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Abstract 

Multiple myeloma is a cancer of white blood cells which migrate to the bone marrow. In the 

bone marrow cavity these malignant cells interact with the present bone cells and over activate 

osteoclasts while simultaneously suppressing osteoblasts. These interactions lead to 

catastrophically bone loss, visible in radiographs as characteristic lesions within the cortex of 

bone. This progressed disease state is called multiple myeloma bone disease. While there are 

anti-resorptive therapies for the bone disease, till this day there is no anabolic treatment. A 

promising nonpharmacological therapy to prevent bone loss or even form new bone and 

therefore decrease fracture risk are physical stimuli such as exercise. While exercise is known 

to be beneficial to bone in healthy patients, it is largely unknown how physical stimuli effect 

multiple myeloma bone disease and if it is a valid therapeutic approach. Moreover, it is 

unknown how physical stimuli in the presence of multiple myeloma and even multiple 

myeloma itself influence the material quality of bone. 

The overall aim of this work was to investigate how controlled in vivo loading affects the bone 

mass, the microstructure, bone formation and resorption and the material quality in the presence 

of multiple myeloma. To obtain these answers, a wide range of material characterisation 

techniques were used. An axial compressive loading model was used to apply super-

physiological loads to the tibiae of young, tumor bearing mice. The first aim was to study the 

effect of additional mechanical loading on the cortical and trabecular bone mass, microstructure 

and bone formation and resorption in the metaphyseal region of tumor injected tibia. The 

obtained results showed that in vivo loading can counteract the deleterious effects of the tumor. 

In tumor injected loaded mice, the cortical and trabecular bone mass was maintained as well as 

the microstructure in comparison to the nonloaded tumor injected mice. Furthermore, bone 

formation was increased in response to loading in those tumor bearing mice, while the 

resorption was not influenced. An interesting result was that the injection of either the tumor 

cells or a phosphate buffered saline solution led to a healing response in the tibia and 

subsequently to higher bone formation. However, loading did not seem to influence the 

material quality of bone. All parameters measure in loaded tumor bearing mice did not differ 

from nonloaded tumor bearing mice. Thus, the tumor does not alter the quality of the newly 

formed cortical bone, since no significant differences have been found in bone composition. 

However, the injection itself altered the material composition of bone, foremost in increased 

matrix mineralization and crystal size of the hydroxyapatite crystals in the bone matrix. The 
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reason for this effect remains unclear, since the injected solution or the healing response of 

bone could cause such changes in material quality. 

Taken together, the presented results provide a broader understanding of the influence of 

additional mechanical stimuli in the presence of multiple myeloma. It can be concluded that 

mechanical stimulation can counteract the bone disease and therefore diminish or mitigate the 

deleterious bone loss. Furthermore, newly formed bone does not seem to lack quality. 

Therefore, mechanical stimulation could be a viable option as an adjuvant therapy in patients 

suffering from multiple myeloma bone disease. 
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Kurzfassung 

Das multiple Myelom beschreibt bösartig entartete antikörperproduzierende Zellen, welche ins 

Knochenmark wandern und dort ihre Nische finden. Diese entarteten Zellen interagieren mit 

den dort präsenten Knochenzellen und hyperaktivieren Osteoklasten bei gleichzeitiger 

Suppression der Osteoblasten. Diese Interaktionen führen zu einem  katastrophalen 

Knochenverlust, sichtbar in Röntgenaufnahmen als charakteristische Läsionen im Kortex der 

befallenen Knochen. Die so vorangeschrittene Krankheit wird mit antiresorptiven 

Medikamenten behandelt, aber bis zum heutigen Tag gibt es keine Behandlung zum 

Wiederaufbau des Knochens. Eine vielversprechende nicht-medikamentöse Therapie, um 

Knochenverlust vorzubeugen oder neuen Knochen aufzubauen und dementsprechend das 

Frakturrisiko zu senken, ist mechanische Stimulation. Es ist bekannt, dass sportliche 

Betätigung bei Gesunden positive Auswirkung auf die Knochenmasse hat. Es ist jedoch unklar, 

ob dies auch für Patienten mit multiplen Myelom gilt und ein therapeutischer Ansatz sein 

könnte. Weiterhin ist es unklar, inwiefern physikalische Stimuli die Materialqualität des 

Knochens bei Patienten mit multiplem Myelom beeinflussen. 

Das vorrangige Ziel dieser Arbeit war zu untersuchen, wie die kontrollierte mechanische 

Belastung in vivo die Knochenmasse, -mikrostruktur, -formation und -resorption und die 

Materialeigenschaften des Knochens bei gleichzeitiger Präsenz eines multiplen Myeloms 

beeinflusst. Dafür  wurden verschiedene Methoden zur Materialcharakterisierung angewandt.  

Ein mechanisches Belastungsmodell mit axialer Kompression wurde benutzt, um 

superphysiologische Belastung in der Tibia von jungen, tumortragenden Mäusen zu induzieren. 

Als erstes wurde der Effekt der zusätzlichen mechanischen Belastung auf kortikale und 

trabekuläre Knochenmasse, -mikrostruktur und Knochenformation und -resorption in der 

Metaphyse der tumortragenden Tibia untersucht. Die in vivo Ergebnisse zeigen,  dass die 

mechanische Belastung den schädlichen Auswirkungen des Tumors entgegenwirken kann. Im 

Vergleich zu nicht mechanisch belasteten tumorinjizierten Mäusen, war die kortikale und 

trabekuläre Knochenmasse erhalten und die Mikrostruktur erheblich verbessert. In diesen 

mechanisch belasteten tumorinjizierten Mäusen war die Knochenformation erhöht. Ein 

Einfluss auf die Knochenresorption konnte nicht nachgewiesen werden. Dass durch die direkte 

Injektion von Tumorzellen oder Phosphatlösung in die Tibia ein Heilungsprozess im Knochen 

ausgelöst wurde, was auch zu einer erhöhten Knochenmasse führte, ist ein überraschendes 

Ergebnis.  
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Weitere materialcharakteristische Untersuchungen zeigten, dass mechanische Belastung nicht 

zu Veränderungen in der Materialqualität von kortikalem Knochen führten. Alle in 

tumorinjizierten und mechanisch belasteten Mäusen untersuchten Parameter waren nicht 

verändert im Vergleich zu mechanisch nichtbelasteten tumorinjizierten Mäusen. Der Tumor 

beeinflusste also nicht die Qualität von neugebildetem kortikalem Knochen. Die Injektion als 

solche aber beeinflusste die Materialzusammensetzung des Knochens. Hauptsächlich konnte 

eine Erhöhung der Mineralisierung der Knochenmatrix sowie der Dicke der 

Hydroxyapatitkristalle nachgewiesen werden. Die Mechanismen dieser Veränderung bleiben 

unklar, jedoch könnte der beobachtete Heilungsprozess zu solchen Veränderungen in der 

Materialzusammensetzung führen. 

Zusammenfassend ermöglichen die präsentierten Ergebnisse ein besseres Verständnis des 

Einflusses mechanischer Belastung auf Knochen mit präsentem multiplen Myelom.  

Es kann geschlussfolgert werden, dass mechanische Stimulation dem schädlichen Einfluss des 

multiplen Myeloms auf den Knochen und damit auch dem Knochenverlust entgegenwirken 

kann. Weiterhin scheint der neugebildete Knochen nicht kompromittiert. Daher könnte 

mechanische Stimulation eine mögliche adjuvante Therapieoption bei Patienten mit multiplem 

Myelom darstellen. 
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1. Introduction 

1.1. Motivation and aims 

Multiple myeloma (MM) is the second most common hematological neoplasia in Europe and 

the USA with an age-adjusted incidence of 6/100.000 per year and a median age of incidence 

of 69 years1 MM is an incurable plasma cell-derived neoplasia, characterized by an aberrant 

growth of tumor cells within the bone marrow. The tumor cells diffusely infiltrate the bone or 

grow as multiple focal lesions2. Within the bone marrow, MM cells interact directly with bone 

cells, over activating osteoclast differentiation and activity, while reducing osteoblast activity. 

The outcome results in bone loss with characteristic osteolytic punched out lesions3-6. MM is 

believed to evolve from precursor, asymptotic and pre-malignant disorders characterized by 

monoclonal plasma cell infiltration of the bone marrow called monoclonal gammopathy of 

undetermined significance and smoldering multiple myeloma7. 

Current strategies to treat multiple myeloma bone disease (MMBD) include bone marrow 

transplants, radiation and chemotherapy, which in and of themselves present challenges to the 

skeleton8-10. These therapies are aimed at diminishing tumor growth and mass, yet their severe 

side effects limit their efficacy in patients. To prevent further bone loss from occurring in 

MMBD, anti-resorptive drugs like bisphosphonates are widely used in patients. Although these 

drugs reduce the occurrence of skeletal-related events in pre-clinical as well as clinical studies, 

patients continue to suffer from bone pain and fractures4,5,11,12. Therefore, anabolic therapies 

would be beneficial in treating MMBD to stimulate osteoblastic bone formation and 

subsequently reduce fracture risk.  

In addition to promising bone forming pharmacological interventions, physical activity has 

been shown to be a viable adjuvant therapy in cancer patients to improve quality-of-life13-15. 

Moreover, physical activity can also serve as a cue to activate downstream molecular signaling 

pathways to encourage bone formation. For example, mechanical stimulation, such as exercise, 

has been shown to promote bone formation in elderly women, although their adaptive 

capabilities are diminished compared to young individuals16-18. Despite the high fracture risk 

in MM patients, physical activity and exercise, such as aerobic and strength training, has been 

shown to be safe in this patient population14,19. 

Non-invasive tibial axial compressive loading was previously shown by Lynch et. al.20 to 

reduce bone loss in a model of metastatic breast cancer. Thus, my goal was to determine if 

controlled mechanical loading could reduce bone loss and enhance bone formation in a 
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syngeneic model of established MMBD. However, it was as well shown, that metastatic breast 

cancer and other cancers can modulate the bone composition and therefore compromise bone 

quality21,22. Hence, I also wanted to assess the cortical bone composition, the mineral structure 

and the mechanical properties of bone in mice with established MMBD. An altered bone 

composition might compromise newly formed bone due to loading and therefore render a 

possible adjuvant therapy less advantageous. 

I hypothesized that in vivo tibial axial compressive loading would prevent bone loss by 

increasing bone formation and reducing bone resorption in tumor injected mice with 

established MMBD. Furthermore, I hypothesized that the presence of MMBD would alter bone 

composition and mineral particle size in bone and hence affect bone’s mechanical properties. 

I injected syngeneic MM tumor cells into the proximal tibia of immunocompetent mice. The 

mice underwent in vivo tibial axial compressive loading for three weeks, starting 14 days after 

initial inoculation of the tumor cells. Over the three-week loading period I performed in vivo 

microCT imaging (day 13, 18, 23, 28, 33) to investigate changes in cortical and trabecular bone 

morphology, mass and (re)modeling. At the end of the loading regiment, day 33, mice were 

euthanized, and tibiae were collected. I then performed conventional 2D histomorphometry on 

the tibiae. To assess bone composition, mineral crystal size and mechanical properties, tibiae 

were embedded, cut and subjected to Fourier transformed infrared spectroscopy imaging, small 

angle X-ray scattering and nanoindentation. 

 

1.2. Outline of the thesis 

This thesis is structured in seven parts. It starts with an introductory chapter explaining MMBD, 

the motivation for studying mechanical stimulation in this setting, the aims of the thesis and 

the overall structure of the thesis. Chapter 1 is followed by an overview of the state-of-the-art 

in bone research and myeloma research. It introduces relevant concepts and their previous 

applications. In chapter 3, the methodology of the experimental work is described, providing 

detailed information on the methods and materials used critical for eventual reproducibility of 

the data. A theoretical background of the techniques is provided. Chapter 4 includes the results 

of this work and is divided in several sub-chapters, presenting the microarchitectural results 

and the bone composition results of this thesis. Chapter 5 provides a detailed discussion of the 

findings provided in this thesis and is in reference to chapter 4 divided in sub-chapters. Chapter 

6 concludes this thesis and subsequently chapter 7 provides an outlook on remaining questions 

and suggestions for further research on the topic. 
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2. Background 

2.1. Bone - an organ and a material 

Bone is a living organ consisting of bony tissue that takes on multiple forms. Bone tissue is 

built up, maintained and resorbed by different types of cells around and within its matrix. Bone 

fulfills multiple function within the body, be it protection of inner organs such as the brain, 

mechanical support or serving as a mineral reservoir23. To keep up its function, bone needs to 

adapt its density and structure to changes in its local environment and be able to recover from 

damage. 

From a material science perspective, bone can also be considered a composite biomaterial. One 

can use different methods and techniques to elucidate its chemical, mechanical, physical and 

structural properties. Bone shows a hierarchical structure ranging from the nanometer to the 

millimeter scale23-25. We can regard bone as a collagen-mineral nanocomposite, in which 

mineral crystals or platelets are embedded within the organic collagen matrix24,26. This 

composition is responsible for the mechanical, chemical and physical properties bone shows, 

differing fundamentally from the properties of each single part of the composite27. 

 

2.1.1. Bone as a living tissue 

Bone is made up of an extracellular matrix (ECM), which is mineralized, and cells which built 

up, maintain and resorb the matrix. Mineral and matrix are undergoing continuous changes and 

bone is capable of regeneration, repairing microdamage and adaptation to changing 

environmental conditions. 

We can identify three types of bone cells, osteoblasts, osteoclasts and osteocytes28. Osteoblasts 

are the cells responsible for bone formation. They secrete macromolecules which make up the 

ECM, the yet non-mineralized collagenous bone matrix. This abundant type I collagen matrix 

forms together with other specialized matrix proteins the osteoid, which will later be 

mineralized with hydroxyapatite particles28. Osteoblasts can secrete highly disorganized 

collagen fibrils or collagen fibrils aligned with previously formed bone matrix, thus forming 

either woven bone or lamellar bone23,29. After laying down the bone matrix osteoblasts can 

undergo five different paths, they can remain osteoblasts, they can become senescent, they can 

become apoptotic or necrotic, thus dying, become bone lining cells, covering nearly the entire 

bone surface or become osteocytes, embedded into the bone28. In contrast to osteoblasts, 

osteoclasts resorb bone. However, like osteoblasts, their activity is vital for bone modeling, 
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which changes the shape of bone during growth and remodeling, to maintain skeletal integrity 

throughout the life28. Osteocytes are found within the bone in so called lacunae and interact 

with neighbouring cells via their dendrites which pass through small channels, called 

canaliculi28. Osteocytes are recognized as the cells that coordinate the function of osteoblasts 

and osteoclasts in response to environmental cues like mechanical stress or hormonal 

changes28,30. By secreting specific factors like sclerostin, receptor activator of nuclear factor 

kappa-Β ligand (RANKL) or osteoprotegerin (OPG) they affect other bone cells through 

paracrine or autocrine mechanisms30. 

The macro- and microstructure of bone, especially trabeculae are influenced by mechanical 

cues. Already in 1870, Wolff stated that the arrangement of trabeculae inside the human 

femoral neck follows the stress trajectories, thus reflect the curves of tension and 

compression31. He described a law stating that the shape of bone follows its loading conditions, 

which is nowadays known as Wolff’s law31. Thus, it has long been known, that bone is not a 

static but dynamic tissue, that can change due to environmental cues such as loading32,33. One 

can describe two different processes in which bone architecture may change, modeling and 

remodeling. Modeling is defined as the occurrence of bone formation and resorption which are 

not temporally and spatially coupled and occur independently33-35. In contrast, remodeling 

describes a process, in which formation and resorption are temporally and spatially coupled. 

Usually it is initiated by an activation step which is followed by timely bone resorption and 

finishing with bone formation33-35. Throughout life the skeleton of vertebrates undergoes 

continuous remodeling, mainly maintaining bone mass and replacing damaged tissue33,36,37. 

If external cues exceed a certain threshold, bone can adapt to these changed conditions. Frost 

formulated this in his mechanostat theory and stated that if an upper or a lower threshold is 

reached, bone reacts in adapting its mass and structure and subsequently its strength35,38 (Figure 

1). If the mechanical strain due to loading exceeds an upper threshold, bone enhances its 

strength by formation and resorption drift, this is the previously described modeling 

process32,35. If the mechanical strain is below that modeling threshold, bone undergoes 

continuous remodeling to repair microdamage32,35,40 (Figure 1). If the strain falls below a lower 

threshold though, bone will be resorbed, thus decreasing its strength. In contrast, if the strain 

level rises to very high levels, bone will develop microdamage, diffuse damage, and eventually 

will fail. The bone repairs microdamage via (re)modeling, leading to bone formation but not 

increasing its strength35. 
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Depending on the bone compartment, remodeling can be divided into osteonal remodeling, 

which occurs in cortical bone and hemiosteonal remodeling, which occurs in trabecular bone. 

Osteonal remodeling is conducted by a complex interplay and organization of osteocytes, 

osteoclasts and osteoblasts, forming a basic multicellular unit33,36. Bone is made up of 

osteoclasts resorbing bone material and forming a cutting cone which penetrates into the 

cortical bone. These osteoclasts are followed by osteoblasts which lay down new lamellar bone 

and form the closing cone which closes the cavity. This process results in the formation of a 

Haversian canal, containing the central blood vessel33,36. The resulting structure is called a 

secondary osteon or the Haversian system and has a diameter of approximately 200 mm and is 

bordered by the cement line33,36,41. Adult human undergo constant Haversian remodeling, while 

this process usually cannot be found in rodents33. Only in the case of fatigue loading, 

intracortical remodeling has been shown in rats42, although a recent study shows de novo 

intracortical remodeling as well in aged mice43. A scheme of the MCU is depicted in Figure 2. 

 

 

 

 

Figure 1: The mechanostat theory as proposed by Frost. The horizontal axis depicts peak bone strain 

and the vertical axis either net loss (-) or gain (+) of bone mass. The yellow pulsed line shows the 

threshold values of minimum effective strain (MES) for remodeling (MESr), modeling (MESm), 

microdamage accumulation (MESp) and fracture strain (Fx). One can see four windows, bone loss if 

disused (DW), bone maintenance during normal use (adapted window, AW), bone gain while 

increasing the use (mild overuse window, MOW) and bone damage if overused (pathological overuse 

window, POW). One can see, that if the mechanical strain on bone increases beyond a certain 

threshold, a net bone gain can be observed. This figure was adapted with permission from: The murine 

axial compression tibial loading model to study bone mechanobiology: Implementing the model and 

reporting results, Russell P. Main, et. al., Journal of Orthopaedic Research, 2019  
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2.1.2. Bone as a material 

Bone is structured hierarchically, ranging from the nanometer scale arrangement of collagen 

molecules and embedded mineral crystals up to the macroscopic scale of the whole bone 

(Figure 3). Both inorganic and organic compartments of bone contribute to different 

mechanical properties. While the mineral content is mainly responsible for bone’s strength and 

stiffness, the toughness is derived from its collagen matrix41,46,47. On the nanometer scale, bone 

is composed of an inorganic and organic phase. Around 60% of the bone tissue weight is made 

of inorganic matter, around 10% is water, while the rest is organic matter47,48. The inorganic 

phase consists of a highly substituted analogue of hydroxyapatite, with major substitutions of 

carbonate, magnesium and acid phosphate, as well as other trace elements23,49. Making up 

approximately 90% of the total protein content, the main component of the organic phase is 

collagen type I. Other components of the organic phase are noncollageneous proteins and 

lipids23,49,50. 

Three polypeptide chains assembled into a triple helix form the collagen type I molecule. The 

molecule has a length of 300 nm and thickness of 1.5 nm23,24. Multiple collagen molecules are 

staggered along the axial direction periodically separated by 67 nm on each end, forming 

collagen fibrils of around 100 nm diameter. The fibrils form a characteristic banded structure, 

with overlapping zones of approximately 32 nm and gap zones of 35 nm23,24,50,51 (Figure 4). 

 

Figure 2: The left image shows the process of modeling, where bone formation and resorption are 

uncoupled. While osteoblasts are laying down bone on the top of the bone, osteoclasts resorbing it on 

the other side. The right image shows bone remodeling, where formation and resorption are coupled. 

After an activation signal, osteoclasts are recruited, to resorb old bone, followed by osteoblasts laying 

down osteoid, which mineralizes into new bone. Taken with permission from Chapter 25: Registered 

Micro-Computed Tomography Data as a Four-Dimensional Imaging Biomarker of Bone Formation and 

Resorption, Annette I. Birkhold and Bettina M. Willie, Biomarkers in Bone Disease, Vol. 1, 2016 
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Bone mineral nucleates within the gap regions between the ends of the collagen fibrils, as well 

as along the pores that run longitudinally between the fibrils and it was suggested that 

nucleation can start as well in the overlap zone23,52,53. The mineral particles deposit on the 

collagen array and mature into thin plate-like structures mainly parallel to the longitudinal axis 

of the collagen fibril23,54 (Figure 4). The spacing between the mineral particles is about 67 nm, 

which corresponds as well to the distances of the collagen molecules55. The average thickness 

of these mineral particles is less than 10 nm23, with reported thickness varying between 1.5 and 

4 nm24,26. 

The average length of the mineral crystals spans a wide range and it is believed that size and 

length increase depend on tissue age23. The mineral particles usually contain different 

impurities or inclusions, which substitute constituent ions in the lattice or are absorbed onto 

the crystal surface. While carbonate is the most common substitute, acid phosphate is also often 

substituted as long as other elements are also present23,24,26,49,56,57. This leads to the conclusion 

that bone mineral is poorly crystalline hydroxyapatite, due to these impurities58. This has 

implications in its solubility and therefore its bioavailability. 

Figure 3: The hierarchical structure of bone, from the whole bone level and the microarchitectural 

parameters, shown here as structure properties, towards the material properties of the micron scale, like 

collagen fiber orientation and nano scale, like mineral size. Taken with permission from Bone 

adaptation: safety factors and load predictability in shaping skeletal form, Bettina M. Willie et. al., 

Bone, 2019 
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The mineralized collagen fibril constitutes the universal building block of bone and has a 

thickness of 0.1 to 3 µm26,50 (Figure 5). 

The fibrils form arrays with diameters ranging from 1 to 10 µm24. Weiner et. al.25 classified 

four different patterns of fibril organization: parallel fibril arrays, woven fiber structures, 

plywood-like structures and radial fibril arrays. The organization of fibrils is characteristic for 

different structures of bone, such as lamellar bone, woven bone and fibrolamellar bone and as 

well for the bulk structure of dentin25. 

Figure 4: Schematic overview of collagen fibers. (A) A collagen molecule is made of three collagen 

polypeptide chains which are helically intertwined and is 300 nm long with a diameter of 1.5 nm. (B) 

The molecules are stacked in a way that there are 67 nm hole zones between the ends of the neighboring 

fibers. Taken and modified with permission from Chapter 1: Bone Morphology and Organization, 

David B. Burr, Basic and Applied Bone Biology, 2nd edition, p.3, 2019 

Figure 5: The mineralized collagen fibril, taken with permission from Structure and mechanical quality 

of the collagen-mineral nano-composite in bone, Fratzl et. al., J Mater Chem, 2004 
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Woven bone is usually the first bone formed during embryonic development and occurs as well 

in rapidly formed bone with or without any previous hard tissue or cartilage present for example 

during fracture healing59. Woven bone is a collection of randomly oriented fibril arrays and has 

no higher hierarchical level of organization. Woven bone seems to represent an optimal 

solution in case a scaffold for subsequent formation of organized bone is needed. It can 

therefore be thought of as a transient tissue51. Lamellar bone on the other hand forms slower 

and usually replaces woven bone or old lamellar bone through remodeling processes23. 

Lamellar bone is made of individual layers of fibril arrays stacked in rotated plywood like 

fashion (Figure 6 C). The fibrils are alternating in orientation around an axis perpendicular to 

the layers25,26,60. However, the details of tissue arrangement in lamellar bone remains under 

discussion61,62. In mammals, lamellar bone is often concentrically arranged around a canal, 

which contains blood vessels and nerves. This canal runs parallel to the long axis of bone and 

the unity of the canal and the surrounding lamellae is called an osteon. Osteons can be classified 

two ways, as primary osteons formed during initial bone formation and as secondary osteons, 

also called Haversian osteons, formed during remodelling of existing bone23. 

Figure 6: Mineralized fibril arrays can be stacked in distinct patterns: (A) as parallel fibril arrays, (B) 

in a woven structure, (C) in plywood-like fashion and (D) in radial fibril arrays. Taken and adapted with 

permission from The Material Bone: Structure-Mechanical Function Relations, S. Weiner and H. 

Wagner, Annual Review of Materials Science, 1998  
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Osteons are usually found in cortical bone, while in trabecular bone, lamellae are organized 

parallel to a common direction63. 

Cortical and trabecular bone, made of the described constituents, define bone on a higher 

hierarchical level. While cortical bone is typically found as the bounding border of bones and 

ranges in adult, skeletally mature humans in thickness from a tenth of a millimeter in the 

vertebrae to even centimeters at the midshaft of long bones24, trabecular bone constitutes the 

internal structures of bone, for example inside the femoral neck23. Trabecular bone forms a 

sponge-like structure with a porosity of the whole volume of approximately 80%. The thickness 

of trabeculae is notably smaller than that of cortical bone, with a range of 1 to 300 µm23,24. 

Trabecular networks form the surroundings for the bone marrow and provide attachment points 

for marrow cells, while being nurtured by the marrow and blood vessels simultaneously. In 

contrast to that, cortical bone is much more dense, with only a porosity of about 6% in adult 

bone, caused by enclosed blood vessels and lacunae23,24. 

Figure 7: Schematic view of cortical and trabecular bone in (A) a human long bone. Cortical bone is 

formed in osteons parallel to the bones long axis, while trabecular bone reaches into the medullary 

cavity and follows the direction of strain. (B) displays a cross-section of cortical bone and (C) a cross-

section of trabecular bone. Cortical bone is made of osteons surrounding the Haversian canal. The cells 

of bone are depicted, the osteocytes embedded in bone, the bone forming osteoblasts and the bone 

resorbing multi-nucleated osteoclasts. Adapted from Donna Browne, Skeletal System Module 4: Bone 

Structure. OpenStax CNX. Nov 15, 2013, Download for free at http://cnx.org/contents/e4e7ed87-dca1-

4c48-be92-9eb45065b8f0@2   

http://cnx.org/contents/e4e7ed87-dca1-4c48-be92-9eb45065b8f0@2
http://cnx.org/contents/e4e7ed87-dca1-4c48-be92-9eb45065b8f0@2
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As stated before, the mineral particles align predominantly along the fibril, which are oriented 

along the bone’s long axis in cortical bone. Consequently, mineral particles are aligned with 

the bone’s long axis in cortical bone24,26,64. In trabecular bone, the mineral particles seem to 

align with the orientation of the trabeculae, still following the fibril orientation63,65,66. 

