can add or remove landmarks and choose the marker type. In this 

example, the marker type was point (Figure C27).  

4. Click on the landmark view module in the project view area (red circle in Figure C28.a) to 

change the size and complexity of the landmarks. In this example, line (size 0.3) and 

complexity 1 (Figure C28.a) were used. Now you are ready to start to landmark BMUs. 

Use the extra viewer to landmark BMUs. Zoom in on BMUS you want to mark. Choose 

the arrow cursor and click on the tip of the BMU in vivo (blue); then click on the tip of the 

BMU ex vivo (white). Now you can see the two landmarks: gold (in vivo) and blue (ex vivo) 

(green circle Figure C28.b). Repeat this procedure for the other BMUs.  

 

 

Figure C. 27. Landmark editor (flag icon on the properties area). 

 

 

 



138 
 
 

 

a  

b  

Figure C. 28. (a) Landmark view module in the project view area (red circle). (b) The two 

landmarks: gold (in vivo) and blue (ex vivo). 
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5. Once you have finished marking all BMUs, go back to the project view area and click on 

landmarks-2sets, and then click on export data (Figure C29). Choose the folder to save it. 

You can read the text files in Excel. 

 

 

Figure C. 29. Exporting data. 

 

6. Now you can quantify BMUs in View #2 (Figure C30.a). Create the landmarks-2sets in the 

project view area as described in Step 2. Use the extra viewer to landmark BMUs as 

described in Step 2. Now you can see the two landmarks: gold (in vivo) and blue (ex vivo) 

(green circle in Figure C30.b). Figure C31 shows BMUs landmarked in both views. 
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Figure C. 30. (a) Creating landmarks-2sets for View #2. (b) The two landmarks: gold (in vivo) 

and blue (ex vivo). 
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Figure C. 31. BMUs landmarked in both views 

 