Around 80% of the human skeleton is made up of cortical bone, while the rest is made of 

trabecular bone, although this ratio differs largely at different anatomical sites and with age. 

Concluding the hierarchical structure, bones can be divided by their shape into long and flat 

bones, but also into short, irregular and sesamoid bones. Flat bones, such as the cranium, the 

pelvis or the rib cage, offer extensive protection for soft organs and provide surface for 

muscular attachment. Long bones, such as the femur, the tibia or the radius, are typically found 

in the extremities, where they provide stability against bending and buckling and allow for the 

upright gait for example24. All the described hierarchical levels influence the mechanics of 

bone and all are interrelated23,26,41,67. 

 

Figure 8: Human skeleton, with some long bones (femur), flat bones (sternum), short bones (carpus), 

irregular (vertebrae) and sesamoid (patella) bones identified. The human skeleton consists of 206 bones 

in total. Taken from OpenStax, Anatomy & Physiology, Chapter 6. Bone Tissue and the Skeletal 

System, OpenStax CNX. Feb 26, 2016 Download for free at http://cnx.org/contents/14fb4ad7-39a1-

4eee-ab6e-3ef2482e3e22@8.24.  

http://cnx.org/contents/14fb4ad7-39a1-4eee-ab6e-3ef2482e3e22@8.24
http://cnx.org/contents/14fb4ad7-39a1-4eee-ab6e-3ef2482e3e22@8.24
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2.2. Multiple myeloma 

Multiple myeloma (MM) is the second to most common hematological neoplasia in the USA 

and Europe with an age-adjusted incidence of 6/100.000/year and a median age incidence of 

69 years1. Between 80 and 90% of patients diagnosed with MM develop bone lesion during 

their disease course2,4-6. MM is an incurable plasma cell-derived neoplasia, characterized by 

aberrant growth of tumor cells (MM cells) within the bone marrow. Tumor cells diffusely 

infiltrate the bone marrow or grow as multiple focal lesions and secrete abundant amounts of 

monoclonal immunoglobulins2. MM cells interact directly with bone cells in the marrow, 

increasing osteoclast activity while reducing osteoblast activity2,4-6, thus leading to the 

characteristic “punched-out” bone lesions.  MM bone lesions are purely osteolytic, only bone 

resorption takes place, and are associated with severe bone pain, spontaneous fractures, 

hypercalcemia and spinal cord compression. This leads to an increased mortality in these 

patients2,4-6. The following sections will highlight the pathogenesis of multiple myeloma bone 

disease (MMBD), it’s effect on the skeleton, different models to study MM and current 

treatment strategies for MM. 

 

2.2.1. The pathogenesis of multiple myeloma bone disease 

MM is believed to evolve from precursor, asymptotic and pre-malignant disorders 

characterized by monoclonal plasma cell infiltration of the bone marrow called monoclonal 

gammopathy of undetermined significance (MGUS). MGUS can the develop into smoldering 

multiple myeloma (SMM)3,7 which is an asymptotic, precancerous form of myeloma, marked 

by increased level of plasma cells in bone marrow and/or monoclonal protein but yet without 

systemic involvement of organs. SMM can then evolve to MM, a disease characterized by 

hypercalcemia, renal failure, anemia and/or bone disease2,3. When MM metastasizes to the 

bone it becomes MMBD. 

MMBD is distinct from other cancers metastasizing to the skeleton and is characterized by a 

dysfunction of both bone resorption and bone formation2,4-6. While in MMBD and other 

osteolytic malignancies osteoclasts are overactivated, MMBD leads as well to a suppression of 

osteoblast activity (Figure 9). The bone marrow microenvironment in MM includes both 

extracellular and cellular elements, including immune cells, osteoclasts, osteoblasts and MM 

cells, all of which contribute to tumor growth and the destruction of bone.  Multiple interactions 

within the microenvironment are responsible for the abnormal bone (re)modeling in MMBD. 



2.2 Multiple myeloma 

27 

For example MM cells drive bone destruction which in turn releases factors favoring MM cell 

growth4-6. 

It was shown in the literature, that increased osteoclast activity occurs in vicinity to MM cells, 

suggesting that bone destruction and the formation of lesions is a local event. MM cells produce 

cytokines that activate osteoclastogenesis4-6. These factors increase osteoclast formation and 

suppress the production of OPG, an antagonist for RANKL. RANKL is a critical differentiation 

factor for osteoclast formation. There are other certain other factors released like TNF-α, IL-3, 

IL-6 or MIP-1α which induces osteoclast formation and can supress osteoblast formation as 

well28. MM cells stimulate other cells in the vicinity such as marrow stromal cells and T cells 

as well, which results in the production of more osteoclastogenic activating factors and the 

decreased production of osteoclast inhibitory factors4-6. These so called activated osteoclasts 

on the other hand release factors like IL-6 or osteopontin, which were shown to promote MM 

cells growth4-6. 

Further it was shown that the RANKL/OPG ratio in the tumor microenvironment is skewed in 

favor of RANKL, leading to osteoclastogenesis. The ratio of RANKL/OPG in patients serum 

is also an important marker for prognosis, with a high ratio negatively impacting survival4-6. 

Osteoblast activity is supressed in MM despite increases in osteoclast activity and resulting 

bone resorption. Co-culture experiments demonstrated lower MM cell proliferation rates in the 

presence of osteoblasts in comparison to the presence of osteoclasts, which has also been 

confirmed in in vivo models of MM4-6. In contrast, myeloma cells and cells in the myeloma 

marrow microenvironment produce several osteoblast differentiation inhibitors, for example 

the aforementioned TNF-α, IL-3, IL-6 or MIP-1α, but as well DKK1, sclerostin, TGFβ and 

HGF4-6. It can be concluded that MM cells actively supress osteoblast differentiation which 

enhances tumor growth since mature osteoblasts would in turn supress the myeloma 

proliferation. The exact mechanisms for the osteoblast suppression are not yet understood and 

are subject of ongoing studies. 
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A critical pathway for osteoblast proliferation and survival is the canonical WNT signaling 

pathway. MM cells can block that signaling by either producing or elevating levels of inhibitory 

factors like DKK1 and sclerostin. It has been reported that serum DKK1 levels correlate with 

the extent of bone disease in MM, although this is controversial since DKK1 expression is lost 

in later stages of MMBD4-6. Further it can be observed that patients with MM have highly 

increased serum sclerostin levels which correlates with advanced disease features. It remains 

yet unclear if MM cells itself produce sclerostin, since no mRNA expression of sclerostin was 

detected in primary MM cells5. On the other hand, osteocytes become apoptotic in the presence 

of myeloma cells and apoptotic osteocytes release high levels of sclerostin4. 

Recent studies have shown that patients with MM have a reduced number of viable osteocytes. 

This reduced number of osteocytes is correlated to the extent of MMBD6,68,69. It appears that 

this is mainly the effect of the described increased osteocyte apoptosis. The interaction between 

the osteocytes and the MM cells activates mainly the Notch pathway which stimulates MM 

cell growth68,69. In turn, in osteocytes OPG expression is downregulated by the MM cells, 

which in turn favors a higher RANKL/OPG ratio as mentioned earlier6. 

Figure 9: An overview of the MMBD pathophysiology and the multiple interplays between MM cells 

and bone cells in the myeloma microenvironment. Promising therapeutic targets are circled red. This 

image was taken and modified with permission from Biology and treatment of myeloma related bone 

disease, Terpos et. al., Metabolism, 2018 
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In conclusion MM cells in the bone marrow cavity form a tumor microenvironment that 

supresses osteoblast and stimulates osteoclasts which in return favors myeloma cell growth. 

This creates a vicious cycle ending up in devastating bone loss in patients with MMBD. 

  

2.2.2. The effects of multiple myeloma on the skeleton 

Around 85% of patients presenting with myeloma in the clinic show some form of osteopenia 

at diagnosis3,70. The amount of bone destruction usually correlates with the tumor burden and 

the prognosis. A typical effect seen on radiographs is the formation of “punched-out” osteolytic 

bone lesions (see Figure 10). These lesions develop in nearly all the patients and lead frequently 

to adverse skeletal related events such as bone pain or fractures2,3,70,72. Around 40-50% of MM 

patients develop pathological fractures which was shown to increase the risk of death72. 

Animal models of MM usually show involvement of the bone as well (see section 2.2.3). For 

example, in a 5T2MM and a 5TGM1 model, McDonald et. al.73 report a decreased cortical 

thickness as well as decreased trabecular bone volume fraction in femora. In an in vivo model 

of human MM cells, studies found reduced cortical and trabecular bone volume as well74. In 

the MOPC315.BM model one can observe reduced trabecular bone volume as well as cortical 

bone volume75 and a highly increased cortical porosity, a characteristic of osteolytic lesions. 

While the influence of MM on bone morphology and mass is well documented clinically and 

in animal models, nearly nothing is known about the influence of MM on bone quality. To this 

day there is no study describing bone composition and structure and potentially changes in a 

setting of myeloma. 

Figure 10: Forearm of a patient with MM. The ulnar and radius show typical “punched-out” osteolytic 

lesions and the radius shows a fracture in the distal part. Adapted from Hellerhoff 

under the Creative Commons Attribution-Share Alike 3.0 Unported license, 

https://creativecommons.org/licenses/by-sa/3.0/deed.en, https://tinyurl.com/y5hr9yvb   

https://creativecommons.org/licenses/by-sa/3.0/deed.en
https://tinyurl.com/y5hr9yvb
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Recent studies looking at bone composition and quality are using mostly preclinical metastatic 

cancer models. For example, M. Burke et. al.76 described how collagen fibril organization is 

altered in rat vertebrae when there are metastasis of human cervical cancer or canine prostate 

cancer present. They describe how osteoblastic bone growth due to metastatic involvement 

showed no adherence to the parallel packing structure seen in lamellar bone anymore76. In 

subsequent studies they reported that their cancer models showed reduced mineral crystal sizes, 

a reduced mineral content in the bone and changes in tissue mineral homogeneity77. Further 

they could show a decreased crystallinity, increased carbonation and collagen quality as well 

as a decreased mineral-to-matrix ratio in osteolytic and mixed (osteolytic and osteoblastic) 

using Raman spectroscopy21. At last they could show that metastases led to decreased rigidity, 

stiffness and failure force in vertebrae of rats78. He et. al. showed in a model of metastatic 

breast cancer, that osteolytic bone metastasis led a decrease in crystal size an perfection 

(crystallinity) in the remnant metaphyseal trabecular bone in immunodeficient BALB/c mice22. 

They further showed that skeletal sites prone to metastasis formation showed smaller crystal 

sizes in tumor bearing mice compared to healthy controls. They suggest that primary tumor 

already modify the crystal structure before dissemination and that sites prone to metastasis have 

smaller crystal sizes in general. Another study in prostate cancer metastasis reported increases 

in carbonate substitutions in the hydroxyapatite crystals, as well as a reduction in 

mineralization and crystallinity79. 

Changes in bone composition and material properties usually lead to changes in stability and 

fracture resistance80. In addition to the already high bone resorption in MM leading to reduced 

bone mass and a reduced fracture resistance, possible changes in bone composition could 

negatively affect the stability of the bone even further. 
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2.2.3. Different models of multiple myeloma 

There have been plenty of pre-clinical models of MM described since the late seventies81. One 

can categorize them generally into three categories, syngeneic, xenograft and transgenic mouse 

models of MM. Derivatives of these models are under constant development and helped to 

enhance the understanding of MM81-83. Since we are dealing with pre-clinical models in rodents 

these models have limitations as well. Therefore, I will present some key models of MM along 

with their features and limitations. 

Xenograft models were developed to study the behaviour of human MM cells in an in vivo 

environment. In order to use human MM cells or primary human cells one needs to use 

immunodeficient mice. For example, to study human MM cell lines one can use severe 

combined immunodeficient (SCID) mice. To achieve immunodeficiency, mice are either 

genetically modified, irradiated with high doses or a combination of both. These models have 

usually a varying rate of tumor engraftment, which highly depends on the cell line (6.2% 

RPMI-8226 compared to 75.7% MM.1S)81. Another option to study human MM is to implant 

human bone fragments into SCID mice and afterwards inject myeloma cells directly into the 

implanted bone. Tumor homing is usually achieved in the implanted bone and the formation of 

osteolytic lesions can be observed81. Xenograft models are suitable to study human MM and 

the direct effect of therapies on myeloma, but they come at costs of difficult animal handling, 

since one needs to work in a germfree environment and the risk of crosstalk between murine 

cells and human cells84. 

Syngeneic models induce MM-like diseases either via chemical induction or injection of 

murine MM cells into mice81. Although the mice used in these models are immunocompetent, 

murine MM develops and not the human disease which might differ in some aspects. One of 

the most prominent syngeneic mouse models is the 5T series, which was first described in 

197981. A number of clinical features of human MM were observed in aged immunocompetent 

C57BL/KaLwRij mice, including spontaneous proliferation of plasma cells within the bone 

marrow, development of osteolytic lesions and increased tumor-associated paraprotein levels81. 

The models have been maintained by in vivo transfer of MM-like cells and some of the best 

characterized models are the 5T2MM, 5T33MM and 5TGM1 models. In the 5T2MM model, 

young C57BL/KaLwRij are injected intravenously with the tumor cells and develop classical 

features of MM over 12 weeks. The tumor cells lead to osteolytic lesions and tumor growth in 

the bone marrow. In contrast in the 5T33MM model osteolytic lesions are not observed, but a 

MM-like disease develops 4-6 weeks after injection. One of the most aggressive forms of MM 
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in the 5T series is the 5TGM1 model, where an MM-like disease develops over the course of 

3-4 weeks. Osteolytic lesions, the abundance of paraprotein and homing to the bone marrow 

have been observed81. 

Recently a new syngeneic model of MM was introduced, the mineral-oil induced 

plasmacytoma 315 bone marrow cell line (MOPC315.BM). Models of MOPC cells were 

mainly used for studies of tumor immunology, but since the development of the MOPC315.BM 

cell line, they are a valid model of MM as well. For developing the MM cell line, a MOPC315 

cell line was injected subcutaneously into BALB/c mice and isolated for in vitro culture as 

described75. After repeated in vitro and in vivo cycles that resulted in the MOPC315.4 variant 

and the new cell line was used for intravenous injections into BALB/c mice. The first mouse 

that developed paraplegia was euthanized and MOPC315.4 cells were flushed from the bone 

marrow for subsequent in vitro expansion. Cells were repetitively (nine times) re-injected into 

BALB/c mice. After in vitro cloning with limiting dilution, monoclonal MOPC315.BM cells 

were grown in vitro, had a tropism for bone marrow and secreted the M315 myeloma protein 

(immunoglobulin A-specific)75. This derived model cell line shows highly reproducible tumor 

engraftment, an intact immune system, development of osteolytic lesions, and bone loss. 

There exist only a small number of transgenic MM mouse models. In mice overexpressing both 

Myc and Bcl-XL, tumor genes introduced into the murine genome, tumor development can be 

found at approximately five months81. The XPB-1 transgenic mice develops a MM-like disease 

between 20-40 weeks of age with characteristic paraprotein and observable osteolytic lesions. 

In conclusion there exist not a single ideal in vivo system to study MM, but there are a wide 

range of different models with distinct features and limitations available. So, a researcher must 

carefully select the model to study MM, since xenograft models don’t allow one to study the 

influence of the immune system, while syngeneic models only allow the study of murine MM. 

Another consideration when studying MMBD in mice is how murine and human bone differs. 

While human bone shows intracortical remodeling, such a process is usually not seen in 

rodents33. Only in the case of damage repair, intracortical remodeling was reported42. In the 

case of MMBD, intracortical remodeling could be influenced in the human condition but 

cannot be translated into preclinical animal models using small rodents. 
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Table 1: Overview of current MM animal models. Adapted with permission from Chapter 43 - In vivo 

models used in studies of bone metastases, I. Holen and M. Lawson, Bone Cancer, 2nd edition, p.512, 

2015  

Model immune 

status 

administration 

route 

duration model features 

syngeneic     

5T2MM competent intravenous 12 weeks osteolytic lesions; paraprotein; 

tumor growth in BM 

5T33MM competent intravenous 4-6 weeks no osteolytic lesions; paraprotein; 

tumor growth in BM 

5TGM1 competent intravenous 3-4 weeks osteolytic lesions; paraprotein; 

tumor growth in BM 

MOPC315.BM competent intravenous, 

intratibial 

4-6 weeks osteolytic lesions; paraprotein; 

tumor growth in BM 

xenograft     

SCID deficient subcutaneous 2-4 weeks palpable tumors 

NOD/SCID deficient intravenous, 

intraosseous 

3-5 weeks 

2-5 months 

osteolytic lesions; paraprotein; 

tumor growth in BM 

NSG deficient intravenous, 

intraosseous 

2-10 weeks 

4 weeks 

osteolytic lesions; paraprotein; 

tumor growth in BM 

SCID-hu deficient intravenous, 

intraosseous 

4-12 weeks 

4-20 weeks 

osteolytic lesions; paraprotein; 

MM cell engraftment in human 

bone 

transgenic     

Myc/Bcl-XL N/A N/A 18-20 

weeks 

paraprotein; tumor growth in BM 

XBP-1 N/A N/A 20-40 

weeks 

osteolytic lesions; paraprotein; 

tumor growth in BM 

 

 

  



2.2 Multiple myeloma 

34 

2.2.4. Current treatment strategies for multiple myeloma 

MM is an incurable disease and can only be controlled with patients going into remission being 

very rare2. There are different indications for treatment of MM, in case of smoldering multiple 

myeloma (SMM) only monitoring of the pre-disease state is indicated since conventional 

therapy has not shown to benefit the patients. In case of progression to a local osseous 

plasmacytoma, so to say a single site myeloma, high dose radiotherapy is used to treat the 

disease2. Although the cure of the disease is the primary goal in this treatment, 30-60% of cases 

progress to systemic MM. In systemic MM, radiotherapy is not indicated anymore since the 

adverse effect would outweigh the benefits. A treatment option for systemic MM is 

chemotherapy to prevent progression of myeloma and try to reduce disease-related symptoms. 

Another treatment option is autologous stem cell transplantation after myeloablative high-dose 

chemotherapy2. Myeloablative chemotherapy kills all cells, including cancer cells, within the 

bone marrow, so that a marrow stem cell transplantation is necessary to ensure survival of the 

patient. The survival rate after autologous stem cell transplantation is highly increased in MM 

patients but the eligibility criteria cannot be met by every patient. In case of organ dysfunction, 

a high age of the patient or comorbidities such as diabetes, stem cell transplantation is contra-

indicated. Unfortunately, most of MM patients are ineligible for stem cell transplantation and 

will develop MMBD over time2. In this patient population treatment is orientated on tolerability 

and improvements in quality-of-life (QOL). Standard treatment nowadays combine traditional 

drug treatment with melphalan and prednisone with novel drugs such as immunomodulatory 

drugs or proteasome inhibitors2. 

In case of MMBD the goal is not only to control the tumor load but to stabilize the bone 

condition as well. To control for bone loss in MMBD the only treatment option currently 

approved in patients are bisphosphonates (BPs)4-6. Both BPs pamidronate and zoledronic acid 

have demonstrated the reduction of skeletal related events such as fractures in patients suffering 

MMBD. Furthermore, zoledronic acid improved the overall survival in patients compared to 

placebo. The treatment with BPs slows the progression of osteolytic lesions by inhibiting 

osteoclast activity and the recruitment of osteoclast, it is therefore an anti-catabolic treatment 

option4-6. BPs remain the standard care in MMBD, but they are not without side effects. The 

injection of BPs can cause hypocalcemia, hypophosphatemia, renal impairment and 

osteonecrosis of the jaw. It is therefore necessary to find replacements or adjuvant agent for 

treatment of MMBD which are also anabolic. The RANKL inhibitor denosumab is one of the 

most promising agents in treatment of MMBD. Denosumab has been shown to inhibit 
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resorption, increase cortical and trabecular bone mass and delayed the onset of skeletal related 

events in a phase 3 trial in MMBD patients4-6,68. It is a promising drug for patients suffering 

renal insufficiency since it is not cleared through the kidneys. Activin inhibitors seem as well 

promising therapeutic agents. An activin inhibitor has shown anabolic activity in a murine 

model of MM, where it prevented the formation of osteolytic lesions by osteoblast stimulation 

while not influencing osteoclasts. A humanized activin inhibitor is currently undergoing a 

clinical study in MMBD patients5,68. 

Another promising approach is targeting WNT pathway regulators such as DKK1 and 

sclerostin, since both are overexpressed in case of MMBD. Antibodies neutralizing DKK1 in 

a murine model of MM led to reduced number of osteoclasts, increased number of osteoblasts 

and restored BMD of the cancerous bone. In addition, mice treated with the DKK1 antibody 

showed as well decreased tumor burden5,68,85-87, since osteoblast formation is not supressed 

anymore. As shown in section 2.2.1, mature osteoblasts release toxic factors for MM cells. 

Human trials with DKK1 antibodies are currently underway and phase 2 studies have shown 

promising results such as increases in bone strength in the hip and spine5. Inhibition of 

sclerostin has been shown to be a valid treatment option in osteoporosis88,89 and is currently 

studied in preclinical models5,68. McDonald et. al.73 report a prevention in myeloma induced 

bone loss, a reduction in osteolytic lesions and increase in bone strength in mice treated with 

sclerostin neutralizing antibody. In combination with zoledronic acid they could observe an 

increase in bone mass and fracture resistance. Delgado-Calle et. al.90 observed similar effects 

using either a sclerostin neutralizing antibody or a genetic deletion of SOST, the gene encoding 

the sclerostin protein. Although sclerostin neutralizing antibodies don’t show anti-tumor 

effects, they are nonetheless a promising approach for an anabolic treatment of MMBD and 

can be combined with anti tumor drugs to prevent bone loss and fight the cancer at the same 

time69,73,90,91. 

As an adjuvant therapy to improve QOL and overall physical fitness, various exercise 

regiments have been studied in the literature13,14,19,92-94. Exercise has been described as safe and 

feasible although dealing with an elderly patient population14,19. The overall effects on the 

skeleton and feasibility are described in section 2.3.3. 
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2.3. Skeletal mechanobiology 

Bone is able to adapt to its mechanical environment during the whole lifetime of an individual 

to obtain optimized structures in terms of size, shape, mechanical and physical properties. This 

ensures the mechanical competence and fracture resistance during daily activities. However, 

age modulates the adaptive response of bone to mechanical loads. 

Bone adapts through the process of modeling or remodeling, usually referred to as bone 

(re)modeling, as described previously. Modeling describes the process of deposition or removal 

of bone from periosteal, endosteal or trabecular surfaces, while not coupling these formation 

and resorption. On the other hand, in remodeling, both formation and resorption are temporally 

and spatially coupled and can affect all bone surfaces. Bone remodeling requires the action of 

a BMU, which describes the coordinated action of osteoblasts and osteoclasts. In the adult 

human skeleton one can find between 1 to 2 million active microscopic (re)modeling sites24. 

To adapt to mechanical environments there has to be a mechanism of sensing mechanical cues, 

this is thought to be mediated by the osteocytes residing in the LCN28,30,33,35. 

 

2.3.1. The adaptive response of bone to mechanical loading 

One of the first experiments to introduce the concept of bone adaption to mechanical loading 

was a transplantation of a fetal mouse femur into the spleen95. The bone developing from the 

cartilage matrix was shaped similar to a normal femur but presented with thinner cortices, less 

organized trabeculae and shortened and widened femoral neck, typical features of a weaker 

bone, which is not able to withstand physiological loads without damaging. The differences 

can be explained due to the lack of the usual mechanical stimuli a femur is experiencing in its 

usual position. One can conclude that the general shape and features of bone are genetically 

determined but structural competence is achieved by adaption to the mechanical environment. 

This relates to the studies by Julius Wolff of the trabecular structure in the femoral head, where 

he postulated that the arrangement of trabeculae follows the direction of principal stress in the 

tissue during physiological loads31. The law named after him states that bone is formed 

wherever it is mechanically needed and resorbed where such need is absent, leading to the 

conclusion that bone adaptive (re)modeling is not arbitrary but mechanically driven. 

Harald Frost build upon this idea that (re)modeling is mechanical driven and proposed that the 

principal determinant of bone adaption is mechanical strain. He postulated the previously stated 

mechanostat theory, introducing a mechanically controlled feedback loop which regulates bone 

(re)modeling32,38(Figure 1). When there is mechanical stimulation, e.g. high strain magnitudes, 
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exceeding a certain threshold, the mechanostat states that bone formation will occur, leading 

to increased strain-resistant architecture, normalizing the strain distribution in the region. The 

same applies in the other direction, if there are decreased mechanical stimuli, for example in 

the case of disuse, bone mass will diminish to re-establish the normal strain distribution. Others 

have proposed other mechanical cues beside strain magnitude which lead to bone adaptation, 

for example increased strain rates (due to vibrations) or an altered mechanical strain 

distribution39, since it was also reported that low strain magnitude can lead to bone formation96. 

The threshold points (see Figure 1) define ranges of strain values where the response to 

mechanical stimuli changes40. The threshold points however can be altered by nonmechanical 

factors such as drug or hormonal treatments, which can shift adaption zones and alter the 

mechanostat. 

The response of the skeleton to decreased or increased mechanical stimuli, e.g. activity, has 

been well described in literature. Reduced load bearing of bones, for example in bed rest 

patients97 or during spaceflight98,99 leads to diminished bone mass and growth rate of bone 

which in consequence leads to a decreased stiffness, strength and energy absorption of bone100. 

If bones experience unusual high loads, for example during exercise training, local increases 

in bone mass have been described, although the response to loading is diminished with age16-

18,101,102. A good example for the adaptive capabilities of bone are athletes such as tennis players 

or baseball pitchers whose playing arm has a higher bone mass than the non-playing arm103-105. 

Furthermore, adaptive changes in bone are determined by the difference in the strain 

environment compared to the habitual strain distribution due to physiological loading. In 

previous studies it was described that high impact activities like tennis, football or weight 

lifting are more osteogenic than low impact activities like swimming or cycling106-109. 

To better understand the effects of mechanical loading on the adaptive response of bone, a 

multitude of animal models were developed. In vivo loading models can be divided into four 

groups according to the invasiveness and load modality: non-invasive (exercise), intrinsic 

invasive (osteotomy), extrinsic invasive (implantation of pins to apply force) and extrinsic non-

invasive (external mechanical actuator) models35. 

Non-invasive models use the animals own activity to induce increased loads to the skeleton, 

for example voluntary or non-voluntary treadmill running or jumping35,110,111. There are 

limitations to these models, for example the lack of internal control bones. Intrinsic invasive 

models are also limited by missing controlled loading conditions and by their adverse reactions 

to surgery like inflammation and subsequently injury induced bone formation35,112,113. 
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Using extrinsic invasive loading models it was shown, that only dynamic rather than static 

mechanical loading leads to bone formation35,114,115. These models were as well used to study 

the response  of trabecular bone to loading, for example in rat’s and mice vertebrae116,117. 

Although these models can control loading modalities, a major limitation is the introduction of 

injury and therefore the possibility of injury induced bone formation35. 

Non-invasive extrinsic models overcome these limitations by allowing to apply exact 

mechanical loads without the need for surgical intervention. First developments occurred in the 

rat, using a tibial 4-point bending model118 and axial compression of the ulna119. Later these 

models were adapted to the mouse35,120,121. The compression model creates physiological 

strains in the ulna in the similar directions of those occurring during locomotion122, while the 

tibia 4-point bending model creates strains perpendicular to that direction. A critical point of 

the tibia 4-point bending model are the artificial strains introduced in the tibia (compressive 

compared to tensile strain at the anterior surface), as well as the small are of cortical bone at 

the midshaft which can be studied. Furthermore, such a loading environment will elicit a 

regional acceleratory phenomenon, described by Frost123, due to its disruption of the periosteal 

surface by the loading rods. Both loading models contributed greatly to our knowledge of bone 

adaptation. It was also shown in the mouse, that increased strain rates led to increased bone 

formation while the loading effect saturates with increasing number of loading cycles35,124-126. 

Short duration of loading is sufficient enough to elicit an adaptive response of bone, wile it is 

even more effective to divide up the daily loading into short bouts rather than one burst of the 

same stimulus a day35,127. This effect might be due to a loss of sensitivity of the osteocyte to 

repeated mechanical stimulation and in fact if one inserts a recovery period between each 

individual loading cycle, bone formation increases as well128,129. It is not quite clear as to why 

rest insertions are beneficial to bone adaptation, but it might be linked to intercellular calcium 

signalling130,131. Enhancing on that, tibial loading models in mice were established, which uses 

in vivo mechanical strains within a physiological range132,133. These models allow for the study 

of trabecular and cortical bone adaptation. Studies in C57BL/6 mice showed that a strain of 

1200 µε elicited a osteogenic response in the mouse tibia134,135. This corresponds 

approximately to two to three times the strain engendered at the tibial midshaft during normal 

gait132,136. These values are usually obtained using strain gauging of the medial midshaft of 

tibiae to obtain the relationship between the applied loads and the engendered strain and are 

used to calibrate the in vivo loading experiment132,136,137. A limitation is clearly that mechanical 

strain is usually just measured at a single anatomical site, but finite element models allow for 
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an extrapolation of the strain distribution across the whole bone134,138,139, especially in the 

trabecular bone compartment where in vivo strain measurements are not possible. 

Not many studies looked at the adaptive response of bone to loading in other mouse strains, 

such as the BALB/c mouse. Holguin et. al. report a response to mechanical loading, using a 

load of 10 N, hence a load-matched experiment, inducing -2350 µε at the posterior surface140.  
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Figure 11: Different skeletal loading experiments to study the effect of altered or enhanced mechanical 

stimulation to the bone. (A) tibial axial loading though surgically‐placed wires or pins, (B) surgically‐

isolated ulnar loading in birds, (C) four‐point tibial bending in rodents, (D) mediolateral bending of the 

tibia in rodents, (E) axial compression of the ulnar in rodents, (F) axial compression of the tibia in 

rodents, (G) compression of vertebra in rodents, (H) rabbit distal femur cancellous compression. This 

image was taken with permission from: The murine axial compression tibial loading model to study 

bone mechanobiology: Implementing the model and reporting results, Russell P. Main, et. al., Journal 

of Orthopaedic Research, 2019 
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2.3.2. The effects of mechanical loading on bone material composition and 
properties 

The effect of mechanical loading or exercise on bone mass and geometry is well understood 

and was assessed in numerous studies. However, different mechanical stimuli might not only 

lead to changes in bone mass and morphology, but to alterations in bone composition or 

properties as well. The details of these alterations remain largely unknown since only a few 

reports studied the material composition of bone in a mechanical loading experiment. 

Buckley et. al.141 could show that the functional adaption of bone composition is site-specific 

and varies along the bone and thus may be mechanically driven as well. Pre-clinical and human 

exercise studies show that exercise can lead to an increased volumetric bone mineral density 

as well as to an increased bone mineral content142-146. It has been suggested, that mechanical 

loading leads to increased collagen synthesis147 as well as altered tensional properties of the 

collagen network148,149. Furthermore, unloading in the form of microgravity has been shown to 

alter organic matrix composition and/or bone mineralization, causing a deterioration of 

material properties of bone in rodents150-152.  

Only a couple of studies until now differentiated between mineral and matrix properties of 

newly formed bone due to mechanical loading and pre-existing tissue, while the majority did 

not analyse bone quality changes. For example, Aido et. al.153 looked at the effect of mechanical 

loading and tissue age on bone composition and found no difference between newly formed 

and pre-existing tissue although they reported an effect of animal age on changes in bone 

composition due to loading. Another study by Kohn et. al.154 shows no morphological adaption 

using a short exercise regime (treadmill running daily) in post-pubescent C57BL/6 mice, but 

increased structural and tissue level mechanical properties. It was shown that mechanical 

stimulation led to enhanced mineralization (increased mineral-to-matrix ratio) and altered 

mineral composition (decreased carbonate-to-mineral ratio) in pre-existing bone tissue. A 

possible mechanism to explain these changes might be perilacunar remodeling by the 

osteocytes155. Bergstrom et. al.156 reported, that mechanically loaded bones had decreased 

mineralization and crystallinity and the collagen content became more heterogenous in the 

proximal part of the loaded bone. 

In case of healing, it was shown, that bone tissue rapidly formed via intramembranous 

ossification has altered mineral and matrix properties59,157. Further it was shown by Wang et. 

al.158 that during microdamage repair, bone composition is changed. The authors could further 

show, that with microdamage repair bone hardness and elastic modulus were reduced during 
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the repair process and were restored once the repair was completed. Since multiple myeloma 

affects the skeletal negatively (see section 2.2.2) it might be that newly formed bone have 

altered quality in the presence of the tumor. Moreover, myeloma cells express cytokines that 

affect osteoblasts, therefore the quality of the laid down bone could be compromised. 

 

2.3.3. The effects of mechanical stimulation on skeletal related cancer 

Mechanical stimulation such as exercise, plays an important role in modern cancer treatment159. 

There have been an abundance of studies explaining different exercise regimes and their 

influence on patients with various cancers159. Exercise interventions can be grouped into three 

main categories, exercise before, after and during cancer treatment. It was shown that exercise 

with moderate to vigorous levels of intensity is most beneficial. Most studies focusing on 

exercise interventions report QOL, cancer related fatigue or physical functioning as 

outcomes13,15,159-167. There have been only a few studies evaluating the effect of mechanical 

stimulation on MM in the clinic. The results remain unclear and inconclusive, but it was 

reported, that patients have an improved QOL93,94,168. Furthermore, it was shown, that exercise 

programs are feasible and deemed safe in this patient population and that these programs 

generally have good attendance14,19. In the case of smoldering MM, physical activity has also 

been shown to have improved immunoglobulin count and fitness performance92. 

Only a few studies report the effect of exercise programs on bone mineral density (BMD). 

Mogil et. al.169 report that low-magnitude high-frequency mechanical stimulation led to an 

increased BMD in childhood cancer survivors. These increases in BMD is thought to be 

beneficial for peak bone mass in adulthood in these patients. Another study by Schwartz et. 

al.170 could show that aerobic exercise preserves BMD in women undergoing chemotherapy 

for breast cancer. They concluded that weight bearing aerobic exercise are a valid method to 

attenuate declines in BMD as well as improve overall functional muscle mass and aerobic 

capacity. In a subsequent study it was reported that the effect on hip BMD is age dependent 

and it was concluded that older women have to exercise more vigorously to obtain the same 

results171. A review by Winters-Stone et. al.172 identified 8 studies reporting bone health 

outcomes in cancer populations of which 3 directly reported BMD. They found that with 

physical exercise BMD can be maintained in the spine or the whole body compare to control 

groups. Recently Hart. et. al.173 proposed a study to assess the feasibility of exercise programs 

in metastatic breast cancer patients to mitigate osteolytic lesions, the first of its kind. 
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Mechanical stimulation, either in the form of mechanical loading or low intensity vibrations 

(LIV) has been successfully used in pre-clinical cancer models. Non-invasive axial 

compressive tibial loading was shown by Lynch et. al.20 to reduce bone loss in 

immunocompromised nude mice injected with human breast cancer cells. They reported 

dramatically reduced osteolysis and tumor formation as well as increased trabecular mass in 

mechanically loaded tibiae compared to nonloaded ones. They concluded that mechanical 

loading inhibited tumor growth and the osteolytic capabilities of the breast cancer cells homed 

in the tibiae. In a model of myeloma related bone disease, it was shown by Pagnotti et. al.74 

that LIV can counteract deleterious effects of myeloma cells within the bone. They report 

higher trabecular bone volume fraction (BV/TV) as well as higher cortical bone volume 

fraction in tumor bearing mice treated with LIV compared to tumor bearing nontreated mice. 

In the femur they observed less cortical perforations, e.g. lesions and they could detect a lower 

resorption rate as well measured by blood serum markers. They concluded that LIV is a feasible 

intervention to counteract myeloma related decline in bone mass and tumor progression. Other 

than the two presented ones there are no studies evaluation the effect of mechanical stimulation 

on cancer related bone disease. 
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3. Materials and methods 

3.1. Animal housing and handling 

Forty-two, seven-week-old, female BALB/c mice (Charles River Laboratories, Germany) were 

received and acclimatized in the animal facility of the University Hospital Würzburg. Mice 

were housed five per cage with free access to food and water in a 12:12 hour light and dark 

cycle. The mice were inoculated with either tumor cells or PBS (see section 3.2) and the same 

mice were relocated to the animal facility of the Charité, Universitätsmedizin Berlin. Eleven 

additional seven-week-old female BALB/c mice (Charles River Laboratories, Canada) were 

received and acclimatized in the animal facility of Shriners Hospital for Children – Canada. 

After acclimatization they underwent the same procedures as the beforehand described mice. 

All mice were sacrificed at day 33 by cervical dislocation under anesthesia (60 g/kg ketamine, 

0.3 mg/kg medetomidine). All animal experiments were carried out according to the policies 

and procedures approved by the local legal research animal welfare representative (55.2-DMS-

2532-2-3, Regierung von Unterfranken, Würzburg, G0027/15 LAGeSo Berlin, 2016-7821 

Shriner’s Hospital for Children FACC). 

Figure 12: Overview of the timeline of the loading experiment. Mice were injected with MOPC315.BM 

cells on day 0, after 8 days blood collection and bioluminescence imaging started, on day 13 microCT 

imaging started, while on day 14 the loading regime began, calcein was administered at day 21 and day 

30 and mice were sacrificed on the last microCT day, day 33. 
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3.2. Intratibial injection of MOPC315.BM cells 

After acclimatization mice were separated into three groups: (1) tumor cell injected, further 

described as MM-injected (n=17), PBS-injected (n=24) and not injected (n=8). PBS or 5 × 104 

MOPC315.BM cells in suspension were injected directly into the medullary cavity of the left 

tibia, respectively.  To avoid post-operative infection, Enrofloxacin (Baytril, Bayer, Germany) 

was administered via drinking water, three days prior and five days post injection. Four mice 

died during the intratibial injection procedure.  

Before using intratibial injections, a pilot study was performed using intra-tail vein injections 

according to the reported model by Hofgaard et. al.75. The pilot study included three MM-

injected and three PBS-injected mice. Mice were monitored over 33 days to assess tumor mass 

and localization using ELISA to measure overall IgA serum-levels and BLI to visualize focus 

points of tumor engraftment and used luminescence intensity as a measure of tumor mass 

(monitoring protocols described below). All mice that had been intra tail vein injected showed 

signs of extramedullary tumor formation, which led to a change to intratibial injections. After 

switching to intratibial injections, a pilot study was performed to obtain the number of injected 

cells. Six female 8-week-old BALB/c mice were injected with either 5 × 104, 1 × 105 or 

2 × 105 MOPC.BM cells directly into the tibia, while the contralateral served as a not injected 

internal control. Key components such as osteolytic lesions and high serum IgA-levels were 

recreated within the model. The 5 × 104 injected cells and accordingly the higher 

concentrations resulted in osteolytic lesions, changes in bone microstructural parameters and a 

strong BLI signal while not leading to extramedullary tumors over the 33-day experimental 

period (see section 4.1). Thus 5 × 104 cells were chosen for further experiments. The intratibial 

injections were performed in collaboration with Fani Ziouti174. 
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3.3. In vivo mechanical loading 

3.3.1. In vivo load-strain calibration 

The relationship between applied compressive loading and bone tissue deformation for the 

tibiae of the ten-week-old BALB/c mice (not injected, PBS-, MM-injected) was determined 

(n=5-7 per group). The aim was to assess the applied load which elicit a tissue strain of 1200 

µε at the medial midshaft of the tibiae. This strain level was used in our group before and has 

been shown to be osteogenic in C57BL/6 mice. It corresponds roughly to two to three times 

the strains engendered on the medial tibia during normal walking in the mouse134,135,175. 

However, in a pilot experiment a mechanical strain level of 1200 µε did not elicit a significant 

cortical or trabecular bone formation response in BALB/c mice (see section 4.2). In BALB/c, 

however, a load of 10 N, was shown to be osteogenic140. So according to the findings by 

Holguin et. al.140, a load of 10 N, eliciting a strain of 2000 µε was chosen. 

Single element strain gauges (EA-06-015LA-120, Micromeasurements, Wendell, USA) were 

prepared and attached to the medial surface of the tibial midshaft aligned with the bone's long 

axis137. While mice were anesthetized (ketamine 60 mg/kg and medetomidine 0.3 mg/kg), a 

range of dynamic compressive loads (peak loads ranging from −2 to −12 N) were applied 

between the flexed knee and ankle using an in vivo loading device (Testbench ElectroForce 

Figure 13: Photograph of a strain gauge positioned at the medial surface of the tibial midshaft of a ten-

week-old BALB/c mouse  
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LM1, TA Instruments, New Castle, USA) and load and strain measurements recorded 

simultaneously using WinTest software. After measurement the slopes of the strain-load 

regressions were calculated using a Matlab script. To engender 2000 µε at the tibial medial 

midshaft a load magnitude of -10 N was used. 

 

3.3.2. In vivo mechanical loading protocol 

Cyclic compressive loading was applied to the left tibia of not injected, PBS and tumor injected 

mice using an in vivo loading device (Testbench ElectroForce LM1, TA Instruments, New 

Castle, USA). The right tibia served as an internal control. The loading device contains an 

electromagnetic linear displacement actuator which is controlled by the WinTest software. The 

actuator applies the load to the tibia through the ankle and foot and maintains its consistent 

load magnitudes via a feedback loop. The applied load is measured by a load cell in series with 

the actuator, the heel cup, the tibia and the knee cup. 

The mouse’s left knee was positioned into concave cup while the foot rested on a plate, attached 

to the loading device, through which a preload of -1 N was applied, just before the dynamic 

loading (see Figure 14). Loading parameters included: 216 cycles applied daily at 4 Hz (mean 

mouse locomotory stride frequency), 5 days/week (M–F) starting on day 14, for 3 weeks, 

delivering −10 N peak loads, which engendered 2000µε at the medial surface of the tibial-

midshaft according to our strain gauge measurements. The triangle waveform included 0.15 s 

symmetric active loading/unloading, with a constant strain rate of 0.027 ε/s maintained during 

Figure 14: (A) Schematic overview of the applied loading cycles. 4 peak loads of -10 N were applied 

using a 4 Hz frequency, after which a 5 s pause was inserted. Then the cycle started anew. (B) 

Photograph of a ten-week-old BALB/c mouse undergoing in vivo loading of the left tibia. The arrow 

indicates the direction of loading.  
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both the loading and unloading ramp of the waveform. The waveform also included a 0.1 s rest 

phase (-1 N) between load cycles and a 5 s rest inserted between every four cycles. This loading 

protocol has been shown to be anabolic in C57BL/6J mice175,176. During the loading period 

mice were anesthetized using isoflurane inhalation (2% in 1 L/min O2). On microCT scanning 

days, mice were anesthetized using an anesthetic/analgesic cocktail (60 mg/kg ketamine and 

0.3 mg/kg medetomidine). Nonloaded animals (left and right limb nonloaded) were 

anesthetized but were not placed in the loading device. Between the loading sessions mice were 

allowed unrestricted cage activity, to have normal background loading. 

 

3.4. Measuring bone morphology and mass 

X-ray imaging is the oldest of medical imaging modalities and its still widely used for clinical 

and preclinical applications today. It offers non-destructive imaging resulting in high-

resolution images of the internal structures of a sample. X-ray imaging is both a transmission 

and projection technique: radiography produces 2D projections of biological matter via 

transmission of X-rays through the sample. The absorption of X-rays relies thereby on the 

interaction of X-rays with matter, which in bone tissue is dominated by the photoelectric effect 

while in soft tissue around bone Compton scattering is the dominant mechanism177. The 

attenuation of the X-rays caused by the mentioned effects is proportional to the third power of 

the atomic number of the elements in the sample177. The final image is the superimposed 

information in the projection direction. CT is based on on transmission of X-rays through the 

body, like projection radiography. In contrast to its 2D projection counterpart, it uses multiple 

projection datasets to reconstruct a 3D representation of the X-ray attenuation and therefore the 

inside of a sample. MicroCT is a high-resolution case of standard CT. By either rotating the 

source-detector construction, the gantry, or by rotating the sample, a set of 2D projections can 

be acquired and reconstructed to a 3D image177. MicroCt imaging is extensively used to study 

bone in small animal models, since it offers an excellent contrast between the bone and its 

surrounding soft tissue178. In vivo microCT is used to longitudinally study and track changes in 

bone geometry occurring for example over the scale of weeks175,178. Further, one can access 

the dynamic changes in bone formation and resorption using image registration techniques to 

obtain morphometric information176,179. In this work longitudinal effects of mechanical loading 

on cortical and trabecular bone morphology and mass was studied by scanning the same animal 

at different time points.  
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3.4.1. In vivo microCT imaging 

In vivo microCT at an isotropic voxel size of 10.5 µm (vivaCT 40, Scanco Medical, 

Brüttisellen, Switzerland) was performed at day 13, one day prior to the start of the loading 

experiment and on day 18, 23, 28 and 33 to assess changes in bone mass, mineral density, and 

microstructure. MicroCT scans were performed on the left (loaded/injected) and right (internal 

control) tibiae of the above-mentioned groups. Scan parameters were set at 55 kVp, 145 μA 

source current, 600 ms integration time, no frame averaging and 180° rotation. For each tibia 

a metaphyseal volume of interest (VOI) was defined (see Figure 15). 

The VOI in the metaphyseal region started 105 µm below the most distal point of the growth 

plate and extended distally 10% of the total tibial length. To prevent motion artifacts, mice 

were anesthetized via intraperitoneal injection (60 mg/kg ketamine, 0.3 mg/kg medetomidine) 

and kept in a fixed position using a custom-made mouse bed during the scans (see Figure 16). 

Figure 15: ROI of the metaphyseal cortical bone analyzed with microCT. The length of the whole 

tibia is approximately 17 mm.  
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3.4.2. Static microCT analysis 

To separate cortical and trabecular bone from background (nonmineralized tissue and water), 

a global threshold of 688 mg HA/cm3 (cortical) or 467 mg HA/cm3 (trabecular) determined by 

Otsu’s method was used180. Cortical bone and trabecular bone were separated by hand every 

tenth slice. Between these slices an interpolation algorithm generated the segmentation for the 

remaining slices. The outcome parameters were obtained using the Scanco software provided 

with the scanner and included in the cortical region: principal moments of inertia (Imax, Imin), 

cortical bone area = cortical volume / (number of slices ∗ slice thickness) (Ct.Ar), total cross-

sectional area (Tt.Ar), cortical area fraction (Ct.Ar/Tt.Ar), cortical thickness (Ct.Th), cortical 

volumetric tissue mineral density (Ct.vTMD), cortical porosity area, determined as the 

difference of the total cross-sectional area  and the cortical bone area minus the medullary area 

(Ct.Po), and cortical porosity fraction (Ct.Po%)178. Measured trabecular bone parameters 

included: bone volume fraction (BV/TV), trabecular thickness (Tb.Th), average number of 

Figure 16: Photograph of a BALB/c mouse lying in a custom bed inside the in vivo microCT.  
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trabeculae per unit length (Tb.N), trabecular separation (Tb.Sp), and trabecular volumetric 

tissue mineral density (Tb.vTMD, mg/cm3)178. The results were obtained in collaboration with 

Fani Ziouti, she will also report excerpts of these results in her doctoral thesis174. 

 

3.4.3. 3D time lapsed image morphometry 

3D time lapsed image morphology assesses spatio-temporal processes in bone. Both spatial 

and temporal resolution with which images are acquired are limited. Temporal resolution is 

limited by the acquired dose, which would in other cases negatively influence the tissue in 

question175. In this work an interval of 5 days was chosen, since it suits the kinetics of bone 

formation in mice and limits the acquired radiation dose176,181,182. Spatial resolution is limited 

by intrinsic limits of the scanner and the anesthesia time of the mice, since finer resolutions 

usually take longer exposition times and therefore longer overall scan times. 

In order to determine if a voxel assigned to bone has changed between two imaging sessions, 

both images have to be put into a common coordinate system. This is achieved by performing 

a rigid registration, maximizing the similarity between the two image sets and afterwards 

performing a resampling of the dataset onto the new coordinate system. 

A rigid registration or transformation (M) of a vector (x) in three dimensions can be described 

as a rotation R plus a translation T. This can be noted as: 

M ⋅ x  =  x′  =  R ⋅ x + T  

The rigid transformation M preserves the original distances and angles and just rotates and 

translates the vector in space, which is essential when assessing morphological changes. When 

performing the registration of the data, a first coarse alignment by rigid transformation of the 

centroid of the follow up image onto the centroid of the reference image is done. To maximize 

the similarity between two data sets, one needs a measure for similarity. This can be obtained 

Figure 17: Simplified scheme of the registration process of two 2D data sets. A data set (Day X) is 

mapped onto the reference data set (Reference day) enabling to visualize the morphological similarities 

and differences.  
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using the gray value of the corresponding image voxels183. Using the Shannon entropy H, one 

can obtain the joint entropy for both images184. 

𝐻(𝐼) = ∑ 𝑝𝑖 𝑙𝑜𝑔
1

𝑝𝑖
𝑖∈𝐼

 

𝐻(𝐼Day X, 𝐼Reference day) = − ∑ ∑ 𝑝(𝑖, 𝑗) 𝑙𝑜𝑔 𝑝(𝑖, 𝑗) 𝑤𝑖𝑡ℎ {
𝑖 ∈ 𝐼Day X

𝑗 ∈ 𝐼Reference day
𝑗𝑖

 

With pi as the probability of the grayvalue ‘i’ occurring. The joint probability p(i,j) describes 

the probability to find a pixel in the overlapping region of both images, which has an intensity 

‘i’ in one and ‘j’ in the other. As the alignment of both images increases, their joint entropy 

decreases. With these definitions one can describe the measure of mutual information 

(MI)185,186: 

𝑀𝐼(𝐼Day X, 𝐼Reference day) = 𝐻(𝐼Day X) + 𝐻(𝐼Reference day) − 𝐻(𝐼Day X, 𝐼Reference day) 

Mutual information can describe the extent to which one image overlaps with the other, thus 

‘explaining’ it. To further improve the alignment of two images, a normalization of the sum of 

the marginal entropies by the joint entropies was proposed187: 

𝑁𝑀𝐼(𝐼Day X, 𝐼Reference day) =
𝐻(𝐼Day X) + 𝐻(𝐼Reference day)

𝐻(𝐼Day X, 𝐼Reference day)
 

The normalized mutual information (NMI) is invariant to overlap of background and is the 

similarity measure used to register the microCT scans in this work. To optimize the NMI from 

the starting point of matching centroids, a line search algorithm was used. Once solutions found 

in subsequent iterations of optimization are found suitable (difference below a certain 

threshold) the optimal transformation matrix has been found. Once the optimal transformation 

matrix has been found, the follow-up image has to be resampled in the same coordinate system 

as the reference image. Due to the discrete nature of CT images, the change in coordinate 

system comes with an inherent loss of image quality. The voxel locations of one image will not 

likely coincide with the locations of voxels of the other. 

In the present work a Lanczos windowed sinc function interpolation is used, based on 

previously described methods176,188. Once the interpolation is performed, the follow-up image 

and the reference image are in the same coordinate system and can now be mapped onto each 

other to assess differences in morphology. 
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After both images are in a shared coordinate system, the images have to be segmented. The 

segmentation of bone from background was described in section 3.4.1 using Otsu’s 

thresholding method. Before initial bone segmentation the images have been smoothed using 

a Gaussian filter (3x3 window, 0.65 standard deviation). A Gaussian filter achieves an 

acceptable trade-off between edge contrast enhancement and smoothing176. A such segmented 

image is a binarized image only containing 1 (true) for bone structures and 0 (false) for 

background. 

To label bone volumes of formation and resorption, sites of bone formation and resorption from 

the registered and segmented image sets were identified by comparing the binary matrices of 

the images of the same animal at different time points. 

𝐈resorbed ∈ {∀𝑰𝑓𝑜𝑙𝑙𝑜𝑤 𝑢𝑝|𝑰𝑓𝑜𝑙𝑙𝑜𝑤 𝑢𝑝 = 0} ∩ {∀𝑰𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒|𝑰𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 = 1} 

𝐈formed ∈ {∀𝑰𝑓𝑜𝑙𝑙𝑜𝑤 𝑢𝑝|𝑰𝑓𝑜𝑙𝑙𝑜𝑤 𝑢𝑝 = 1} ∩ {∀𝑰𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒|𝑰𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 = 0} 

𝐈constant ∈ {∀𝑰𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒|𝑰𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 = 1} ∩ {∀𝑰𝑟𝑒𝑠𝑜𝑟𝑏𝑒𝑑|𝑰𝑟𝑒𝑠𝑜𝑟𝑏𝑒𝑑 = 1} 

𝐈result ∈ 𝐈resorbed  ∪ 𝐈formed  ∪ 𝐈constant 

With I being the set of elements of a 2D binarized slice of the according image set. Voxels only 

labeled bone in the earlier image set were labelled resorbed bone volumes, bone voxels present 

only in later image sets as formed bone volumes and voxels identified as bone in both image 

sets quiescent. The data was combined into one matrix containing labels for quiescent, resorbed 

and formed bone. The labelled volumes were further analyzed to measure kinetics of bone 

formation and resorption after the second segmentation, described following. 

A further segmentation between trabecular bone and cortical bone is needed in order to assess 

both regions separately. While in section 3.4.2 a manual segmentation was used, I will now 

describe an automated segmentation algorithm using MATLAB software which was modified 

from a previously reported method176,181,189. BALB/c mice display small differences in the 

microstructure compared to the previously reported C57BL/6 mice, which made changes to the 

algorithm necessary. This segmentation algorithm is based on morphological differences in the 

Figure 18: (A) Original image, (B) after 45° rotation and interpolation and (C) after 90° rotation and 

interpolation. The image clearly depicts image quality loss due to interpolation. Images taken with 

permission from Sean McHugh, https://www.cambridgeincolour.com/tutorials/image-

interpolation.htm  

https://www.cambridgeincolour.com/tutorials/image-interpolation.htm
https://www.cambridgeincolour.com/tutorials/image-interpolation.htm
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elements contained in the binarized image from the previous segmentation. By sequentially 

applying morphological operators (erosion, dilation, closing, opening and filling) cortical bone 

and trabecular bone can be separated. The morphological operators used to segment the images 

are now described190. Morphological operators work on binarized images, containing either the 

value 1 (true, foreground) or 0 (false, background). These operators use binary masks 

themselves and relating these binary masks to the binary image using different logical operators 

yields the different morphological operations. One can define two sets, G contains all pixels of 

the image with the value 1 and M all pixels of the masks with value 1. Mp defines the mask 

with a reference point (here the center) applied to a certain point p of the image. 

Erosion is based on the logical and operation and it causes a shrinking of the image foreground. 

It is defined as: 

𝐺 ⊖ 𝑀 = {𝑝: 𝑀𝑝 ⊆ 𝐺} 

Thus, erosion converts all pixels p in foreground for which Mp is a subset of G leading to a 

shrinkage of the image foreground (see Figure 19). 

Dilation is based on the logical or operation and it causes an expansion of the image 

foreground. It is defined as: 

𝐺 ⊕ 𝑀 = {𝑝: 𝑀𝑝 ∩ 𝐺 ≠ ∅} 

Thus, dilation converts all pixels p in foreground for which the intersection of Mp and G is not 

empty (see Figure 19). 

Multiple binary templates with different shapes can constitute a mask, like a 3x3 mask or a disc 

shaped mask. In the present work a disc whose radius was adapted was chosen as the structural 

element constituting the mask. 

Erosion and dilation are the basic morphological operators which can be combined to open and 

close structures in images. 

A closing operation is defined as a dilation followed by an erosion using the same mask M: 

G ∙ 𝑀 = (𝐺 ⊕ 𝑀) ⊖ 𝑀 

The closing operation removes small holes which size is smaller than the structural element 

mask in a certain foreground region of the image. Closing also smoothens the image contours 

while maintaining its size189,190. 
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The opening operation is the opposite of the closing operation, it is an erosion followed by a 

dilation using the same structural element mask M. The opening of an image (𝐺 ∘ 𝑀) is the 

union of all structural elements Mp fitting in the foreground of the image G. Since the erosion 

reduces the size of the foreground structures and the following dilation enlarges them to the 

same extent, an opening can be used to remove structures smaller than the structural mask. For 

example, it can be used to remove small trabeculae present in the image. 

The last operator is the filling operator, which transforms background pixels surrounded by 

foreground structures into foreground (see Figure 20). 

The sequential application of these operators allows for the segmentation of cortical and 

trabecular bone in microCT image stacks. 

The changes to the initial algorithm were made in the size of the structural elements used for 

the morphological operations. The segmentation is performed slicewice on the n 2D images in 

the combined microCT stack Iresult, ending up with a 3D segmented image (see Figure 21). The 

sequence to segment trabecular bone from cortical bone was as follows: 

1. A dilation using a disc shaped element with radius one. 

2. A closing using a disc shaped element with radius five. 

3. A filling operation to fill holes. 

A           B 

Figure 19: (A) shows different structural elements that can be used as masks, the 3x3 mask and two 

discs. (B) depicts erosion and dilation of an object using a disc with radius r as the structural element. 

Taken with permission from Image processing for computer graphics and vision, Luiz Velho et. al., 2nd 

edition, 2009 

Figure 20: Example of a filling operation. Background pixels are depicted in white; foreground pixels 

are depicted in grey. The hole in the structure is filled by the operation.  
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4. An erosion with a r = 20 disc. 

5. A logical comparison between the starting image and the obtained image to gain a mask 

of the cortex with a filled medullary cavity. 

6. A closing operation with a r = 40 disc. 

7. A final erosion with a r = 1 disc to remove any remaining cortical bone from the 

cancellous bone mask. 

8. The final step is then to have logical comparisons between the obtained masks and the 

initial binarized image to obtain the trabecular bone and cortical bone images. 

For the cortical bone compartment another morphological operation allows one to obtain a 

mask for the endosteal and periosteal bone. After the cortical bone mask is obtained, the 

following steps will lead to the described masks: 

1. A dilation of the mask with a r = 40 disc. 

2. A hole filling operation. 

3. A shrink operation to reduce the mask to the first outer three voxels. 

4. A logical comparison between the original obtained cortical bone mask and the 

shrinked mask to obtain the periosteal and endosteal cortical bone images. 

Before final acquisition of parameters, the surface voxels were removed to account for partial 

volume effects of the microCT scans176,177. In order to compensate for the voxel thickness of 

the first removed layer, the layer below the removed surface was set to 1.5 times the thickness. 

Figure 21: (A) The segmentation of trabecular bone(black) from cortical bone (grey). (B) The 

segmentation of endosteal (black) and periosteal (grey) cortical bone.  
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The measurements consisted of dynamic remodeling morphology parameters 

(day 13 (reference day) – day x) normalized to values at first scan of the experiment. Measured 

parameters included:  normalized newly mineralized bone volume (MV/BV [μm3/μm3]), which 

defines the volume of formed bone in between microCT sessions, normalized surface area of 

mineralization (MS/BS [μm2/μm2]), defined as the size of the interface between quiescent and 

newly formed bone volumes and mean thickness of mineralization sites, determined using a 

Euclidean distance transformation of the formed bone volume patches (MTh [μm]). 3D 

measures of bone resorption included normalized eroded bone volume (EV/BV [μm3/μm3]) 

and normalized surface area of erosion (ES/BS [μm2/μm2]) defined as the size of the interface 

between quiescent and resorbed bone volume. Mean depth of bone erosion sites (ED [μm]) was 

determined analog to the procedure for formation thickness. The image registration allows for 

calculation of 3D bone formation and absorption rates. The 3D bone formation rate (3D BFR) 

was determined as the total amount of bone volume labelled as formed divided by the time 

span in between the serial microCT scans [μm3 bone volume formed/days]. Analogous to that, 

the 3D bone resorption rate was calculated (3D BRR). A 3D mineral apposition rate (3D MAR), 

the amount of mineral apposition over time, was determined by dividing the mean mineral 

thickness by the time span in between the serial microCT scans [μm mean thickness of formed 

bone/days]. Using the mean resorbed depth, a 3D mineral resorption rate could be determined 

(3D MRR). 
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3.4.4. Dynamic histomorphometry 

The fluorochrome calcein (30 mg/kg) was administered to each mouse via intraperitoneal 

injection 12 and 3 days prior to euthanasia. Following dissection of the left and the right tibiae, 

the bones were fixed in 70% ethanol and dehydrated in ascending grades of ethanol up to 

absolute. The bones were then cleaned in xylene, infiltrated and embedded in polymethyl 

methacrylate (PMMA). The bone samples were sectioned in the sagittal plane at the proximal 

tibia to analyze trabecular and cortical bone and in the transverse plane at the mid-shaft to 

analyze cortical bone in similar regions. The obtained sections were positioned on microscopy 

slides and viewed at a magnification of 20x using a laser scanning confocal microscope (Zeiss 

LSM780, Jena, Germany) for evidence of fluorochrome labels. The region of interest (ROI) 

for analysis was set according to the VOI described in section 3.4.1, 100 μm below the growth 

plate to avoid measuring primary spongiosa. Images were analyzed using a commercial 

histomorphometric system (BIOQUANT OSTEO, Nashville, USA). For trabecular and cortical 

bone, the single- and double-labeled surface per bone surface (sLS/BS, dLS/BS), mineralizing 

surface per bone surface (MS/BS), mineral apposition rate (MAR), and bone-formation rate 

(BFR/BS), were analyzed as recommended192. MS/BS was calculated as 0.5x sLS/BS + 

dLS/BS. When a specimen had no double-labeled surface (dLS/BS = 0), it did not contribute 

for MAR and BFR/BS193. For trabecular bone, MAR was determined by measuring all double 

labels within one section per tibia and five measurements along the span of each double label. 

The thickness of newly mineralized bone at the surface of the trabeculae was averaged along 

the active bone-forming surface, divided by the 9-day labeling interval, and expressed as the 

MAR in units of micrometer per day. For cortical bone, the entire endosteal (Ec) and periosteal 

(Ps) surfaces in both regions were analyzed. 
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Figure 22: Laser scanning confocal microscopic image of a sagittal tibial cross-section of a BALB/c 

mouse. Calcein labels which allow tracking of bone formation are depicted in green.  
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3.5. Measuring bone material composition and properties 

3.5.1. Sample preparation for material characterisation 

Following the sample preparation as described in section 3.4.4, different samples were obtained 

for the material characterisation. Samples (n = 5) of the left limb for all groups (not injected 

,PBS-injected loaded and nonloaded, MM-injected loaded and nonloaded) and right limbs for 

the not injected group were prepared for Fourier-transform infrared spectroscopic imaging 

(FTIRI), small angle X-ray scattering (SAXS) and nanoindentation. For FTIRI thin cross-

sections in the sagittal plane were obtained from the PMMA embedded blocks. Sections with 

a thickness of ~1 µm were microtomed (Leica SM2500S; knife: Leica VMH 400, Nussloch, 

Germany). These thin sections were then transferred and mounted on barium fluoride infrared 

windows for FTIRI (SpectraTech, Hopewell Junction, NY, USA) and imaged with brightfield 

microscopy. After obtaining these sections blocks were polished using ascending grit papers 

ending with a 2 µm diamond particle grit. The sample blocks were then imaged using 

brightfield microscopy. Finally, after nanoindentation, the remaining block were ground down 

to a thickness of ~100 µm using grit paper. The obtained slices were then imaged using 

brightfield microscopy and were mounted in a steel holder for SAXS (Nanostar, Bruker AXS, 

Karlsruhe, Germany). 

Figure 23: (A) Brightfield microscopic image of a ~1 µm section for FTIRI. (B) Brightfield 

microscopic image of a polished bone embedded in PMMA. (C) Brightfield microscopic image of a 

~100 µm section for SAXS. The red box and the red lines show the measurement regions.  
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3.5.2. Fourier transformed infrared imaging 

FTIRI is based on vibrational spectroscopy, allowing for characterizing the material and its 

molecular content. It is a well-established method to research bone and is used to characterize 

the chemical composition of bone tissue194. It has its basis in the ability of chemical bonds to 

undergo vibrations, which include different types of motion of atoms included in the molecule 

(see Figure 24). 

Certain motions in the molecule are accompanied by a change in the dipole moment in the 

molecule and will thus absorb specific infrared (IR) wavelengths. FTIR absorption spectra of 

bone offer plenty of information on bone’s IR active components: carbonates, phosphates, 

proteins and sugars. Bone’s mineral and collagen content for example produce intense IR 

absorption bands which are characteristic of certain vibrations modes and therefore chemical 

bonds within the tissue. To obtain FTIR spectra, one needs a FTIR microscope in combination 

with an IR focal plane array detector. Using this imaging techniques allows one to obtain 2D 

images, where the x- and y-axis are the spatial coordinates of the bone tissue section and the z-

axis is the obtained spectrum per array point. This can then be transformed into a directly 

measured parameter or a calculated parameter from the spectrum. 

The first use of FTIRI on bone was in 1998195 and since then different parameters derived from 

the spectrum have been correlated and validated with mechanical properties of bone and 

fracture risk58,80,196-198. For example the mineral-to-matrix ratio correlates to the ash weight of 

bone mineral194, the crosslink ratio (XLR) relates to variations in collagen crosslinks and 

therefore collagen maturity and the crystallinity is a measure for the perfection of the mineral 

particles197. 

Figure 24: Schematic view of two possible vibrations in a three-atom molecule. Each vibration has a 

different IR absorbtion, due to its specific energy.  
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The FTIRI measurements were performed in the lab of the late Adele Boskey at the Hospital 

for Special Surgery in New York. The defined region of interest was set at the posterior cortex 

of the metaphyseal region of the tibiae ~120 µm below the growth plate. The region was 

analyzed using a Spectrum Spotlight 300 Imaging System (Perkin Elmer Instruments, Shelton, 

CT, USA) in transmittance mode at a spectral resolution of 4 cm-1 with a spatial resolution of 

6.25 µm. To analyze the spectra, the ISYS software package (Spectral Dimensions, Olney, 

MD, USA) was used. The spectra were base line corrected and the contribution of PMMA to 

the spectra was subtracted. Spectroscopic parameters were quantified by calculating non-

dimensional ratios. Obtained parameters included197: Mineral-to-matrix ratio, the amount of 

mineral present in the ECM, calculated by integrating the area under the phosphate peak (916-

1180 cm-1) and normalizing this relative to the area under the amide I (collagen) peak (1590-

1712 cm-1). The carbonate-to-phosphate ratio, which reflects the substitution of carbonate in 

the mineral particles was calculated by integrating the area of the carbonate peak (852-890 cm-

1) and normalizing it to the area of the phosphate peak (916-1180 cm-1). Crystallinity was 

calculated as the ratio between the peak intensities of the phosphate subbands at 1020 and 

1030 cm-1. Crystallinity reflects the perfection and the size of the mineral crystals embedded 

in the ECM. The XLR (collagen maturity) was calculated by the intensity ratio of the amide I 

subbands at 1660 and 1690 cm-1. Finally, the acid phosphate content, a measure of the acid 

phosphate substitution in mineral particles, was calculated as the peak intensity ratio of the 

phosphate subbands at 1096 and 1128 cm-1. The data was summarized as the parameter mean 

and standard deviation. Images showing the distribution of a FTIRI parameters across the ROI 

(colour coded for value) were also obtained. From these distributions the heterogeneity of each 

Figure 25: A FTIR spectrum of bone. Typical peaks like the Amide I and Phosphate peak are shown.  
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parameter was calculated as well. The heterogeneity is defined as the FWHM of the distribution 

of the parameter across the region of interest199. 

 

3.5.3. Small angle x-ray scattering 

One of the possibilities of interactions between X-rays and matter is scattering. SAXS is 

characterized by diffuse elastic (no energy loss) scattering of a primary X-ray beam at small 

angles up to 5°. This form of scattering occurs when there are discrete phases with different 

electron densities with sharp interfaces between each other, when the sub-volumes are in the 

range of 1 nm up to 1 µm200. We can consider bone a two-phase system with a high electron 

density phase in the mineral particles and a low electron density phase in the collagen rich 

ECM, which are sharply separated. From the SAXS pattern information on bone’s mean 

mineral thickness (T parameter) and the degree of alignment of the mineral plates (ρ parameter) 

can be derived. In particular this is derived from the scattering intensity distribution as a 

function of the length of the scattering vector q or the azimuthal angle χ. The scattering vector 

is defined as follows (see Figure 26): 

𝑞 = 𝑘 − 𝑘′ 

k is the wave vector of the incident beam and k’ the wave vector of the scattered beam, with 

|𝒌| = |𝒌′| =
2π

λ
 

for elastic scattering. The length of the scattering angle is related to the scattered angle: 

|𝒒| = 2|𝒌| ⋅ 𝑠𝑖𝑛 θ =
4π

λ
⋅ 𝑠𝑖𝑛 θ 

 

The T parameter (mean mineral thickness of the mineral plates) can be defined as follows: 

T =
Φ(1 − Φ)

σ
 

Figure 26: Schematic view of the SAXS process. The incident beam vector k is transmitted through 

the sample and the scattered vector k’ hits the detector. The scattering vector is described as q.  
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with Φ as the volume of mineral per tissue volume and σ as the surface area of mineral per 

tissue volume65. Assuming plate like mineral crystals (platelets) with a volume fraction of the 

mineral phase of 0.5, T is a measure of the smallest dimension of the particle, in this case the 

thickness. The ρ parameter is a measure of the degree of alignment of the mineral particles 

within the plane perpendicular to the incident X-ray beam but does not contain information 

about the direction of alignment (see Figure 27). A detailed description of the calculations of 

the T and ρ parameter will be found later. 

To obtain information about a whole region in a sample, one can move the sample stepwise 

perpendicular to the incident X-ray beam, this is then called scanning SAXS. This modality 

allows for the detection of local changes in bone mineral properties, which can vary on the 

micrometer scale65. 

In this work laboratory SAXS was used. Prepared samples (see section 3.5.1) were scanned 

using a Nanostar (Bruker AXS, Karlsruhe, Germany). The samples were mounted inside the 

ρ = 1 

ρ = 0 

A                                    B 

Figure 27: (A) The T parameter corresponds to the mean thickness of the mineral platelets. (B) The ρ 

parameter can vary between 1, perfectly aligned mineral particles and 0, arbitrarily aligned mineral 

particles.  
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vacuum chamber of the Nanostar with a sample-to-detector distance of 670 mm. The Nanostar 

features an Iµs microfocus sealed tube operating at 50 W. This X-ray tube produces an X-ray 

beam with a wavelength of 1.5418 Å (Cu Kα radiation). The incident beam was collimated to 

a diameter of 115 µm at the sample by a two pinhole setup. To specify the measurement points 

in the sample, a radiograph was performed. Within the radiograph an area at the posterior 

metaphyseal cortex was chosen (see Figure 28). Within these regions measuring points in the 

mineralized area across the cortex were assigned with a stepsize of 50 µm. The measured points 

formed two lines across the cortex. These points were then irradiated during 2700 s and the 

scattered X-rays were recorded using a position sensitive area detector (VÅNTEC 2000, Bruker 

AXS, Karlsruhe, Germany). A calibration silver behenate sample was scanned after every 

sample. 

To evaluate the scattering patterns, the software package DPDAK (DESY, Hamburg, 

Germany) was used201. The beam center position, the exact sample-to-detector position as well 

as the detector tilt were calibrated using the AgBH calibration sample. To minimize the 

background scattering, the empty beam intensity (nothing in the beam path) is subtracted to the 

rescaled scattering intensity for each sample. The corrected scattering intensity was calculated 

following this relation: 

𝐼corrected =
𝐼sample

𝑡
− 𝐼empty 

with t being the correction factor assuming absorption effect or other deleterious effects. The 

correction factor was set to 1 in this experiment. 
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After correction with the calibration sample, the obtained 2D SAXS patterns were integrated 

along two angles, the azimuthal and radial angle. The resulting functions I(q) and I(χ) are 

intensity functions of the scattering length q and the azimuthal angle χ. The radial intensity 

function was obtained by binning all pixel values of the detector having the same radial distance 

to the beam center. The azimuthal intensity function was obtained by binning all pixels at the 

same azimuthal angle to the zero direction. To obtain the T parameter the intensity function of 

the scattering length I(q) using Porod’s law was used. Porod’s law, which is valid for two-

phase systems such as bone, states that the scattering intensity decreased with q-4. For T we can 

define then: 

T =
4

π𝑃
∫ 𝑞2

∞

0

𝐼(𝑞)d𝑞 

With the Porod constant P. This constant can be obtained from the Iq4(q4) plot, also known as 

the Porod plot, as the intercept of the fitted linear region of the curve with the y-axis. The 

integral allows for numerical integration of the function Iq2(q), the Kratky plot. However, this 

calculation requires the approximation for small and large values of q. The intensity for small 

and large q can’t be obtained from the measurement, since for small q, the empty beam overlaps 

with scattering intensity and for large q, the signal-to-noise ratio as well as the detector range 

are limiting factors. One can consider the intensity curve in the Kratky plot linear for small q 

and proportional to q4 for large values of q. Since an integral can be split up into parts of its 

integration limits, the integral becomes a sum of three integrals and can now be calculated: 

Figure 28: Radiograph of a sample in the Nanostar II. The desired scan points are marked in blue and 

spread across the posterior cortex below the growth plate.  
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∫ 𝑞2

∞

0

𝐼(𝑞)d𝑞 = ∫ 𝑞2

𝑞𝐾𝑟𝑎𝑡𝑘𝑦𝑚𝑖𝑛

0

𝐼(𝑞)d𝑞 + ∫ 𝑞2

𝑞𝑃𝑜𝑟𝑜𝑑𝑚𝑖𝑛

𝑞𝐾𝑟𝑎𝑡𝑘𝑦𝑚𝑖𝑛

𝐼(𝑞)d𝑞 + ∫ 𝑞2

∞

𝑞𝑃𝑜𝑟𝑜𝑑𝑚𝑖𝑛

𝐼(𝑞)d𝑞 

With 𝑞𝐾𝑟𝑎𝑡𝑘𝑦𝑚𝑖𝑛
 the smallest accessible q value and 𝑞𝑃𝑜𝑟𝑜𝑑𝑚𝑖𝑛

 the starting point for the 

approximation 𝐼(𝑞) → 𝑞−4. This reduces the above integral to: 

∫ 𝑞2

∞

0

𝐼(𝑞)d𝑞 =
𝑞𝐾𝑟𝑎𝑡𝑘𝑦𝑚𝑖𝑛

2
⋅ 𝐼(𝑞𝐾𝑟𝑎𝑡𝑘𝑦𝑚𝑖𝑛

) + ∫ 𝑞2

𝑞𝑃𝑜𝑟𝑜𝑑𝑚𝑖𝑛

𝑞𝐾𝑟𝑎𝑡𝑘𝑦𝑚𝑖𝑛

𝐼(𝑞)d𝑞 +
𝑃

𝑞𝑃𝑜𝑟𝑜𝑑𝑚𝑖𝑛

 

By defining based on the plot the parameters for 𝑞𝐾𝑟𝑎𝑡𝑘𝑦𝑚𝑖𝑛
, 𝑞𝑃𝑜𝑟𝑜𝑑𝑚𝑖𝑛

 and 𝑞𝑃𝑜𝑟𝑜𝑑𝑚𝑎𝑥
, the 

maximum range the integral is evaluated, one can calculate the total area under the curve and 

therefore the T parameter. One can define a 𝑞𝑃𝑜𝑟𝑜𝑑𝑚𝑎𝑥
, since the last part of the integral will 

solve to q-2 which fulfills: 𝑙𝑖𝑚
𝑞→∞

𝑞−2 → 0. Therefore, small parts of the plot for high q will not 

add much to the area. The parameters were set as 𝑞𝐾𝑟𝑎𝑡𝑘𝑦𝑚𝑖𝑛
= 0.25 nm-1, 𝑞𝑃𝑜𝑟𝑜𝑑𝑚𝑖𝑛

=

2.05 nm-1 and 𝑞𝑃𝑜𝑟𝑜𝑑𝑚𝑎𝑥
= 3.0 nm-1. 

To obtain the ρ parameter, the degree of alignment of the mineral particles, the calculation is 

based on the azimuthal intensity distribution I(χ). The intensity distribution has two peaks 

separated by 180°. These two peaks are fitted with Gaussian functions and the area under the 

curve integrated. The ρ parameter is then defined as: 

ρ =
𝐴1 + 𝐴2

𝐴1 + 𝐴2 + 𝐴0
 

Figure 29: Porod and Kratky plot obtained from radially integrated SAXS patterns. P is the Porod 

constant, obtained from the Porod plot. A1 and A3 are obtained through the described approximations, 

while A2 is numerically integrated from the scattering pattern.  
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Where A0 is the baseline SAXS intensity caused by random scattering (randomly aligned 

mineral particles in the ROI and A1 and A2 correspond to the scattering intensities of parallel 

aligned mineral particles. 

For a perfect alignment of mineral crystals with ρ = 1, the intensity distribution would be a 

perfect line perpendicular to the long axis of the mineral particles, corresponding to two sharp 

peaks in the azimuthal intensity distribution. For randomly aligned crystals with ρ = 0, the 

intensity distribution would be a circle, corresponding to no peaks in the azimuthal plot. For 

degrees of alignment in between one will obtain an elliptical shaped intensity and therefore two 

Gaussian peaks in the azimuthal intensity distribution. The complete details of the calculations 

of the T and ρ parameter have been described previously in the literature65,202,203. 

The parameters have been calculated across the whole cortex to obtain values for the posterior 

metaphyseal ROI. In subsequent assessments, the two points bordering the cortex at the 

endosteal and periosteal site have been chosen and pooled to obtain parameters for the 

periosteal and endosteal surface. The remaining scattering points have been assigned to the 

intra-cortical region. 
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Azimuthal angle χ(°) 

Figure 30: Azimuthal plot I(χ) of the scattering intensity. Data points are red crosses and the fitted 

Gaussian curves are in blue. A1 and A2 correspond to the aligned mineral particles and A0 to the 

background scattering intensity caused by randomly aligned particles.  
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3.5.4. Nanoindentation 

Nanoindentation is a technique which uses a very small and hard tip with known geometry and 

mechanical properties to indent a sample, such as bone, with unknown mechanical properties. 

A specific load function is applied to the indenter tip and a real-time load-displacement curve 

is registered. From this curve one can obtain the elastic modulus and hardness of the indented 

material204,205, in this case bone. The process starts with a loading period in which the indenter 

penetrates the bone sample until the defined maximum load is reached. Once the maximum 

load is reached, a holding period follows to dissipate the viscoelastic response of bone and to 

reduce the influence of bone’s plasticity. Finally, the indentation tip will be withdrawn, and the 

sample therefore unloaded. During the unloading process only elastic deformation contributes 

and therefore the unloading curve can be used to calculate bone’s elastic response. During the 

indentation process the load and the depth of the indenter tip are recorded. Since the geometry 

of the indenter tip is known, the contact area of the tip and bone can be obtained and 

subsequently the elastic modulus and the hardness of bone can be calculated204-206. 

The posterior cortex ~120 µm below the growth plate was defined as the ROI. Two lines 10 µm 

apart were indented ranging from the periosteal to the endosteal surface. A stepsize of 7.5 µm 

was chosen per indentation step. Nanoindentation was performed using a Scanning 

Nanoindenter (Bruker Hysitron, Minneapolis, USA) with a Berkovich diamond indenter tip 

and a light microscope attached to the scanner. The light microscope allowed for the 

positioning of the indenter tip in the ROI. The prepared samples (see section 3.5.1) were 

mounted on a motorized stage that allowed movement perpendicular to the direction of the 

indentation. Automated scans of the chosen area (two lines) were performed. The Nanoindenter 

was used in nanoindentation mode, which applies a set maximum load and records the applied 

load and displacement. The maximum load was set to 5000 µN with a holding time of 60 s. 

Using the returned load-displacement curve bone’s elastic modulus and hardness were 

calculated using the Triboscan 7.0 software package. 

In subsequent analysis, the first three indentation steps of each line at the bone surface were 

pooled and labelled as either periosteal or endosteal regions and analyzed. The remaining 

points were pooled as intra-cortical and were analyzed as well. 
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3.6. Statistical analysis 

To assess the between-subject effects of loading (loaded vs nonloaded) and injection (no 

injection vs PBS vs MM) as well as interactions between these terms a two-way ANOVA (SAS 

9.3, Cary, USA) was performed. Differences between injections, loaded and nonloaded limbs 

were assessed by a Tukey-Kramer post-hoc test. The significance level was set at p < 0.05 and 

the previously described parameters are presented as mean ± standard deviation. Unless 

otherwise indicated (n.s. or corresponding p value) all the reported parameters are deemed 

significant. 

 





 

73 

4. Results 

4.1. Injection of MOPC.315BM cells 

In order to assess the effects of mechanical loading on tumor bearing mice, the tumor must be 

introduced in the mice. This is usually done with intra tail vein injections. All mice injected 

with MOPC315.BM cells into the tail vein showed formation of abdominal tumor mass. In two 

out of three mice this led to a termination of the experiment due to ethical reasons before 

reaching the endpoint. No mice injected in the tail vein showed tumor formation in the tibiae 

in contrast to earlier reports75, but mainly in the abdomen (see Figure 31). Therefore, that model 

was switched to intratibial injections. 

Injecting 5 × 104,  1 × 105 or 2 × 105 MOPC315.BM cells into the tibiae of n = 2 mice led to 

a decrease of trabecular bone mass and microstructure compared to the contralateral not 

injected tibia two weeks after tumor inoculation. Two weeks of tumor growth in the tibia led 

to the formation of osteolytic lesions in the metaphyseal cortex of injected tibiae, a hallmark of 

MMBD (see Figure 32). Since, the injection of 5 × 104 MOPC315.BM led to a decrease in 

Figure 31: Images show tumor localization by radiance in an intensity image after intra-venous 

injection. BLI images in the ventral and lateral plane show tumor engraftment in the abdomen. No tumor 

engraftment can be seen in the tibiae.  
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trabecular parameters as well as to detectable lesions through the cortex, this number of cells was chosen 

for the remaining experiments. 

 

4.2. The load-strain relationship 

To elicit the same deformation in the loaded tibiae across all groups, the load-strain relationship 

in these groups must be determined. Therefore, the load that elicited either 1200 µε or 2000 µε 

at the tibial midshaft was determined by performing in vivo strain gauge experiments. The load-

strain curve obtained was linearly fitted and showed that the load required to attain 1200 µε 

was approximately 6 N for all groups (not injected, PBS and MM-injected), while the load 

required to attain 2000 µε was approximately 10 N across all groups (see Error! Reference s

ource not found.). 

Figure 32: The effects on different amounts of MOPC315.BM cells directly injected into the tibia. 

Shown are (A) the trabecular bone volume fraction (Tb.BV/TV) and (B) the trabecular number (Tb.N) 

of n = 2 mice injected with either 𝟓 × 𝟏𝟎𝟒, 𝟏 × 𝟏𝟎𝟓 or 𝟐 × 𝟏𝟎𝟓 cells. (C) and (D) show renderings of 

the tibial head two weeks after tumor inoculation. Lesions through the cortex are marked by arrows.  
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In a pilot study performed by me, mice injected with PBS into the tail vein did undergo the 3-

week loading protocol engendering a strain of 1200 µε at the tibial midshaft. After 3 weeks we 

could not detect significant changes in cortical nor trabecular bone parameters, as we could in 

previous studies175 in C57BL/6 mice of the same age and gender (see Figure 34). 

 

 

Figure 34: Comparison of bone adaption to the same mechanical strain in either BALB/c or previously 

published data in C57BL/6 mice174. While in C57BL/6 mice a mechanical strain of 1200 µε led to an 

anabolic bone response, the same strain did not elicit a bone formation response in BALB/c mice. Data 

is presented as mean ± standard deviation. ANOVA main effects: (a) loading, p<0.05  

Figure 33: Load-strain regression curves for the not injected, PBS-injected and MM-injected mice. A 

load of ~10 N led to a strain of ~2000 µε.  
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4.3. Bone mass and morphology 

To study the effects of the tumor and consequently mechanical loading on bone mass, 

microstructure and bone formation and resorption, I performed static microCT analysis, as well 

as 3D time-lapsed image morphometry and histomorphometry. The static microCT analysis 

was performed as a collaboration with Fani Ziouti, she will report excerpts of the static 

microCT outcomes in her doctoral thesis as well174. 

 

4.3.1. The effects of tumor injection on bone mass and geometry 

In nonloaded, MM-injected mice, changes in bone microstructure and density were not evident 

at day 13, but by day 23 the tibiae had increased cortical porosity (+25%) and decreased cortical 

thickness (-9%) compared to PBS-injected tibiae (see Appendix, Table 13, Figure 57). These 

differences persisted and by day 33, Ct.Ar (-11%), Ct.Ar/Tt.Ar (-7%) , Ct.Th (-18%), Ct.vTMD 

(-1%) were diminished, while Ct.Po (+59%) was increased in MM-injected tibia compared to 

nonloaded PBS-injected tibiae. Imax and Imin were not significantly changed in nonloaded MM-

injected mice compared to the PBS injected ones. Tumor-injection in nonloaded mice led to 

decreased trabecular bone mass and microstructure compared to the nonloaded PBS-injected 

group as early as day 23 (see Appendix Table 14). We saw significant effect on trabecular 

number (Tb.N -26%), trabecular thickness (Tb.Th -11%) and trabecular separation (Tb.Sp 

+33%). This persisted and by day 33, Tb.BV/TV (-37%), Tb.N (-26%) were diminished, while 

Tb.Sp (+31%) was increased. 

In addition to changes in bone mass and microstructure, nonloaded MM-injection also led to 

decreased cortical bone formation and increased resorption at the endocortical surface 

compared to nonloaded PBS-injected groups. 3D time-lapsed image morphometry revealed 

lower volume (Ec.MV/BVday13-33 -66%), surface area (Ec.MS/BSday13-33 -57%) and thickness 

(Ec.MThday13-33 -48%) of newly formed bone at the endocortical surface measured from day 13 

to day 33 in MM-injected compared to PBS-injected mice (see Table 4). I also measured 

increased eroded volume (Ec.EV/BVday13-33 +70%) and surface area (Ec.ES/BSday13-33 +321%) 

at the endocortical surface while the eroded depth (Ec.EDday13-33) was not influenced in MM-

injected compared to PBS-injected tibiae (see Table 4). I could not detect significant 

differences at the periosteal surface between nonloaded MM-injected mice and nonloaded 

PBS-injected mice (see Table 5). Histomorphometric analysis also showed that tumor-injection 

led to diminished bone formation at the endocortical surface (Ec.MS/BS -38%, Ec.sLS/BS -

40%) compared to nonloaded PBS-injected mice (see Table 2). In contrast, at the periosteal 
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surface nonloaded MM-injected groups had decreased resorption compared to nonloaded PBS-

injected groups. 3D time-lapsed image morphometry measured diminished bone resorption 

Ps.EV/BVday13-33 (-43%), Ps.ES/BSday13-33 (-44%) and Ps.ED (-12%) in MM-injected tibiae 

compared to PBS-injected tibiae. The effect of tumor injection was less clear on formation, 

where time lapse data showed modestly greater surface area of newly formed bone 

(Ps.MS/BSday13-33 +238%) in MM-injected tibiae compared to PBS-injected tibiae (see Table 

5). while the formed volume and mineralized thickness were not affected by tumor injection. 

Histomorphometric analysis on the other hand showed a decrease in Ps.MS/BS (-36%) and 

Ps.sLS/BS (-48%) at the periosteum in MM-injected tibiae compared to PBS-injected tibiae 

(see Table 2). In the trabecular bone compartment, using 3D time-lapsed image morphometry, 

I observed lower trabecular bone formation (Tb.MV/BVday13-33 -90%, Tb.MS/BSday13-33 -80%, 

Tb.MTh -17%), and increased resorption (Tb.EV/BVday13-33 +22%, Tb.ES/BSday13-33 +29%, 

Tb.ED +58%) in nonloaded tumor injected compared to nonloaded PBS-injected tibiae (see 

Table 6). Histomorphometric analysis of calcein labelled sections showed reduced mineral 

apposition rate and bone formation rate (Tb.MAR -38%, Tb.BFR -50%, see Table 3, Figure 35 

and Figure 37). 

 

4.3.2. In vivo loading led to an anabolic bone response in PBS injected mice 

In vivo loading of the left tibiae was initiated on day 14 and a response to loading in PBS-

injected mice could be seen as early as day 18, with increased Ct.Th (+22%) and decreased 

Ct.Po% (-23%) compared to nonloaded PBS-injected mice. After three weeks of loading, day 

33, a robust anabolic response was seen in the loaded PBS-injected tibiae compared to the 

nonloaded PBS-injected tibiae (Imin +27%, Imax +38%, Tt.Ar +25%, Ct.Ar +32%, Ct.Ar/Tt.Ar 

+5%, Ct.Th +38%, Ct.vTMD +5% and Ct.Po% -32%) (see Appendix Table 13, Figure 57). In 

loaded PBS-injected mice we could measure enhanced trabecular bone mass (Tb.BV/TV 

+53%) and microstructure (Tb.Th +43%, Tb.N +16%, Tb.Sp -10%) compared to nonloaded 

PBS-injected mice at day 33 (see Appendix Table 14). 

These gains in bone mass and microstructure were due to load-induced increases in bone 

formation and a reduction in bone resorption. 3D time lapsed image morphometry revealed 

higher formation parameters (Ps.MV/BVday13-33 +604%, Ps.MS/BSday13-33 +770%, Ps.MTh 

+102%) and decreased resorption parameters (Ps.EV/BVday13-33 -80%, Ps.ES/BSday13-33 -81%) 

at the periosteal surface (see Table 5). In contrast, loading modestly decreased formation 

volumes and thickness (Ec.MS/BSday13-33 -28%, Ec.MTh -31%) and increased resorbed surface 
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(Ec.ES/BSday13-33 +101%), while formed volumes and resorbed volumes were not significantly 

different at the endosteal surface of PBS injected mice (see Table 4). At the periosteal surface 

the relative changes due to loading are very high, although the absolute changes are relatively 

low (see Table 5). The erosion depth was not influenced by loading at neither of both surfaces. 

Conventional histomorphometry did not show significant differences between the loaded and 

nonloaded PBS-injected mice. In the trabecular bone compartment, 3D time-lapsed image 

morphometry showed increased formed bone surface and mineralized thickness 

(Tb.MS/BSday13-33 +78%, Tb.MTh +42%), while eroded volume and surface were decreased 

(Tb.EV/BVday13-33 -32%,  Tb.ES/BSday13-33 -29%) in loaded compared to nonloaded PBS-

injected mice. The newly mineralized volume and the erosion depth (Tb.MV/BVday13-33, 

Tb.ED) in the trabeculae were not different in loaded PBS injected mice compared to 

nonloaded PBS injected ones (see Table 6). Conventional histomorphometry did not yield 

significant differences. 

 

4.3.3. In vivo loading rescued bone mass in tumor injected mice 

In vivo loading of MM-injected mice enhanced cortical bone mass and microstructure as early 

as experimental day 18 (Imin +15%, Imax +20%, Tt.Ar +22%, Ct.Ar +14%, Ct.Ar/Tt.Ar +7%, 

Ct.Th +24%, Ct.vTMD +3% and Ct.Po% -36%) compared to nonloaded MM-injected mice. 

These changes persisted over the three weeks of loading to day 33, leading to increased static 

microCT parameters (Imin +38%, Imax +46%, Tt.Ar +34%, Ct.Ar +46%, Ct.Ar/Tt.Ar +9%, 

Ct.Th +50%, Ct.vTMD +5% and Ct.Po% -42%) in loaded MM-injected mice compared to 

nonloaded MM-injected mice (see Appendix Table 13, Figure 57). Moreover, 3D renderings 

of the tibial head showed fewer and less pronounced lesions through the cortex in loaded MM-

injected tibiae compared to nonloaded MM-injected tibiae (see Error! Reference source not f

ound.). In the trabecular compartment, loading in MM-injected mice led to enhanced bone 

mass (Tb.BV/TV +58%), and microstructure (Tb.Th +39%, Tb.N +16%, Tb.Sp -9%) compared 

to the nonloaded MM-injected mice (see Appendix Table 14). 

3D time-lapsed image morphometry revealed that these bone mass gains are due to increases 

in bone formation at the periosteal and endosteal surface. I measured increased newly formed 

bone volume and mineralized thickness at the endosteal surface (Ec.MV/BVday13-33 +171%, 

Ec.MTh +39%, see Table 4) as well as increased newly formed volume, surface and 

mineralized thickness at the periosteal surface (Ps.MV/BVday13-33 +165%, Ps.MS/BSday13-33 

+178%, Ps.MTh +71%, see Table 5). Furthermore, bone resorption at the periosteal surface 



4.3 Bone mass and morphology 

79 

was a diminished as well. In loaded MM-injected mice I found decreased eroded volume as 

well as decreased eroded surface (Ps.EV/BVday13-33 -77%, Ps.ES/BSday13-33 -75%, see Table 5), 

while the erosion depth was not influenced by loading. Although the relative differences in 

formation and resorption parameters at the periosteal surface are high, the absolute differences 

are relatively low (see Table 5). Conventional histomorphometry using a single section labelled 

with calcein, showed an increased bone formation rate at the periosteal surface (Ps.MAR 

+71%) of loaded MM-injected mice compared to nonloaded MM-injected mice (see Table 2). 

Moreover, a visualization of formed and resorbed bone surfaces showed a clear difference, 

with more prominent bone formation in loaded MM-injected tibiae compared to nonloaded 

MM-injected tibiae (see Error! Reference source not found.). Tb.MV/BVday13-33 +266%, 

Tb.MS/BSday13-33 +255%, Tb.MTh +30%) and decreased bone resorption (Tb.EV/BVday13-33 -

18%, Tb.ES/BSday13-33 -16%, Tb.ED -13%) in loaded MM-injected mice compared to 

nonloaded MM-injected mice (see Table 6). Conventional histomorphometry similiarly 

showed a higher bone formation rate (Tb.BFR +86%, see Table 3, Figure 35 and Figure 37). 

 

4.3.4. Intratibial injection led to an increased response to loading 

Interestingly PBS-injected loaded mice had increased cortical bone mass (Ct.Ar/Tt.Ar +2% 

PBS, Ct.Th +25% PBS, and Ct.Po% -21% PBS) compared to not injected loaded mice (see 

Appendix Table 13). We did not observe these differences in cortical bone mass and structure 

in between the nonloaded limb in not injected mice and nonloaded PBS-injected mice. In the 

trabecular bone compartment we found that bone volume fraction and trabecular number were 

increased in loaded PBS-injected mice compared to loaded not injected mice (Tb.BV/TV 

+44%, Tb.N +41%, see Appendix Table 14). There was no significant difference in bone mass 

or microstructure in the trabecular compartment after 33 days between nonloaded PBS-injected 

limbs and not injected limbs. 

3D time-lapsed image morphometry revealed higher bone formation in the loaded PBS-injected 

mice compared to the loaded not injected mice. I found higher newly formed surface and 

mineralized thickness at the periosteal surface (Ps.MS/BSday13-33 +38%, Ps.MTh +29%), while 

the endosteal surface was not significantly influenced (see Table 4 and Table 5). I did not 

observe differences in the resorption parameters between loaded PBS-injected mice and loaded 

not injected mice. In the trabecular bone compartment I observed an increase in bone formation 

(Tb.MS/BSday13-33 +33%) and a reduction in bone resorption (Tb.EV/BVday13-33 -26%) %) in 

loaded PBS-injected tibiae compared to loaded not injected tibiae (see Table 6). Interestingly 
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the eroded depth was increased in those tibiae (Tb.ED +29%), compared to loaded not injected 

tibiae. In the nonloaded PBS-injected mice using 3D time-lapsed image morphometry I 

observed a trend to higher newly formed endosteal surface area (Ec.MS/BSday13-33) while the 

eroded depth at the endosteal surface was significantly increased (Ec.ED +39%, see Table 4). 

Conventional histomorphometry revealed increased bone formation at the endosteal and 

periosteal surfaces (Ec.MS/BS +45%, Ec.sLS/BS +57%, Ps.sLS/BS +104%) in nonloaded 

PBS-injected limbs compared to not injected nonloaded limbs (see Table 2). In the trabecular 

bone compartment, measurements showed an increased resorption depth (Tb.ED +24%) in 

nonloaded PBS-injected tibiae compared to nonloaded not injected tibiae (see Table 6). 

Furthermore, I observed an increased mineralized surface fraction (Tb.MS/BS +29%) in 

nonloaded PBS-injected mice compared to the nonloaded not injected tibiae using conventional 

histomorphometry (see Table 3, Figure 37). 

  

Figure 35: Representative images of conventional histomorphometry of (A) nonloaded MM-injected 

tibiae and (B) loaded MM-injected tibiae. Tibiae were sectioned in the sagittal plane and imaged in the 

metaphyseal region.  

A                                                                    B 
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Table 2: Dynamic cortical bone formation indices measured by calcein labelling (9 days apart) of newly 

formed bone of mice either loaded or nonloaded and subjected to MM, PBS or no injection. Parameters 

are shown as mean ± standard deviation. ANOVA main effects (shown after name of parameter): (a) 

injection, (b) loading, (c) limb, (d) interaction. 

  not injected PBS-injected tumor-injected 

  loaded nonloaded loaded nonloaded loaded 

  n=8 n=6 n=7 n = 9 n = 8 

  right limb left limb right limb left limb right limb left limb right limb left limb right limb left limb 

Ec.sLS/BSc [%] 50.1 ± 15.4 58.0 ± 19.6 70.9 ± 26.1 78.6 ± 21.3 43.8 ± 22.1 69.2 ± 29.6 60.1 ± 17.9 46.9 ± 13.0 51.7 ± 14.7 60.7 ± 27.1 

Ec.dLS/BSa [%] 23.0 ± 20.1 20.0 ± 10.3 21.3 ± 9.8 24.7 ± 16.0 47.9 ± 33.6 26.7 ± 24.4 24.4 ± 11.4 15.7 ± 7.8 17.1 ± 7.0 28.0 ± 19.0 

Ec.MS/BSa [%] 41.4 ± 18.7 44.0 ± 8.1 51.5 ± 7.7 60.0 ± 9.0 69.9 ± 24.2 57.3 ± 20.7 43.8 ± 13.2 37.1 ± 9.6 40.8 ± 9.6 48.9 ± 15.9 

Ec.MAR [µm/day] 2.2 ± 0.9 2.2 ± 0.7 2.9 ± 0.6 2.6 ± 1.1 2.5 ± 1.0 2.0 ± 0.8 2.6 ± 0.5 2.6 ± 0.8 2.1 ± 0.6 3.1 ± 1.8 

Ec.BFR [µm/day] 1.1 ± 0.5 1.0 ± 0.3 1.5 ± 0.5 1.6 ± 0.5 1.9 ± 1.2 1.3 ± 0.8 1.4 ± 0.3 1.1 ± 0.6 0.8 ± 0.2 1.8 ± 1.2 

                                                              

Ps.sLS/BS [%] 41.5 ± 22.0 39.9 ± 31.0 62.1 ± 7.7 84.8 ± 22.8 51.4 ± 29.9 52.6 ± 30.1 77.9 ± 20.4 44.2 ± 22.9 70.1 ± 15.5 65.1 ± 28.5 

Ps.dLS/BS [%] 19.3 ± 23.6 38.2 ± 20.5 17.3 ± 11.5 6.7 ± 0.6 5.5 ± 3.3 33.3 ± 31.8 12.2 ± 5.9 8.5 ± 4.7 24.9 ± 12.3 31.9 ± 26.2 

Ps.MS/BSa,b [%] 29.0 ± 23.2 39.1 ± 16.7 39.5 ± 15.8 44.5 ± 10.1 27.7 ± 16.5 50.1 ± 21.8 42.9 ± 9.7 28.4 ± 12.8 53.8 ± 16.5 55.1 ± 16.1 

Ps.MARb [µm/day] 2.6 ± 1.0 1.8 ± 0.6 2.7 ± 1.9 1.7 ± 1.2 3.1 ± 1.4 3.1 ± 1.1 1.7 ± 0.7 1.4 ± 1.0 1.8 ± 0.5 2.4 ± 1.3 

Ps.BFRa,b [µm/day] 1.2 ± 1.5 0.9 ± 0.5 1.2 ± 0.5 0.6 ± 0.2 1.3 ± 0.4 1.7 ± 1.1 0.7 ± 0.3 0.5 ± 0.5 1.1 ± 0.5 1.5 ± 0.5 

 

  

Figure 36: The plots show single values as well as the mean ± standard deviation of endosteal and 

periosteal cortical bone formation parameters, (A) MS/BS, (B) MAR and (C) BFR between days 21 

and 30 measured in the ROI at the metaphysis. ANOVA main effects: (a) injection, (b) loading, (c) 

interaction, p < 0.05  
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Table 3: Dynamic trabecular bone formation indices measured by calcein labelling (9 days apart) of 

newly formed bone of mice either loaded or nonloaded and subjected to MM, PBS or no injection. 

Parameters are shown as mean ± standard deviation. ANOVA main effects (shown after name of 

parameter): (a) injection, (b) loading, (c) limb, (d) interaction. 

  not injected PBS injected MM injected 

  loaded nonloaded loaded nonloaded loaded 

  n=8 n=6 n=7 n = 9 n = 8 

  right limb left limb right limb left limb right limb left limb right limb left limb right limb left limb 

Tb.sLS/BS [%] 30.3 ± 9.6 28.9 ± 7.2 33.5 ± 6.9 35.6 ± 8.6 31.4 ± 3.0 31.4 ± 11.7 34.1 ± 5.9 31.5 ± 6.2 32.9 ± 6.3 30.8 ± 2.2 

Tb.dLS/BS [%] 7.5 ± 3.0 9.1 ± 8.1 10.8 ± 2.9 10.1 ± 4.8 6.5 ± 5.6 10.0 ± 7.2 6.2 ± 2.7 8.0 ± 3.2 6.4 ± 3.9 8.5 ± 5.7 

Tb.MS/BSa [%] 21.7 ± 3.7 22.4 ± 6.1 27.4 ± 4.0 28.0 ± 6.5 22.6 ± 4.4 25.4 ± 5.7 21.8 ± 5.8 21.6 ± 6.3 22.9 ± 4.0 23.7 ± 6.1 

Tb.MAR [µm/day] 1.6 ± 0.2 1.8 ± 0.6 1.9 ± 0.5 2.0 ± 0.5 2.1 ± 1.0 1.8 ± 0.3 1.8 ± 0.3 1.3 ± 0.5 2.2 ± 0.7 2.4 ± 1.4 

Tb.BFRa [µm/day] 0.3 ± 0.1 0.4 ± 0.1 0.5 ± 0.2 0.6 ± 0.2 0.5 ± 0.1 0.5 ± 0.1 0.4 ± 0.2 0.3 ± 0.1 0.5 ± 0.2 0.6 ± 0.3 

 

  

Figure 37: The plots show single values as well as the mean ± standard deviation of trabecular bone 

formation parameters, (A) MS/BS, (B) MAR and (C) BFR between days 21 and 30 measured in the 

ROI at the metaphysis.  ANOVA main effects (y-axis label): (a) injection, (b) loading, (c) interaction, p 

< 0.05  
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Figure 39: The graphs show formation and resorption markers at the endosteal and periosteal surface 

in the metaphyseal bone compartment, obtained with 3D time-lapsed image morphometry. (A) shows 

MV/BVday13-33, (B) EV/BVday13-33, (C) MS/BSday13-33, (D) ES/BSday13-33, (E) MThday13-33 and (F) EDday13-

33 in all groups (not injected, PBS and tumor-injected) either nonloaded (-) or loaded (+). The single 

values are plotted together with the mean ± standard deviation. ANOVA main effects: (a) injection, (b) 

loading, (c) interaction, p < 0.05. 

A                                                                 B 

Figure 38: Visualization of the 3D time-lapsed image morphometry. (A) shows a 3D rendering 

alongside a representative image of cortical (re)modelling occurring in the ROI over 20 days of a 

nonloaded MM-injected tibia. (B) shows a 3D rendering alongside a representative image of cortical 

(re)modelling of a loaded MM-injected tibia. The ROI is marked in green. Formed bone is labelled blue, 

resorbed bone is labelled red and quiescent bone is labelled yellow.  
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Table 4: Dynamic 3D morphometric formation and resorption parameters at the endosteal cortical bone 

surface at 4 different experimental time points compared to day 13 in all experimental groups. 

Parameters are shown as mean ± standard deviation. ANOVA main effects (shown after name of 

parameter): (a) injection, (b) loading, (c) limb, (d) interaction. 

  not injected PBS injected tumor injected 

  loaded nonloaded loaded nonloaded loaded 

  n=7 n=6 n=7 n = 9 n = 8 

Day 18-13 right limb left limb right limb left limb right limb left limb right limb left limb right limb left limb 

Ec.MV/BV [µm3/µm3] 0.09 ± 0.06 0.09 ± 0.05 0.06 ± 0.01 0.07 ± 0.01 0.07 ± 0.01 0.06 ± 0.02 0.07 ± 0.02 0.05 ± 0.01 0.07 ± 0.01 0.05 ± 0.02 

Ec.MS/BS [µm2/µm2] 0.38 ± 0.13 0.38 ± 0.09 0.37 ± 0.06 0.37 ± 0.06 0.36 ± 0.04 0.33 ± 0.06 0.40 ± 0.09 0.27 ± 0.02 0.39 ± 0.03 0.30 ± 0.09 

Ec.EV/BV [µm3/µm3] 0.02 ± 0.01 0.02 ± 0.01 0.02 ± 0.01 0.03 ± 0.01 0.03 ± 0.01 0.02 ± 0.01 0.02 ± 0.01 0.04 ± 0.01 0.02 ± 0.01 0.02 ± 0.01 

Ec.ES/BS [µm2/µm2] 0.10 ± 0.04 0.07 ± 0.04 0.14 ± 0.03 0.14 ± 0.02 0.14 ± 0.05 0.12 ± 0.05 0.11 ± 0.03 0.22 ± 0.06 0.12 ± 0.02 0.11 ± 0.04 

Ec.MTh [µm] 15.5 ± 4.1 15.4 ± 3.6 15.9 ± 1.5 16.9 ± 1.4 15.9 ± 1.3 14.3 ± 1.2 15.8 ± 1.9 15.2 ± 1.4 15.8 ± 1.4 14.2 ± 1.0 

Ec.ED [µm] 12.1 ± 0.6 12.2 ± 1.1 14.0 ± 0.8 13.6 ± 0.9 13.9 ± 1.3 13.2 ± 1.2 13.5 ± 0.9 15.1 ± 1.8 14.0 ± 0.7 12.6 ± 1.0 

Day 23-13                                                             

Ec.MV/BV [µm3/µm3] 0.19 ± 0.10 0.18 ± 0.09 0.20 ± 0.01 0.18 ± 0.03 0.16 ± 0.02 0.17 ± 0.04 0.19 ± 0.04 0.09 ± 0.02 0.18 ± 0.03 0.16 ± 0.03 

Ec.MS/BS [µm2/µm2] 0.58 ± 0.08 0.57 ± 0.05 0.70 ± 0.05 0.65 ± 0.04 0.60 ± 0.05 0.49 ± 0.06 0.67 ± 0.05 0.39 ± 0.05 0.64 ± 0.03 0.43 ± 0.14 

Ec.EV/BV [µm3/µm3] 0.04 ± 0.02 0.02 ± 0.01 0.03 ± 0.01 0.04 ± 0.01 0.03 ± 0.01 0.03 ± 0.01 0.03 ± 0.01 0.06 ± 0.02 0.03 ± 0.01 0.04 ± 0.01 

Ec.ES/BS [µm2/µm2] 0.13 ± 0.03 0.12 ± 0.03 0.10 ± 0.02 0.12 ± 0.03 0.13 ± 0.03 0.16 ± 0.03 0.11 ± 0.04 0.28 ± 0.06 0.12 ± 0.02 0.20 ± 0.08 

Ec.MTh [µm] 28.3 ± 8.0 24.0 ± 5.4 34.8 ± 3.8 33.1 ± 4.0 29.3 ± 2.7 24.8 ± 4.8 32.4 ± 5.9 22.3 ± 3.0 32.4 ± 4.7 23.3 ± 3.0 

Ec.ED [µm] 14.8 ± 1.6 14.7 ± 1.2 16.3 ± 1.9 17.0 ± 1.9 15.9 ± 1.2 17.1 ± 1.8 15.4 ± 2.7 19.5 ± 3.2 15.9 ± 2.8 18.1 ± 2.3 

Day 28-13                                                             

Ec.MV/BV [µm3/µm3] 0.28 ± 0.14 0.22 ± 0.11 0.26 ± 0.02 0.24 ± 0.04 0.25 ± 0.04 0.25 ± 0.06 0.26 ± 0.05 0.11 ± 0.03 0.23 ± 0.05 0.22 ± 0.05 

Ec.MS/BS [µm2/µm2] 0.68 ± 0.08 0.60 ± 0.04 0.77 ± 0.03 0.73 ± 0.03 0.73 ± 0.06 0.50 ± 0.07 0.74 ± 0.04 0.39 ± 0.09 0.70 ± 0.05 0.35 ± 0.13 

Ec.EV/BV [µm3/µm3] 0.05 ± 0.04 0.03 ± 0.02 0.03 ± 0.02 0.05 ± 0.01 0.04 ± 0.01 0.05 ± 0.01 0.04 ± 0.02 0.09 ± 0.02 0.04 ± 0.02 0.07 ± 0.04 

Ec.ES/BS [µm2/µm2] 0.12 ± 0.04 0.13 ± 0.03 0.09 ± 0.02 0.11 ± 0.02 0.10 ± 0.02 0.19 ± 0.05 0.10 ± 0.03 0.33 ± 0.08 0.11 ± 0.02 0.30 ± 0.15 

Ec.MTh [µm] 40.4 ± 11.0 27.2 ± 4.8 43.8 ± 5.0 42.6 ± 5.4 42.1 ± 5.0 32.8 ± 7.4 43.0 ± 7.5 26.0 ± 2.2 40.9 ± 7.7 31.2 ± 7.1 

Ec.ED [µm] 16.4 ± 3.0 16.4 ± 1.6 16.8 ± 2.9 19.4 ± 1.6 18.5 ± 2.1 21.4 ± 2.4 17.7 ± 3.7 23.8 ± 4.4 17.3 ± 2.6 24.0 ± 5.7 

Day 33-13                                                             

Ec.MV/BVc [µm3/µm3] 0.34 ± 0.16 0.29 ± 0.15 0.31 ± 0.03 0.30 ± 0.04 0.30 ± 0.04 0.30 ± 0.07 0.29 ± 0.04 0.10 ± 0.02 0.28 ± 0.04 0.28 ± 0.08 

Ec.MS/BSa,b,c [µm2/µm2] 0.71 ± 0.06 0.63 ± 0.03 0.80 ± 0.03 0.77 ± 0.02 0.76 ± 0.05 0.55 ± 0.14 0.76 ± 0.03 0.33 ± 0.07 0.74 ± 0.03 0.35 ± 0.15 

Ec.EV/BVc [µm3/µm3] 0.08 ± 0.07 0.04 ± 0.03 0.05 ± 0.03 0.08 ± 0.03 0.06 ± 0.02 0.06 ± 0.01 0.05 ± 0.02 0.13 ± 0.04 0.06 ± 0.02 0.11 ± 0.06 

Ec.ES/BSa,c [µm2/µm2] 0.14 ± 0.06 0.14 ± 0.03 0.08 ± 0.02 0.10 ± 0.02 0.10 ± 0.02 0.19 ± 0.07 0.10 ± 0.04 0.40 ± 0.08 0.11 ± 0.03 0.37 ± 0.14 

Ec.MTha,c [µm] 49.3 ± 14.0 31.9 ± 7.1 54.0 ± 6.6 51.6 ± 4.3 48.1 ± 6.5 35.6 ± 8.4 48.1 ± 7.4 26.7 ± 4.1 48.5 ± 5.4 37.2 ± 7.8 

Ec.EDa,c [µm] 18.6 ± 5.7 19.3 ± 4.5 19.4 ± 3.3 22.3 ± 1.8 19.3 ± 2.7 26.8 ± 8.0 19.3 ± 5.1 27.7 ± 7.2 20.3 ± 3.1 28.9 ± 7.1 
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Table 5: Dynamic 3D morphometric formation and resorption parameters at the periosteal cortical bone 

surface at 4 different experimental time points compared to day 13 in all experimental groups. 

Parameters are shown as mean ± standard deviation. ANOVA main effects (shown after name of 

parameter): (a) injection, (b) loading, (c) limb, (d) interaction.  

  not injected PBS injected tumor injected 

  loaded nonloaded loaded nonloaded loaded 

  n=7 n=6 n=7 n = 9 n = 8 

Day 18-13 right limb left limb right limb left limb right limb left limb right limb left limb right limb left limb 

Ps.MV/BV [µm3/µm3] 0.01 ± 0.01 0.02 ± 0.02 0.01 ± 0.01 0.01 ± 0.01 0.01 ± 0.01 0.04 ± 0.01 0.01 ± 0.01 0.02 ± 0.01 0.01 ± 0.01 0.04 ± 0.01 

Ps.MS/BS [µm2/µm2] 0.06 ± 0.04 0.21 ± 0.12 0.10 ± 0.10 0.11 ± 0.05 0.15 ± 0.09 0.48 ± 0.07 0.07 ± 0.04 0.17 ± 0.10 0.07 ± 0.05 0.45 ± 0.13 

Ps.EV/BV [µm3/µm3] 0.03 ± 0.02 0.01 ± 0.01 0.02 ± 0.01 0.02 ± 0.01 0.02 ± 0.01 0.00 ± 0.00 0.02 ± 0.01 0.02 ± 0.01 0.02 ± 0.01 0.00 ± 0.01 

Ps.ES/BS [µm2/µm2] 0.28 ± 0.16 0.08 ± 0.04 0.18 ± 0.06 0.25 ± 0.05 0.18 ± 0.09 0.04 ± 0.02 0.23 ± 0.12 0.22 ± 0.10 0.20 ± 0.09 0.04 ± 0.05 

Ps.MTh [µm] 11.1 ± 0.3 11.7 ± 0.9 11.6 ± 0.6 11.2 ± 0.4 12.0 ± 1.9 14.5 ± 1.9 11.1 ± 0.3 11.9 ± 0.8 11.0 ± 0.3 13.5 ± 1.5 

Ps.ED [µm] 12.3 ± 1.5 11.5 ± 0.8 11.4 ± 0.4 12.4 ± 0.8 12.2 ± 0.7 12.4 ± 1.6 11.7 ± 0.8 12.3 ± 0.7 12.0 ± 0.5 11.6 ± 0.7 

Day 23-13                                                             

Ps.MV/BV [µm3/µm3] 0.01 ± 0.01 0.05 ± 0.02 0.01 ± 0.01 0.01 ± 0.00 0.01 ± 0.01 0.07 ± 0.00 0.01 ± 0.01 0.02 ± 0.01 0.01 ± 0.00 0.07 ± 0.01 

Ps.MS/BS [µm2/µm2] 0.13 ± 0.07 0.46 ± 0.17 0.09 ± 0.05 0.07 ± 0.02 0.13 ± 0.10 0.75 ± 0.05 0.07 ± 0.05 0.19 ± 0.06 0.09 ± 0.04 0.80 ± 0.08 

Ps.EV/BV [µm3/µm3] 0.04 ± 0.02 0.01 ± 0.01 0.05 ± 0.01 0.05 ± 0.01 0.04 ± 0.01 0.01 ± 0.01 0.05 ± 0.02 0.03 ± 0.01 0.04 ± 0.01 0.00 ± 0.00 

Ps.ES/BS [µm2/µm2] 0.38 ± 0.15 0.09 ± 0.04 0.50 ± 0.13 0.47 ± 0.06 0.38 ± 0.12 0.06 ± 0.03 0.44 ± 0.17 0.30 ± 0.10 0.40 ± 0.15 0.05 ± 0.03 

Ps.MTh [µm] 12.2 ± 1.4 14.9 ± 2.6 12.4 ± 1.2 12.8 ± 1.4 13.7 ± 2.8 22.4 ± 0.9 11.9 ± 0.9 14.3 ± 2.6 11.9 ± 0.9 22.7 ± 1.5 

Ps.ED [µm] 15.0 ± 2.5 12.2 ± 1.1 15.2 ± 1.5 16.5 ± 1.5 15.1 ± 1.2 17.1 ± 4.8 15.4 ± 2.8 15.3 ± 1.3 16.0 ± 1.7 14.0 ± 1.9 

Day 28-13                                                             

Ps.MV/BV [µm3/µm3] 0.01 ± 0.00 0.06 ± 0.02 0.01 ± 0.01 0.01 ± 0.00 0.01 ± 0.01 0.07 ± 0.01 0.01 ± 0.01 0.02 ± 0.02 0.01 ± 0.01 0.08 ± 0.01 

Ps.MS/BS [µm2/µm2] 0.09 ± 0.03 0.54 ± 0.13 0.09 ± 0.06 0.09 ± 0.03 0.12 ± 0.10 0.81 ± 0.05 0.07 ± 0.04 0.25 ± 0.12 0.10 ± 0.05 0.82 ± 0.08 

Ps.EV/BV [µm3/µm3] 0.05 ± 0.03 0.02 ± 0.01 0.06 ± 0.01 0.05 ± 0.01 0.05 ± 0.01 0.01 ± 0.00 0.05 ± 0.02 0.03 ± 0.01 0.04 ± 0.02 0.01 ± 0.00 

Ps.ES/BS [µm2/µm2] 0.49 ± 0.20 0.12 ± 0.06 0.55 ± 0.12 0.54 ± 0.07 0.52 ± 0.12 0.08 ± 0.03 0.52 ± 0.18 0.34 ± 0.12 0.46 ± 0.17 0.06 ± 0.02 

Ps.MTh [µm] 12.5 ± 1.9 18.3 ± 3.9 12.7 ± 1.0 13.4 ± 2.4 14.6 ± 2.8 26.3 ± 0.9 12.8 ± 1.4 16.4 ± 3.1 12.7 ± 1.3 25.3 ± 3.4 

Ps.ED [µm] 17.0 ± 4.7 13.8 ± 2.2 17.3 ± 2.5 19.0 ± 0.5 17.5 ± 2.0 20.3 ± 6.0 17.7 ± 3.5 17.8 ± 1.9 17.6 ± 2.9 17.4 ± 3.2 

Day 33-13                                                             

Ps.MV/BVa,b,c [µm3/µm3] 0.01 ± 0.01 0.06 ± 0.01 0.01 ± 0.01 0.01 ± 0.00 0.01 ± 0.01 0.07 ± 0.01 0.01 ± 0.01 0.03 ± 0.02 0.01 ± 0.00 0.07 ± 0.01 

Ps.MS/BSa,b,c [µm2/µm2] 0.12 ± 0.07 0.56 ± 0.10 0.09 ± 0.06 0.09 ± 0.01 0.12 ± 0.08 0.77 ± 0.09 0.08 ± 0.05 0.30 ± 0.16 0.11 ± 0.03 0.83 ± 0.05 

Ps.EV/BVa,b,c [µm3/µm3] 0.06 ± 0.02 0.02 ± 0.01 0.06 ± 0.01 0.06 ± 0.01 0.06 ± 0.01 0.01 ± 0.01 0.05 ± 0.02 0.03 ± 0.01 0.05 ± 0.01 0.01 ± 0.00 

Ps.ES/BSa,b,c [µm2/µm2] 0.56 ± 0.18 0.16 ± 0.05 0.60 ± 0.09 0.60 ± 0.06 0.56 ± 0.13 0.12 ± 0.07 0.52 ± 0.15 0.34 ± 0.11 0.51 ± 0.13 0.09 ± 0.04 

Ps.MTha,b,c [µm] 14.2 ± 3.0 21.5 ± 3.7 13.6 ± 1.1 13.7 ± 1.8 14.9 ± 3.0 27.8 ± 1.2 12.7 ± 1.3 16.2 ± 3.6 13.5 ± 1.7 27.8 ± 0.8 

Ps.ED [µm] 19.6 ± 4.8 16.5 ± 3.5 20.0 ± 2.8 21.8 ± 1.6 19.5 ± 2.5 21.0 ± 5.4 19.1 ± 3.7 19.2 ± 2.0 19.0 ± 2.9 21.1 ± 3.4 
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Figure 40: The graphs show formation and resorption parameters in the trabecular bone compartment. 

(A) shows MV/BVday13-33, (B) EV/BVday13-33, (C) MS/BSday13-33, (D) ES/BSday13-33, (E) MThday13-33 and 

(F) EDday13-33 in all groups either nonloaded (-) or loaded (+). The single values are plotted together with 

the mean ± standard deviation. ANOVA main effects (y-axis label): (a) injection, (b) loading, (c) 

interaction, p < 0.05. 

A                                               B 

Figure 41: Visualization of the 3D time-lapsed image morphometry in the trabecular compartment in 

the ROI. (A) shows a representative 3D rendering and the highlighted trabecular bone compartment of 

a nonloaded MM injected tibia. (B) shows the same in a loaded MM injected tibia. To highlight 

trabecular bone (re)modelling, formed bone is labelled blue, resorbed bone red and quiescent bone 

yellow. Loaded tibia show more bone formation and more quiescent bone compared to the nonloaded 

tibia.  
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Table 6: Dynamic 3D morphometric formation and resorption parameters in the trabecular bone 

compartment at 4 different experimental time points compared to day 13 in all experimental groups. 

Parameters are shown as mean ± standard deviation. ANOVA main effects (shown after name of 

parameter): (a) injection, (b) loading, (c) limb, (d) interaction. 

  not injected PBS injected tumor injected 

  loaded nonloaded loaded nonloaded loaded 

  n=7 n=6 n=7 n = 9 n = 8 

Day 18-13 right limb left limb right limb left limb right limb left limb right limb left limb right limb left limb 

Tb.MV/BV [µm3/µm3] 0.57 ± 0.24 0.59 ± 0.25 0.68 ± 0.12 0.65 ± 0.10 0.64 ± 0.17 0.43 ± 0.11 0.67 ± 0.11 0.29 ± 0.05 0.57 ± 0.07 0.34 ± 0.11 

Tb.MS/BS [µm2/µm2] 0.32 ± 0.03 0.35 ± 0.02 0.30 ± 0.02 0.31 ± 0.01 0.29 ± 0.02 0.36 ± 0.02 0.30 ± 0.03 0.25 ± 0.02 0.31 ± 0.02 0.33 ± 0.03 

Tb.EV/BV [µm3/µm3] 0.40 ± 0.18 0.32 ± 0.12 0.52 ± 0.07 0.47 ± 0.04 0.52 ± 0.07 0.31 ± 0.05 0.52 ± 0.09 0.54 ± 0.08 0.47 ± 0.06 0.32 ± 0.12 

Tb.ES/BS [µm2/µm2] 0.34 ± 0.14 0.27 ± 0.10 0.45 ± 0.05 0.43 ± 0.03 0.45 ± 0.05 0.31 ± 0.05 0.45 ± 0.08 0.51 ± 0.06 0.41 ± 0.05 0.32 ± 0.11 

Tb.MTh [µm] 15.3 ± 2.4 15.4 ± 2.7 20.3 ± 1.0 20.8 ± 1.2 18.4 ± 1.4 19.0 ± 1.5 18.8 ± 2.6 18.4 ± 1.4 18.8 ± 1.2 18.6 ± 3.3 

Tb.ED [µm] 13.7 ± 1.6 13.0 ± 1.5 17.6 ± 0.9 18.5 ± 1.7 17.5 ± 1.7 17.3 ± 1.9 16.9 ± 1.8 23.6 ± 2.1 17.5 ± 1.1 18.4 ± 4.4 

Day 23-13                                                             

Tb.MV/BV [µm3/µm3] 0.77 ± 0.23 0.91 ± 0.32 0.92 ± 0.21 0.79 ± 0.08 0.75 ± 0.08 0.62 ± 0.13 0.85 ± 0.17 0.18 ± 0.04 0.76 ± 0.08 0.42 ± 0.16 

Tb.MS/BS [µm2/µm2] 0.26 ± 0.05 0.29 ± 0.02 0.23 ± 0.05 0.23 ± 0.03 0.22 ± 0.04 0.34 ± 0.03 0.22 ± 0.04 0.12 ± 0.02 0.23 ± 0.03 0.26 ± 0.07 

Tb.EV/BV [µm3/µm3] 0.63 ± 0.13 0.58 ± 0.04 0.71 ± 0.08 0.67 ± 0.03 0.70 ± 0.05 0.46 ± 0.03 0.70 ± 0.07 0.80 ± 0.05 0.68 ± 0.05 0.57 ± 0.12 

Tb.ES/BS [µm2/µm2] 0.55 ± 0.12 0.51 ± 0.04 0.62 ± 0.07 0.62 ± 0.03 0.62 ± 0.06 0.43 ± 0.03 0.62 ± 0.07 0.76 ± 0.04 0.62 ± 0.04 0.56 ± 0.11 

Tb.MTh [µm] 18.7 ± 2.7 21.5 ± 2.5 22.6 ± 4.1 22.4 ± 1.9 22.0 ± 3.0 26.3 ± 3.0 22.2 ± 2.0 19.7 ± 2.2 22.8 ± 1.8 25.2 ± 3.9 

Tb.ED [µm] 16.6 ± 1.2 16.1 ± 1.5 18.8 ± 1.1 20.9 ± 1.5 20.3 ± 1.7 22.9 ± 3.5 18.6 ± 1.9 30.6 ± 2.5 20.6 ± 1.6 24.6 ± 4.7 

Day 28-13                                                             

Tb.MV/BV [µm3/µm3] 0.77 ± 0.20 1.00 ± 0.36 0.90 ± 0.25 0.73 ± 0.09 0.82 ± 0.20 0.71 ± 0.20 0.79 ± 0.25 0.09 ± 0.04 0.73 ± 0.07 0.30 ± 0.14 

Tb.MS/BS [µm2/µm2] 0.21 ± 0.04 0.24 ± 0.03 0.21 ± 0.05 0.20 ± 0.04 0.18 ± 0.05 0.31 ± 0.03 0.19 ± 0.06 0.06 ± 0.02 0.21 ± 0.04 0.20 ± 0.10 

Tb.EV/BV [µm3/µm3] 0.74 ± 0.09 0.68 ± 0.05 0.73 ± 0.06 0.73 ± 0.07 0.77 ± 0.06 0.53 ± 0.06 0.77 ± 0.07 0.91 ± 0.02 0.72 ± 0.06 0.67 ± 0.19 

Tb.ES/BS [µm2/µm2] 0.66 ± 0.08 0.61 ± 0.05 0.65 ± 0.07 0.68 ± 0.06 0.70 ± 0.08 0.50 ± 0.04 0.70 ± 0.09 0.88 ± 0.03 0.66 ± 0.06 0.66 ± 0.17 

Tb.MTh [µm] 19.5 ± 2.7 23.6 ± 2.4 21.6 ± 3.2 22.8 ± 2.8 21.9 ± 2.6 28.9 ± 3.4 22.2 ± 1.9 18.4 ± 2.8 23.1 ± 1.6 25.8 ± 5.3 

Tb.ED [µm] 17.3 ± 1.6 17.5 ± 2.3 19.2 ± 1.7 21.5 ± 1.1 19.7 ± 2.9 23.6 ± 3.2 19.6 ± 2.2 32.9 ± 2.0 21.1 ± 1.5 26.9 ± 6.2 

Day 33-13                                                             

Tb.MV/BVa,c [µm3/µm3] 

[µm3/µm3] 

0.78 ± 0.32 1.11 ± 0.41 0.90 ± 0.29 0.69 ± 0.14 0.80 ± 0.30 0.75 ± 0.24 0.67 ± 0.34 0.05 ± 0.03 0.62 ± 0.11 0.19 ± 0.08 

Tb.MS/BSa,b [µm2/µm2] 

[µm2/µm2] 

0.18 ± 0.03 0.23 ± 0.04 0.20 ± 0.05 0.17 ± 0.04 0.17 ± 0.05 0.31 ± 0.05 0.15 ± 0.06 0.04 ± 0.01 0.18 ± 0.04 0.13 ± 0.05 

Tb.EV/BVa,b [µm3/µm3] 

[µm3/µm3] 

0.78 ± 0.06 0.71 ± 0.06 0.74 ± 0.06 0.78 ± 0.06 0.79 ± 0.06 0.53 ± 0.13 0.82 ± 0.07 0.95 ± 0.03 0.76 ± 0.06 0.78 ± 0.09 

Tb.ES/BSa,b [µm2/µm2] 

[µm2/µm2] 

0.70 ± 0.05 0.64 ± 0.05 0.67 ± 0.07 0.72 ± 0.06 0.72 ± 0.07 0.51 ± 0.10 0.75 ± 0.09 0.93 ± 0.03 0.71 ± 0.06 0.78 ± 0.08 

Tb.MTha,b,c [µm] 20.1 ± 2.4 26.1 ± 3.7 22.6 ± 5.6 21.7 ± 4.1 21.4 ± 2.3 30.7 ± 5.4 21.6 ± 3.0 17.9 ± 2.6 22.7 ± 2.1 23.3 ± 4.9 

Tb.EDa,c [µm] 17.6 ± 1.9 17.4 ± 2.1 19.3 ± 1.6 21.7 ± 1.4 19.4 ± 2.6 22.6 ± 4.0 19.7 ± 2.1 34.3 ± 3.1 21.3 ± 1.6 29.8 ± 3.8 
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4.4. Bone composition and mechanical properties 

4.4.1. FTIRI results 

To study the effects of MM injection on the bone composition, the posterior metaphyseal cortex 

was subjected to FTIRI. Measurements were done in five samples per group (no injection, PBS- 

and MM-injection, nonloaded and loaded). 

I could not observe significant differences between the nonloaded MM-injected tibiae and the 

nonloaded PBS-injected tibiae. All measured parameters, mineral-to-matrix ratio, carbonate-

to-mineral ratio, mineral crystallinity, acid phosphate content, collagen crosslink ratio and their 

associated heterogeneity did not show significant differences (see Table 7, Table 8). The tumor 

injection itself led therefore not to a distinct different bone composition. 

In mechanically loaded PBS-injected mice I observed a trend to a lower acid phosphate content 

compared to the nonloaded PBS-injected mice (-6%, p = 0.08, see Figure 43 (D)). All the other 

parameters were not affected by loading in PBS-injected mice compared to nonloaded PBS-

injected mice. Mechanical loading did not lead to detectable changes in the material 

composition at the metaphyseal cortex in MM-injected mice. All parameters (mineral-to-matrix 

ratio, carbonate-to-mineral ratio, mineral crystallinity, acid phosphate content and collagen 

crosslink ratio) and their associated heterogeneity were not influenced by the loading 

experiment (see Figure 43 and Figure 44). Although I did not differentiate between mature 

bone and newly formed bone, loading in tumor injected mice did not lead to distinct differences 

in bone composition in the evaluated section. Interestingly, PBS injection in loaded tibiae led 

to an increased mineral-to-matrix ratio (+25%) compared to loaded not injected tibiae (see 

Figure 43 (A)). A similar trend was also detected in nonloaded PBS-injected tibiae compared 

to nonloaded not injected tibiae (mineral-to-matrix ratio +15%, p = 0.09). The heterogeneity 

of the mineral-to-matrix ratio was not affected by injection and while there was a trend towards 

higher mineral-to-matrix ratio in MM-injected tibiae compared to not injected tibiae, the high 

variance likely led to the lack of statistical significance. I detected differences in the mineral-

to-matrix ratio due to injection and in the acid phosphate content due to loading as well as in 

the heterogeneity of the crystallinity and the acid phosphate content, but these individual 

changes were not associated with a difference between groups. 
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Table 7: Absolute FTIR parameters measured at the posterior metaphyseal cortex. All experimental 

groups are shown and for the ease of understanding, not injected groups are shown as nonloaded (right 

limb) and loaded (left limb) groups. Parameters are shown as mean ± standard deviation. ANOVA main 

effects (shown after name of parameter): (a) injection, (b) loading, (c) interaction. 

 not injected PBS injected tumor injected 

 nonloaded loaded nonloaded loaded nonloaded loaded 

absolute n = 5 n = 5 n = 5 n = 5 n = 5 n = 5 

mineral-to-matrixa 6.60 ± 0.43 6.30 ± 0.56 7.59 ± 0.43 7.87 ± 0.37 7.02 ± 0.72 7.23 ± 0.74 

carbonate-to-mineral 
(x1000) 

7.25 ± 0.78 7.47 ± 2.65 7.06 ± 0.24 6.96 ± 0.37 6.38 ± 1.10 7.14 ± 0.45 

crystallinity 1.12 ± 0.03 1.11 ± 0.04 1.13 ± 0.02 1.14 ± 0.04 1.14 ± 0.05 1.14 ± 0.02 

acid phosphate contentb 0.51 ± 0.01 0.51 ± 0.04 0.53 ± 0.03 0.47 ± 0.03 0.49 ± 0.05 0.46 ± 0.02 

collagen crosslink ratio 3.98 ± 0.39 3.91 ± 0.35 3.63 ± 0.15 3.83 ± 0.22 3.99 ± 0.24 3.83 ± 0.22 

 

  

A                                  C 

B 

Figure 42: Shown is the distribution of the mineral-to-matrix ratio across the posterior metaphyseal 

cortex of (A) a nonloaded MM-injected and (B) a loaded MM-injected tibia. (C) shows the respective 

average FTIR spectra of the two shown bones. Both spectra appear very similar.  
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Table 8: Heterogeneity of FTIR parameters measured at the posterior metaphyseal cortex. All 

experimental groups are shown and for the ease of understanding, not injected groups are shown as 

nonloaded (right limb) and loaded (left limb) groups. Parameters are shown as mean ± standard 

deviation. ANOVA main effects (shown after name of parameter): (a) injection, (b) loading, (c) 

interaction. 

 not injected PBS injected tumor injected 

 nonloaded loaded nonloaded loaded nonloaded loaded 

heterogeneity n = 5 n = 5 n = 5 n = 5 n = 5 n = 5 

mineral-to-matrix 3.32 ± 0.82 3.70 ± 0.87 4.01 ± 0.60 3.40 ± 0.30 3.77 ± 0.91 3.64 ± 0.67 

carbonate-to-mineral 
(x1000) 

3.21 ± 0.69 3.22 ± 0.79 3.43 ± 0.82 2.67 ± 0.16 3.16 ± 0.53 2.93 ± 0.55 

crystallinitya 0.29 ± 0.05 0.27 ± 0.08 0.20 ± 0.03 0.20 ± 0.05 0.21 ± 0.05 0.23 ± 0.05 

acid phosphate contentb 0.15 ± 0.04 0.13 ± 0.04 0.14 ± 0.04 0.09 ± 0.01 0.13 ± 0.06 0.08 ± 0.02 

collagen crosslink ratio 0.79 ± 0.31 0.82 ± 0.21 0.70 ± 0.24 0.58 ± 0.09 0.80 ± 0.33 0.62 ± 0.06 

 

  

Figure 43: (A) Mineral-to-matrix ratio, (B) carbonate-to-mineral ratio, (C) crystallinity, (D) acid 

phosphate content and (E) collagen crosslink ratio measured by FTIR across the posterior metaphyseal 

cortex. The single values are plotted together with the mean ± standard deviation. ANOVA main effects: 

(a) injection, (b) loading, (c) interaction 
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To analyse the effect of injection on the FTIR parameters I pooled loaded and nonloaded groups 

within each of the three injection groups (not injected, PBS-injected, MM-injected). I found 

that PBS injection and MM injection led to an increased mineral-to-matrix ratio compared to 

the not injected animals. PBS injection led to a 20% increased and MM injection to a 10% 

increased mineral-to-matrix ratio (see Figure 45 (A)). When comparing MM injected animals 

to PBS injected ones, I observed a trend towards lower mineral-to-matrix ratio (-8%, p = 0.057). 

I observed a trend towards decreased acid phosphate content (-7%, p = 0.056) in MM injected 

mice compared to not injected mice (see Figure 45 (B)). Furthermore, crystallinity 

heterogeneity was reduced in PBS-injected groups (-26%), while I also observed a trend in 

MM injected animals (-21%, p = 0.064) compared to not injected groups (see Figure 45 (C)). 

  

Figure 44: Shown is the heterogeneity of the following FTIR parameters: (A) Mineral-to-matrix ratio, 

(B) carbonate-to-mineral ratio, (C) crystallinity, (D) acid phosphate content and (E) collagen crosslink 

ratio. The heterogeneity was assessed as the FWHM of the pixel distribution of the assigned FTIR 

parameter across the ROI. The single values are plotted together with the mean ± standard deviation. 

ANOVA main effects: (a) injection, (b) loading, (c) interaction. 
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To analyse the effect of loading on the reported FTIR parameters I pooled the corresponding 

injection groups (not injected, PBS-injected, MM-injected) depending if they were loaded or 

nonloaded. I only found the acid phosphate to be slightly lower in loaded groups (-6%) with a 

decreased heterogeneity (-28%) compared to the loaded groups (see Figure 46). All other 

parameters were not significantly influenced by loading. 

  

Figure 45: Shown are loading pooled (nonloaded + loaded) data for (A) the mineral-to-matrix ratio, 

(B) the acid phosphate content and (C) the crystallinity heterogeneity. The data was pooled per group 

(not injected, PBS-injected and MM-injected) and plotted as pooled mean value minus standard 

deviation. * p < 0.05, (*) 0.05 < p < 0.1 
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Figure 46: Shown are injection pooled (not injected + PBS-injected + MM-injected) data for (A) the 

acid phosphate content and (B) the acid phosphate content heterogeneity. The data was pooled per 

group (loaded and nonloaded) and plotted as pooled mean value minus standard deviation. * p < 0.05. 
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4.4.2. SAXS results 

In order to study the effects of MM-injection on the mineral structure of bone, precisely the 

thickness and alignment of the hydroxyapatite crystals, I performed SAXS measurements at 

the posterior metaphyseal cortex. Measurements were done in five samples per group as was 

done in FTIRI. 

I did not observe significant differences in the mineral crystal thickness nor orientation between 

the nonloaded MM-injected tibiae and the nonloaded PBS-injected tibiae. Both groups showed 

the same mean crystal thickness (2.22 ± 0.06 nm) with no change in alignment parameter (0.29 

± 0.04 vs. 0.33 ± 0.07, see Table 9, Figure 48). I could as well not detect significant differences 

in the measured parameters in loaded PBS-injected mice compared to nonloaded PBS-injected 

mice. Both the crystal thickness and alignment were comparable (see Table 9, Figure 48). 

Mechanical loading did not lead to differences in the mineral structure in MM-injected mice 

compared to nonloaded MM-injected mice. Both mineral crystal thickness as well as the 

alignment seem to be unaffected by the mechanical stimulation (see Table 9, Figure 48). As 

well as in the FTIRI measurements, I observed differences in the mineral crystal thickness 

(+9%) in loaded PBS-injected mice compared to loaded not injected mice. The alignment was 

not significantly different in these groups. I observed a similar difference in the T parameter 

(+5%) in nonloaded PBS-injected tibiae compared to the nonloaded not injected tibiae (see 

Table 9, Figure 48). As well as in the nonloaded groups, the alignment does not seem to be 

affected by injection. 

 

Table 9: The T and ρ parameter measured at the posterior metaphyseal cortex. All experimental groups 

are shown and for the ease of understanding, not injected groups are shown as nonloaded (right limb) 

and loaded (left limb) groups. Parameters are shown as mean ± standard deviation. ANOVA main effects: 

(a) injection, (b) loading, (c) interaction. 

  non injected PBS injected tumor injected 

  nonloaded loaded nonloaded loaded nonloaded loaded 

T parameter [nm]a 2.10 ± 0.04 2.10 ± 0.07 2.22 ± 0.06 2.28 ± 0.04 2.22 ± 0.06 2.24 ± 0.09 

ρ parameter 0.31 ± 0.05 0.28 ± 0.07 0.33 ± 0.07 0.34 ± 0.04 0.29 ± 0.04 0.32 ± 0.05 

 

 



4.4 Bone composition and mechanical properties 

95 

To evaluate the effects of injection on the SAXS parameters nonloaded and loaded samples 

within each of the three injection groups were pooled (not injected, PBS-injected, MM-

injected). I observed an increase in the T parameter in PBS injected tibiae (+7%) and MM 

injected tibiae (+6%) compared to the not injected tibiae (see Figure 47). I did not observe a 

significant effect of injection on the alignment of mineral crystals. 

 

 

To evaluate the effects of mechanical loading on the SAXS parameters I pooled injection 

groups (not injected, PBS-injected, MM-injected) according to the loading condition 

(nonloaded or loaded). I did not observe differences in the crystal thickness nor the alignment 

due to mechanical loading (see Figure 49). 

  

Figure 48: Shown are (A) the measured T parameter and (B) the ρ parameter across the posterior 

metaphyseal cortex in all experimental groups. The data is plotted as single values together with the 

mean ± standard deviation. ANOVA main effects: (a) injection, (b) loading, (c) interaction 

Figure 47: Shown are loading pooled (nonloaded + loaded) data for (A) the T parameter and (B) the ρ 

parameter. The data was pooled per group (not injected, PBS-injected and MM-injected) and plotted as 

pooled mean value minus standard deviation. * p < 0.05 
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In subsequent analysis I assessed the mineral crystal thickness and alignment at the endosteal 

and periosteal surfaces of the ROI. I did not observe significant differences in the T nor the ρ 

parameter at either surface in nonloaded MM-injected tibiae compared to nonloaded PBS-

injected tibiae. Furthermore, I did not detect changes in the T nor the ρ parameter at either 

surface in loaded PBS-injected tibiae compared to nonloaded PBS-injected tibiae. Mechanical 

loading in MM-injected mice did also not yield differences in the described parameters at either 

surface compared to the nonloaded MM-injected mice. I did however observe significant 

differences in the T parameter at the endosteal surface (+9%) comparing loaded PBS-injected 

mice to loaded not injected mice (see Table 10, Figure 50). These changes did not persist in 

nonloaded PBS-injected mice compared to nonloaded not injected mice. Interestingly, I 

observed a difference in the T parameter between the endosteal and periosteal surface (+6%) 

only in loaded PBS-injected mice, while in all other groups there was no observable difference 

between either parameter at either surface. As in all other comparisons, there was no observable 

difference in the ρ parameter at either the endosteal or periosteal surfaces in all groups. 

  

Figure 49: Shown are injection pooled (not injected + PBS-injected + MM-injected) data for (A) the 

T parameter and (B) the ρ parameter. The data was pooled per group (loaded and nonloaded) and plotted 

as pooled mean value minus standard deviation. * p < 0.05. 
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Table 10: The T and ρ parameter measured at the periosteal and endosteal surfaces of the posterior 

metaphyseal cortex. All experimental groups are shown and for the ease of understanding, not injected 

groups are shown as nonloaded (right limb) and loaded (left limb) groups. Parameters are shown as 

mean ± standard deviation. ANOVA main effects: (a) injection, (b) loading, (c) interaction. 

  
non injected PBS injected tumor injected 

  nonloaded loaded nonloaded loaded nonloaded loaded 

T parameter [nm]                   

periosteala 2.08 ± 0.08 0.05 ± 0.05 2.21 ± 0.08 2.19 ± 0.15 2.25 ± 0.07 2.25 ± 0.19 

endosteala 2.20 ± 0.11 0.09 ± 0.09 2.24 ± 0.10 2.33 ± 0.09 2.22 ± 0.05 2.27 ± 0.04 

ρ parameter                                     

periosteal 0.31 ± 0.08 0.06 ± 0.06 0.31 ± 0.07 0.29 ± 0.06 0.31 ± 0.05 0.29 ± 0.10 

endosteal 0.32 ± 0.06 0.08 ± 0.08 0.32 ± 0.09 0.34 ± 0.07 0.25 ± 0.07 0.36 ± 0.03 

 

 

 

As described for the whole cortex, I pooled nonloaded and loaded groups for all injections (not 

injected, PBS-injected, MM-injected) to assess the effect of injection on the SAXS parameters 

at the endosteal and periosteal surface. I observed significant differences of the T parameter at 

the periosteal surface of PBS-injected (+7%) and MM-injected mice (+8%) compared to not 

injected mice. In PBS-injected mice these changes in the T-parameter persisted as well at the 

endosteal surface (+6%) when compared to not injected mice (see Figure 51). I did not observe 

differences in the ρ parameter at neither surface. 

  

Figure 50: Shown are (A) the measured T parameter and (B) the ρ parameter at the endosteal and 

periosteal surfaces of the posterior metaphyseal cortex in all experimental groups. The data is plotted 

as single values together with the mean ± standard deviation. ANOVA main effects: (a) injection, (b) 

loading, (c) interaction, * p < 0.05 
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When I pooled the injection groups (not injected, PBS-injected, MM-injected) according to the 

loading condition (nonloaded or loaded), I did not observe differences in the T nor the ρ 

parameter. 

 

  

Figure 51: Shown are loading pooled (nonloaded + loaded) data for the T parameter at the periosteal 

and endosteal surfaces of the posterior metaphyseal cortex. The data was pooled per group (not injected, 

PBS-injected and MM-injected) and plotted as pooled mean value minus standard deviation. * p < 0.05 
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4.4.3. Nanoindentation results 

To assess the mechanical properties of the posterior metaphyseal cortex, I performed 

nanoindentation experiments in the described groups. I observed differences in the elastic 

modulus (-13%) and hardness (-9%) in nonloaded MM-injected mice compared to nonloaded 

PBS-injected mice (see Table 11). I also observed an increased elastic modulus (+13%) and 

hardness (+22%) in loaded PBS-injected mice compared to nonloaded PBS-injected mice (see 

Table 11). In contrast, loading in MM-injected mice did not lead to an increased elastic 

modulus or hardness compared to the nonloaded MM-injected mice. In loaded PBS-injected 

mice I observed an increased elastic modulus (+25%) and hardness (+34%) compared to the 

loaded not injected mice. A smaller increase existed as well in nonloaded PBS-injected mice 

compared to nonloaded not injected mice (E modulus +12%, hardness +12%, see Table 11). 

 

Table 11: The E modulus and hardness H measured across the posterior metaphyseal cortex. All 

experimental groups are shown and for the ease of understanding, not injected groups are shown as 

nonloaded (right limb) and loaded (left limb) groups. Parameters are shown as mean ± standard 

deviation. ANOVA main effects: (a) injection, (b) loading, (c) interaction. 

  non injected PBS injected tumor injected 

  nonloaded loaded nonloaded loaded nonloaded loaded 

E [GPa]a,b,c 20.59 ± 1.04 20.87 ± 1.31 23.12 ± 1.05 26.19 ± 1.58 20.11 ± 1.60 20.14 ± 0.34 

H [GPa]a,b,c 0.82 ± 0.06 0.84 ± 0.05 0.92 ± 0.07 1.13 ± 0.09 0.84 ± 0.06 0.77 ± 0.04 

 

  

Figure 52: Shown are (A) the measured E modulus and (B) the hardness measured across the posterior 

metaphyseal cortex in all experimental groups. The data is plotted as single values together with the 

mean ± standard deviation. ANOVA main effects: (a) injection, (b) loading, (c) interaction 
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Pooling the nonloaded and loaded groups within each of the three injection groups (not 

injected, PBS-injected, MM-injected) enabled me to assess the effect of injection on the 

mechanical properties in these groups. I observed an increased elastic modulus in the PBS-

injected group compared to either the not injected group (+19%) as well as the MM-injected 

group (23%) (see Figure 53). The hardness was as well increased in the PBS-injected group 

compared to the not injected group (+23%) and the MM-injected group (+28%). 

 

Pooling all injection groups according to the loading condition (nonloaded or loaded), as 

described earlier, enabled me to assess the effect of mechanical loading. I observed a significant 

difference in the elastic modulus (+5%) in the loaded condition compared to the nonloaded 

condition (see Figure 54). I assessed a similar effect for the hardness (6%) in the loaded 

condition compared to the nonloaded condition. 

  

Figure 53: Shown are loading pooled (nonloaded + loaded) data for (A) the E modulus and (B) the 

hardness. The data was pooled per group (not injected, PBS-injected and MM-injected) and plotted as 

pooled mean value minus standard deviation. * p < 0.05 
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In a subsequent analysis I assessed the elastic modulus and hardness at the endosteal and 

periosteal surfaces of the ROI. I did not observe differences at either the endosteal nor the 

periosteal surface in the elastic modulus or hardness in nonloaded MM-injected mice compared 

to nonloaded PBS-injected mice. Further, comparing loaded PBS-injected mice to nonloaded 

PBS-injected did not elicit differences in the elastic modulus nor the hardness at either the 

endosteal or the periosteal surface. Mechanical loading in MM-injected did not lead to 

differences in the elastic modulus nor the hardness at either surface. In contrast, mechanical 

loading in PBS-injected mice led to an increase in the elastic modulus (+26%) at the periosteal 

surface compared to loaded not injected mice. The hardness was increased at the periosteal 

surface (+35%) and the endosteal surface (+33%) in loaded PBS-injected compared to loaded 

not injected mice (see Table 12). In the nonloaded PBS-injected mice the elastic modulus was 

increased at the endosteal surface (+18%) compared to nonloaded not injected mice. Regarding 

the hardness, I only observed a trend towards an increase at the endosteal surface (+32%, p = 

0.067) in nonloaded PBS-injected mice compared to nonloaded not injected mice. When 

comparing the elastic modulus and hardness between the periosteal and endosteal surface 

within a group, I observed an increased elastic modulus (+18%) as well as an increased 

hardness (+11%) at the periosteum in the nonloaded not injected tibiae. In loaded PBS-injected 

tibiae I observed an increased elastic modulus (+16%) at the periosteum compared to the 

endosteum. The hardness was not affected. In nonloaded PBS-injected tibiae I observed a trend 

towards a higher elastic modulus (+16%, p = 0.064) and increased hardness (+40%, p = 0.055) 

at the periosteum compared to the endosteal surface. Finally, I observed an increased elastic 

modulus (+18%) at the periosteal surface compared to the endosteal surface in nonloaded MM-

injected mice (see Figure 55).   

Figure 54: Shown are injection pooled (not injected + PBS-injected + MM-injected) data for (A) the E 

modulus and (B) the hardness. The data was pooled per group (nonloaded and loaded) and plotted as 

pooled mean value minus standard deviation. * p < 0.05 
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Table 12: The elastic modulus and hardness measured at the periosteal and endosteal surfaces of the 

posterior metaphyseal cortex. All experimental groups are shown and for the ease of understanding, not 

injected groups are shown as nonloaded (right limb) and loaded (left limb) groups. Parameters are 

shown as mean ± standard deviation. ANOVA main effects: (a) injection, (b) loading, (c) interaction. 

  non injected PBS injected tumor injected 

  nonloaded loaded nonloaded loaded nonloaded loaded 

E [GPa]                   

periosteala 21.94 ± 1.64 21.18 ± 2.88 24.68 ± 1.88 26.60 ± 2.12 21.56 ± 2.66 20.48 ± 2.00 

endosteala 18.10 ± 1.42 18.86 ± 3.03 21.30 ± 2.18 22.84 ± 3.56 18.28 ± 2.18 20.29 ± 1.34 

H [GPa]                   

periosteala,c 0.94 ± 0.07 0.86 ± 0.10 1.03 ± 0.05 1.17 ± 0.08 0.88 ± 0.17 0.78 ± 0.08 

endosteala 0.67 ± 0.03 0.77 ± 0.12 0.89 ± 0.08 1.02 ± 0.20 0.80 ± 0.10 0.78 ± 0.06 

 

 

As described for the whole cortex before, I pooled nonloaded and loaded samples within all 

injection groups (not injected, PBS-injected, MM-injected) to assess the effect of injection on 

the elastic modulus and hardness at the endosteal and periosteal surface. 

I observed an increased elastic modulus at the periosteal surface (+19% vs. not injected, +22% 

vs. MM-injected) and endosteal surface (+19% vs. not injected, +15% vs. MM-injected) in 

PBS-injected mice compared both not injected mice and MM-injected mice. Similar to these 

findings, I observed an increased hardness as well at the periosteal surface (+22% vs. not 

injected, +32% vs. MM-injected) and endosteal surface (+33% vs. not injected, +22% vs. MM-

injected) in PBS-injected mice compared both not injected mice and MM-injected mice. The 

not injected group and the MM-injected group did not significantly differ from each other. 

Figure 55: Shown are (A) the measured elastic modulus and (B) the hardness at the endosteal and 

periosteal surfaces of the posterior metaphyseal cortex in all experimental groups. The data is plotted 

as mean value ± standard deviation. ANOVA main effects: (a) injection, (b) loading, (c) interaction, 

* p < 0.05 
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When I pooled the injection groups (not injected, PBS-injected, MM-injected) according to the 

loading condition (nonloaded or loaded), I did not observe differences in the elastic modulus 

nor the hardness at the endosteal or periosteal surface. 

 

 

 

 

 

 

 

 

Figure 56: Shown are loading pooled (nonloaded + loaded) data for (A) the elastic and (B) the hardness 

modulus at the periosteal and endosteal surface of the posterior metaphyseal cortex. The data was 

pooled per group (not injected, PBS-injected and MM-injected) and plotted as pooled mean value minus 

standard deviation. * p < 0.05 
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5. Discussion 

The overall goal of this dissertation was to investigate the effect of mechanical loading on bone 

structure and material composition in established multiple myeloma bone disease, the later 

stage of the disease. I hypothesized that in vivo tibial axial compressive loading would prevent 

bone loss by increasing bone formation and reducing bone resorption in tumor injected mice 

with established MMBD. Furthermore, I hypothesized that the presence of MMBD would alter 

bone composition and mineral particle size in bone and hence affect bone’s mechanical 

properties. 

The first aim was to assess how MMBD and mechanical loading effected cortical and trabecular 

bone mass and microstructure over time at the tibial metaphysis in a mouse model. The second 

aim was to determine the effect of MMBD on cortical bone composition and quality at the 

metaphysis and determine if and how mechanical loading might modulate these effects. 

I used an in vivo mouse model, where controlled axial compressive loading was administered 

to the tibiae of female ten-week old BALB/c mice. To establish MMBD, murine MM cells 

were injected into the tibiae. Two weeks after tumor inoculation the mice underwent the in vivo 

loading protocol. The adaptive changes in the metaphyseal bone were compared to control 

groups and to the contralateral not injected and nonloaded leg (only physiological loading due 

to ambulation of mice). 

In contrast to humans, rodents, especially mice, do not normally undergo intracortical 

remodelling33 and do not fracture spontaneously. However, aged mice do loose bone mass 

similarly to humans and while diseases like MMBD can be induced in mice, they can develop 

bone related diseases such as MMBD naturally81. Induced MMBD in mice represents an 

effective model for the human condition, recapitulating important hallmarks of the disease, 

without directly working with patients. Despite the shortcomings of animal models, the mouse 

is a well characterized model organism and serves as an adequate model of the disease. The 

mouse strain (BALB/c) was chosen based on the model cell line (MOPC315.BM), since it is a 

syngeneic model75. Although it is not the commonly used strain for loading studies it has been 

shown, that mechanical loading can lead to increases in bone mass in these mice140. To assess 

a high response to mechanical loading, ten-week old mice were chosen. It was shown that 

young mice are more mechanoresponsive than skeletally mature adult (e.g. 26-week-old) or 

old (e.g. 78-week-old) mice175 and therefore the expected effect size is bigger in young mice. 

Finally, female mice were chosen, since male mice experience higher physiological 

background loads due to fighting when group housed and therefore limit the possible effect 
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size of additional mechanical loading207. I therefore used the best possible set-up to analyze the 

adaptive response of bone to mechanical loading in our mouse model. 

 

5.1. The effect of tumor injection on bone microstructure 

In this thesis, I adapted a syngeneic murine MOPC315.BM model of MM75 to intratibial 

injections and established a mechanical loading protocol within the mouse model. The 

advantages of a syngeneic model are an intact immune system in mice81. The immune system 

plays an important role in bone (re)modelling, for example T-cells can indirectly and directly 

increase the expression of RANKL208,209. Furthermore, it was shown that the experience of the 

immune system impacts bone healing, homeostasis and remodelling210. This led to the 

conclusion, that it is favorable to study a disease in the immunocompetent model organism to 

recapitulate an realistic situation in the patient81. 

The MOPC315.BM model cell line was injected into the tail vein in a pilot experiment (see 

section 4.1) to recapitulate the model described by Hofgaard et. al.75. In contrast to their 

findings, my pilot experiment with intra tail vein injections showed extensive extramedullary 

disease (tumor located in the abdomen, see Figure 31) leading to premature death. Furthermore, 

I could not recapitulate their claim of a preference of tumor homing in the long bones. I could 

not detect any tumor signal in the extremities using BLI. After the pilot experiment did not 

show the anticipated tumor engraftment in the tibiae, the injection mode was switched towards 

intratibial injections. The intratibial mode of tumor inoculation avoided early death, reliably 

established tumor engraftment in the tibia after 13 days (see Figure 32) and recapitulated the 

main characteristics of human MM2,3,70,72: originating in the bone marrow, elevated IgA 

paraprotein serum levels and osteolytic lesions.  

The data in nonloaded MM-injected mice showed the osteolytic capacity of intratibial tumor 

engraftment and the mice recapitulated the key features of models of MM75,81-83. MM-injected 

mice, which did not undergo loading showed high cortical bone resorption and reduced 

formation over the course of the experiment compared with PBS-injected mice. Furthermore, 

nonloaded MM-injected mice had highly increased bone resorption and reduced bone 

formation in the trabecular bone compartment. For example, the cortical porosity (+59%) is 

highly increased in nonloaded tumor bearing mice, while cortical thickness (-18%) is 

diminished. This is in accordance with results published previously in different mouse models 

examining MMBD. McDonald et. al.73 report a decreased cortical thickness of -18% in the 

femora of BKAL mice injected with 5T2MM or 5TGM1 murine myeloma cells. In the 
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trabecular bone compartment, they report a similar reduction in trabecular bone in a 

comparable experimental time frame, proving the validity of our approach. Pagnotti et. al.74 

report a similar reduction in cortical bone volume in 15 week old immunodeficient NSG mice, 

eight weeks after inoculation of human myeloma cells. They report a higher reduction in 

trabecular bone in the femur than I found, but the experimental time frame was longer than in 

my study, explaining this higher bone resorption. Further, they report an increase in eroded 

surface (+70%) in the trabecular bone compartment of the distal femur using static 

histomorphometric methods. In accordance with these data, I could show an increase in the 

eroded surface as well as in the eroded volume in the trabecular bone compartment in the tibia 

using 3D time-lapsed image morphometry. Delgado-Calle et. al.90 showed that injection of 

human JJN3-cells into immunocomprimised SCID mouse led to a decrease in tibial trabecular 

bone volume fraction (BV/TV -50%). They showed a similar decrease as well in the 5TGM1 

model (-35% Tb.BV/TV). I could show a similar reduction of the trabecular bone volume 

fraction in the MM-injected tibia (-37% Tb.BV/TV). They report further a reduction of MAR 

and BFR in the tibia, which I could recapitulate with the MOPC315.BM model. Hofgaard et. 

al.75 demonstrated a reduction in trabecular bone volume fraction in the femur of mice 

intravenously injected with the MOPC315.BM cell line. I found a reduced trabecular bone 

volume in the tibiae of MM-injected mice, but I could not recapitulate their findings of tumor 

localization to the tibiae or femora with intravenous tail vein injections, hence I switched to 

intratibial injections. 

I measured decreased bone formation and increased bone resorption at the endosteal bone 

surface in nonloaded MM-injected tibiae compared to PBS-injected tibiae. The reduction in 

bone formation at the endosteal surface, which is in contact with MM-cells, may suggest a 

reduction in osteoblastogenesis as well as osteoblast activity due to the apparent tumor. It is 

known, that myeloma cells can secrete factors that hinder osteoblastogenesis and osteoblast 

activity4,5,211-213. The increase in resorption suggests an increased osteoclastogenesis and/or 

osteoclast activity, as well a hallmark of MMBD3-6,70,72. In contrast, I measured higher bone 

formation with an increase in the formation surface (Ps.MS/BSday13-33) at the periosteal surface 

of nonloaded MM-injected mice compared to nonloaded PBS-injected mice. Further, I 

measured reduced bone resorption, with a reduction in eroded volume, eroded surface and 

erosion depth at the periosteum of nonloaded MM-injected mice compared to nonloaded PBS-

injected mice. One can interpret these data as an attempt to rescue the inherent bone loss at the 

endosteum due to the tumor. Since the loading conditions change due to the bone resorption, 

according to Wolff’s law31,39 bone is formed to balance these new strains in the bone. 
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Conventional histomorphometry, however, showed a reduction in bone formation parameters 

at the periosteal surface. 

The reduction in formation and the increase in resorption in this model of MM is expected, as 

the MOPC315.BM cells in the bone marrow cavity home to the surrounding cancellous bone 

and the endosteal surface. In the bone marrow the tumor cells over-activate osteoclasts and 

suppress osteoblasts, as previously described and thus lead to the observed increase in bone 

resorption and reduction in bone formation. 

Contralateral limbs, which were not injected with the MOPC315.BM cells, did not show a 

reduction in bone mass or bone formation nor an increased resorption compared to MM-

injected limbs, but instead had increased cortical thickness (+31%) and decreased cortical 

porosity over the course of the experiment. This indicates that the animals are growing, as 

expected in young BALB/c mice. Furthermore, I do not see a systemic effect of the MM cell 

engraftment over the course of the experiment. 

With the intratibial injection of MOPC315.BM cells I could show highly reproducible tumor 

engraftment, development of osteolytic lesions and bone loss within the injected tibiae.  

 

5.2. BALB/c mice are less mechanoresponsive than C57BL/6 

I performed a pilot study to assess whether 10-week-old female BALB/c mice show a bone 

formation response to a mechanical strain of 1200 µε. The study revealed that unlike C57BL/6 

mice175, the BALB/c mice did not have a cortical or trabecular bone formation response to 

1200 µε measured at the anterior-medial surface at the tibial midshaft (see Figure 34). 

However, if I engendered 2000 µε, I could detect a robust cortical adaptive bone formation 

response. In the trabecular bone compartment, I could detect significantly increased trabecular 

bone microstructural parameters in loaded PBS-injected tibiae compared to nonloaded PBS-

injected tibiae. In comparison to the measured parameters at day 13, however, it cannot be 

deemed a formation response but rather a preservation of bone, since the nonloaded similar to 

the loaded PBS-injected tibiae did not show an increase nor a decrease in trabecular bone mass 

and microstructure. Nonetheless, I observed a cortical bone formation response to loading in 

PBS-injected mice by day 18, which persisted until the end of the experiment. Mechanical 

loading led to increased moment of inertia, a greater cortical thickness and lower cortical 

porosity. On the endosteum, I saw a decrease in formation surface and increased resorption 

surface. At the periosteum, bone formation was increased, and bone resorption decreased. 

Compared to the baseline data at day 13 when loading was initiated, I saw an increase in 
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trabecular bone formation and a decrease in bone resorption parameters, but these did not 

translate to increases in trabecular bone mass and microstructure. This is in contrast to reports 

by Brodt and Silva214, which reported a loss in trabecular bone with applied loading (8 N, 10 N 

and 12 N) in BALB/c mice inducing compressive strains of -840 µε up to -1660 µε at the 

anterior-lateral site. However, they used skeletally mature 7-month old male mice in their 

study. Furthermore, their loading protocol was based on a previous reported215 study using 60 

cycles of loading with a 10 s rest insertion between each loading bout, which differs from the 

one I used. Moreover, Holguin et. al.140 reported that different loading protocols led to different 

or even no bone gain in the trabecular bone compartment after 3 weeks of loading in BALB/c 

mice. They studied the bone adaptation in skeletally mature (4-month old) female BALB/c 

mice using two different loading protocols. One loading protocol consisted of 1200 loading 

cycles without rest insertions and the other of 60 cycles with rest insertions. They applied a 

compressive load of 10 N to the tibia of the mice leading to a peak compressive strain at the 

periosteum of -2350 µε. I used a different loading protocol (see 3.3.2) with 216 cycles of 

loading with a rest insertion after four loading bouts of 5 s. Furthermore, I applied a 

compressive load of 10 N engendered a tensile strain of 2000 µε at the anterior-medial surface 

of the tibial midshaft. These distinctions might explain the observed differences in trabecular 

bone compared to the reports, since loading protocols with more loading cycles have been 

shown to be more osteogenic but might lead to deleterious health effects like articular cartilage 

damage in the knee in mice39,216. In accordance with both reports, I saw an increase in cortical 

bone mass and microstructure, especially in the cortical thickness, where they reported a gain 

of 0.03 mm in adult BALB/c mice. Compared to that I saw a 0.06 mm increase in cortical 

thickness in loaded PBS-injected tibiae compared to the nonloaded PBS-injected tibiae. In 

contrast to findings by Birkhold et. al.217, I found decreased resorption at the periosteal surface 

in loaded PBS-injected mice compared to nonloaded PBS-injected ones. This further elucidates 

not only a different response to loading like discussed before but also a regional difference in 

adaptation to loading. However, a possible explanation for these differences might as well be 

the different mouse strain (BALB/c versus C57BL/6) and assessing a different anatomical 

region (metaphysis versus diaphysis). 

Although reports state that strains exceeding 1800-2000 µε can lead to a transition from 

lamellar to woven bone formation45,218, I did not see woven bone formation in the metaphyseal 

cortical bone. The study and the review45,214, however, assessed mechano-adaptation in 

C57BL/6 mice, the most common mouse strain to examine mechano-adaptation. They used 



5.3 The effect of in vivo mechanical loading on bone mass and microstructure in MMBD 

110 

C57BL/6 mice, which might explain the fact why I did not see woven bone formation, since 

the mechano-response of BALB/c mice differs from that of C57BL/6 mice. 

Regarding my data, I can conclude that the cortex is expanding due to mechanical cues, which 

led to a higher second moment of inertia and therefore to more resistance to bending. In terms 

of bone strength and resistance to bending it is not only important how much bone is formed, 

but also where it is deposited219-221. A deposition on the periosteal surface is more favorable to 

strengthen resistance to bending than a deposition of bone on the endosteal surface220. 

 

5.3. The effect of in vivo mechanical loading on bone mass and 
microstructure in MMBD 

Mechanical stimulation or loading is a promising approach to prevent skeletal related events 

by increasing bone mass and improving fracture resistance16-18,101-105,222. Yet, very few studies 

have assessed the bone (re)modeling response to mechanical stimulation in animal models with 

osteolytic tumor diseases.  

I hypothesized that axial compressive tibial loading would enhance cortical and trabecular bone 

formation and reduce resorption in mice with established MMBD. My hypothesis was 

supported in that mechanical loading in MM-injected mice rescued the cortical bone phenotype 

I described earlier (see sections 4.3.1 and 5.1). In the cortical bone compartment of the 

metaphysis, loaded MM-injected tibiae showed higher moments of inertia, thicker cortices and 

dramatically less cortical porosity. This indicated that the number of osteolytic lesions were 

diminished compared to nonloaded MM-injected tibiae.  

In the trabecular bone compartment, I measured an increased trabecular bone volume fraction 

(Tb.BV/TV) as well as improved trabecular bone microstructure in loaded MM-injected mice 

compared to the nonloaded MM-injected mice. Mechanical stimulation was able to rescue the 

deleterious effects of the tumor in the trabecular bone compartment as well. 

The bone structure was significantly improved in loaded MM-injected mice compared to 

nonloaded MM-injected mice. However, compared to the loaded PBS-injected mice, the loaded 

MM-injected mice had a decline in cortical and trabecular bone morphology. 

Pagnotti et. al.74 report similar findings, using a low intensity vibrations model. Low intensity 

vibration (LIV) is another mechanical loading modality which may be a promising clinical 

approach for an adjuvant therapy169. However, it must be stated, that they started the 

mechanical intervention directly after tumor inoculation, therefore they were not trying to 

rescue established MMBD, but rather halt tumor. They report an increase in the trabecular bone 
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volume fraction of 76% as well as improved cortical bone volume (+30%) in the LIV tumor 

group compared to their tumor injected control group. Similar to my findings, they report that 

while mechanical stimulation rescues the effects on bone in tumor injected tibiae, these tibiae 

have impaired cortical and trabecular bone structure compared to healthy controls. This is, 

however, the only other study looking at the influence of mechanical stimulation on cortical 

and trabecular bone in MMBD. 

Another study by Lynch et. al.20 uses a similar loading protocol to study the effect of 

mechanical stimulation on metastatic breast cancer. They also showed improved trabecular 

bone structure in loaded tumor injected mice compared to the nonloaded tumor injected ones. 

Furthermore, they showed that all tumor groups, including the loaded groups, had impaired 

trabecular bone structure compared to the healthy controls. It must be noted that they started 

the mechanical intervention directly after tumor inoculation, while I let the tumor establish 

before initiating loading. 

I observed higher cortical bone formation volumes, surfaces and thickness at both the endosteal 

and periosteal surfaces in loaded MM-injected tibiae than in nonloaded MM-injected tibiae, 

suggesting that the osteoblast activity is rescued by loading (see section 5.1). It was shown in 

the past, that mechanical loading leads to a downregulation of DKK1 and Sost gene 

expression223,224. Both DKK1 and Sclerostin (encoded by Sost) are important antagonists in the 

WNT pathway and thus can inhibit osteoblast differentiation and activity211,225. A 

downregulation in the expression of these genes can thus lead to an increase in osteoblast 

activity and subsequently to an increase in bone formation. It was shown recently by two 

different groups that sclerostin inhibition prevents MMBD in a mouse model. McDonald et. 

al.73 report increased trabecular bone volume fraction in mice injected with 5TGM1 cells and 

treated with sclerostin neutralizing antibody compared to tumor injected mice without anti-

sclerostin treatment. They further report an increase in the osteoblast number and surface in 

mice treated with sclerostin neutralizing antibody compared to vehicle treated mice. They could 

further show that the osteoclast number or surface is not influenced by that treatment. Delgado-

Calle et. al.90 report similar findings, with a reduction in the number of osteolytic lesions, an 

increase in trabecular bone volume fraction and trabecular number in tumor injected mice 

treated with sclerostin neutralizing antibody compared to the nontreated tumor injected mice. 

They further report increased osteoblast number and surface in mice treated with sclerostin 

neutralizing antibody. In contrast to McDonald et. al., they reported a trend (p = 0.07) towards 

reduced osteoclast surface in tumor injected mice treated with sclerostin neutralizing antibody. 

A comparison of the formation parameters at the endosteal to the periosteal surface yielded 
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higher overall formation parameters at the endosteal surface in loaded MM-injected mice 

compared to nonloaded MM-injected mice. These changes can also be found in all the other 

loaded groups and are in accordance with reports by Birkhold et. al.217, which found that overall 

the endosteal surface is more mechanoresponsive than the periosteal surface. 

Regarding the resorption parameters, I only found decreased resorption at the periosteal surface 

but not at the endosteal surface. This suggests that the influence on osteoclast activity is less 

pronounced or overshadowed by the apparent tumor at the endosteal surface. At the periosteal 

surface, however, mechanical loading led to decreased resorption and it was shown in the past, 

that mechanical stimulation leads to an inhibition of osteoclastogenesis and activity226. This 

would explain the decreased resorption at the periosteal surface that I observed. Pagnotti et. 

al.74 report as well a decreased resorption activity at the bone surface via histomorphometric 

analysis and decreased level of TRACP5b in the blood serum. They show lower eroded surface 

by trabecular surface (-58%) as well as lower serum TRACP5b levels (-45%) in mechanical 

stimulated tumor injected mice compared to tumor bearing control mice. Lynch et. al.20 also 

show lower osteoclast number in loaded compared to nonloaded bone in a metastatic breast 

cancer setting. This indicates as well a reduction in the formation and recruitment of 

osteoclasts, hence the reduction in bone resorption. Mechanical loading can thus counteract 

increased osteoclastogenesis and osteoclast activity due to MM infiltration. 

In conclusion, I saw a robust effect of loading on bone formation in the MM-injected mice and 

mechanical loading was able to rescue both bone compartments from the deleterious effects of 

the tumor. While resorption is still elevated due to the disease, the increased formation activity 

can counteract to enhance bone mass. I used a relatively high strain of 2000 με (see section 

5.2), so it might be, that lower mechanical strains would prevent MMBD as well. Furthermore, 

one can modify the mechanical stimulation regime. For example, although my loading protocol 

involves high magnitude and low frequency loading - its has been shown, that low magnitude 

high frequency vibrations enhance bone mass in mice with MMBD74 and enhance bone density 

in child cancer survivors without posing health risks169. The effects seen may be due to a 

decrease of DKK1 and sclerostin expression as described above. In previous studies it has also 

been shown, that a combination of sclerostin treatment and mechanical stimulation led to an 

even higher bone mass gain than each modality alone223,227. This could be combined in patients 

with an exercise regime and sclerostin antibody treatment, to further promote bone formation. 

In postmenopausal women, sclerostin inhibition has been shown to reduce fracture risk by 

increasing bone mineral density88,89. In cancer treatment, sclerostin inhibition seems to be an 

emerging target as well due to its bone forming ability69,91. Furthermore, it was shown in the 
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literature that physical activity and exercise, therefore mechanical stimulation, is feasible and 

beneficial in patients with MM14,19,93,94. This leads one to conclude, that mechanical stimulation 

can be a beneficial adjuvant therapy not only to enhance physical function but to reduce fracture 

risk and enhance BMD in patients suffering from MMBD. It also may be effectively combined 

with pharmacological treatments to even enhance these beneficial effects. 

 

5.4. Injections caused a regional acceleratory phenomenon 

Surprisingly, I observed that bone formation increased while resorption decreased in the loaded 

PBS injected mice compared to the loaded not injected mice. Mechanically loaded PBS-

injected mice showed an increased cortical thickness, decreased cortical porosity, increased 

trabecular bone volume fraction and number compared to the loaded not injected mice. This 

suggests a regional acceleratory phenomenon has occurred, first described by H. Frost123. He 

described this phenomenon as an increase in bone formation following a disruption of the 

periosteal surface. Since I injected MOPC315.BM cells directly into the bone marrow cavity 

and disturbed the endosteal surface and trabecular bone compartment when doing so, a similar 

RAP is plausible. Using intratibial injections to engraft metastatic breast cancer cells in the 

tibial bone marrow cavity, Lynch et. al.20 speculate about a RAP occurring as well. They report 

increased trabecular bone volume fraction and number in the loaded tumor injected mice 

compared to the nonloaded tumor injected controls two weeks after tumor injection. 

Interestingly their loaded non tumor bearing controls did not show a significant difference in 

trabecular volume or number. This let them conclude that the injection disturbed the trabecular 

bone compartment and therefore led to a RAP. Since I use a similar method of cell inoculation, 

the same conclusion seems plausible. The response to the injection might be enhanced by the 

in vivo mechanical loading since both stimuli promote bone (re)modelling. 
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5.5. The effects of the tumor on bone composition and mechanics 

It is important to understand if and how multiple myeloma not only affects the bone 

microstructure but also the bone quality. If not only the structure and mass are impaired, but 

also the quality, fracture risk will be elevated even more. The term bone quality is broad and 

usually comprises bone’s microarchitecture (bone mass and microstructure), the number and 

frequency of microcracks but also material properties, such as mineral-to-matrix ratio, mineral 

size and perfection or collagen maturity (crosslink ratio). 

To the best of my knowledge, there are no studies assessing bone composition, mineral crystal 

thickness and alignment or elastic modulus in the setting of MMBD. Furthermore, only a few 

studies in general assessed bone composition or mineral size in osteolytic tumor diseases such 

as metastatic breast cancer, prostate cancer or human cervical cancer21,22,77,228-231. The studies 

assessing changes in bone composition did so in different bones (vertebrae) or in different 

regions of interest (trabecular bone, primary spongiosa) in the tibia. 

In this study I used FTIRI to measure the bone’s degree of mineralization, the mineral 

crystallinity, the percentage of phosphate and carbonate substitutions in the mineral as well as 

collagen maturity (crosslink ratio). Furthermore, I used laboratory SAXS to measure the 

thickness and degree of alignment of the mineral particles in bone. Finally, I obtained the elastic 

modulus and hardness of bone using nanoindentation. All measurements were done along the 

posterior metaphyseal cortex below the growth plate. 

The results I obtained did not show significant differences in bone composition and the 

associated heterogeneity measured by FTIRI between nonloaded MM-injected tibiae and 

nonloaded PBS-injected tibiae. All measured parameters were the same within the error limits. 

In contrast to that, it was shown by Burke et. al.21, using Raman spectroscopy that in a rat model 

of metastatic cervical cancer mineral-to-matrix ratio, crystallinity and collagen maturity are 

decreased in involved vertebrae. They further showed that the carbonate-to-phosphate ratio is 

increased in these vertebrae. It was shown that a reduction in collagen maturity can lead to 

diminished bone strength232,233. They and others argue that the decreased mineral-to-matrix 

ratio is accompanied by decreases in the tissue mineral density in μCT scans21,234. My 

observations are in accordance with these arguments, since I do not see a difference neither in 

TMD nor in mineral-to-matrix ratio between nonloaded MM-injected tibiae and nonloaded 

PBS-injected tibiae. Burke et. al. argues that their observed decrease in crystallinity is partly 

due to an increase in carbonate-to-phosphate ratio, implying that increased carbonate 

substitution leads to defects in the hydroxyapatite crystal or to changes in the crystal dimension. 
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Both, defects and dimension changes have been shown to affect crystallinity measured by 

FTIRI235. He et. al. report22 as well that crystallinity is altered by a present tumor in the 

trabecular bone compartment of the tibia. They used a metastatic breast cancer model in nude, 

immunocompromised BALB/c mice and assessed mineral crystallinity via Raman 

spectroscopy. They further report an increase in the phosphate-to-amide ratio in the Raman 

spectra in the metastatic tumor condition suggesting a decrease in the mineral-to-matrix ratio. 

They argue that since the mineral content is not different in the remnant bone of breast cancer 

bearing mice compared to healthy controls the seen effect implies a decrease in collagen. They 

conclude that the immediate presence of the tumor promotes a decreased mineral maturity with 

reduced collagen content. I do not observe a similar effect in the nonloaded MM-injected mice 

compared to the nonloaded PBS-injected controls. I do observe, however, a trend to reduced 

mineral-to-matrix ratio in MM-injected mice compared to PBS-injected mice if the data for the 

loading condition is pooled (see Figure 45). Similar to the reported studies, Bi et. al.79 examined 

bone composition using Raman spectroscopy in a model of metastatic prostate cancer located 

in the tibia. They observed a reduced mineral-to-matrix ratio as well as a reduced crystallinity 

accompanied by an increase in the carbonate substitution in the mineral in the cortex of the 

tumor bearing mice. They argue that due to the increased osteoclast activity an abundance of 

HCO3
- leads to an increased carbonation of the mineral in bone. They suggest that the acidic 

pH in the extracellular fluid of tumor cells236 might promote this enhanced carbonation even 

further. I do not observe similar increased carbonation of the mineral, but I use a different 

tumor model which most likely differs in the constitution of the extracellular fluid. Therefore, 

the absence of increased mineral carbonation might be an indicator for a more neutral 

extracellular fluid from the used MM cells included in my study. 

I am not aware of any study assessing the heterogeneity of bone composition parameters either 

measured by FTIRI or large area Raman spectroscopy in osteolytic cancers. 

Using laboratory based SAXS I did not observe differences in the mineral crystal thickness or 

alignment in the ROI in nonloaded MM-injected tibiae compared to the nonloaded PBS-

injected tibiae. Both groups showed within the error margins the same crystal thickness and 

degree of alignment. This is in accordance with the obtained FTIRI results showing no 

difference in the crystallinity parameter. This suggest that the tumor does not alter the mineral 

embedded in the ECM of bone although elevating bone resorption (see section 5.1). Burke et. 

al.77 assessed the average mineral crystal size in vertebrae of rats inoculated with HeLa human 

cervical cancer cells. In contrast to my observations, they showed using X-ray diffraction that 

the tumor bearing vertebrae had decreased mineral crystal width and using quantitative back 
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scattered electron microscopy a more homogenous mineral distribution. They argue that the 

metastatic involvement impacts natural bone remodelling and therefore leads to the observed 

changes. The difference to my observations might be due to the different animal and disease 

models and different anatomical sites investigated. He et. al.22 as well tried to assess 

mineralization thickness in a model of metastatic breast cancer. Due to the lack of trabecular 

bone and only small bone remnants remaining it proved technically infeasible in their study. 

However, they could show that the mineral phase is already altered if the tumor is not localized 

in the bone marrow cavity. In a premetastatic model they reported that mineral crystals 

immediately distal to the growth plate are shorter in mice with a mammary tumor compared to 

healthy controls. They further report a trend to thinner crystals in these mice. Given these 

results they point out that the mammary tumor could decrease general mineral maturity (size) 

by releasing soluble factors which either promote rapid new bone formation, which typically 

is made of smaller, less perfect HA crystals237, or inhibit mineral maturation. This suggests that 

the tumor cells can even remotely influence bone and potentially shape the niche to which they 

will home and metastasize. This is supported by reports that breast cancer can remotely 

engender bone destruction231,238, so an influence on bone mineral is also likely. While they 

could not assess remnant bone in direct contact with the tumor, their results showing a systemic 

effect of the tumor are in contrast to mine, since I did not even observe a localized effect of the 

tumor. I did not check anatomical sites far away from the homing point of the MM cells, but 

an influence at the local site appears more likely than one at a distant site. These differences 

might be explained by a different cancer model and a different anatomical site. 

I observed no changes in the T or ρ parameter between the periosteal or endosteal surface in 

nonloaded MM-injected group. I did not observe any change when comparing the two surfaces 

between nonloaded MM-injected tibiae and nonloaded PBS-injected tibiae. Although I showed 

that there is a clear difference in bone formation and resorption between the endosteal and 

periosteal surface in nonloaded MM-injected mice compared to the nonloaded PBS-injected 

mice due to the apparent tumor (see sections 4.3.1 and 5.1), it seems that the tumor does not 

influence the mineral phase of bone at the endosteal surface. This could be due to bone 

resorption, resulting in only assessing mature bone. If only mature bone is assessed, no 

difference between PBS-injected tibiae and MM-injected tibiae is to be expected since the 

tumor did not yet have time to interact with the bone matrix. Although if systemic effects are 

present as shown by He et. al.22 in their metastatic breast cancer model, this assumption does 

not hold true and a difference could be possible. If a systemic effect exists, it must be mediated 

by soluble cytokines which can penetrate the ECM of bone. Since rodents do not undergo 
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intracortical remodelling33,  an effect on the bone composition or mineral structure is not likely 

to be mediated by osteoclasts or osteoblasts in the immediate vicinity. 

Nanoindentation measurements across the posterior cortex yielded significant differences in 

the elastic modulus and hardness in nonloaded MM-injected mice compared to nonloaded PBS-

injected mice. MM-injection led to a decrease in the elastic modulus and hardness. This is 

interesting since FTIRI did not yield significant differences in the mineral-to-matrix ratio in 

nonloaded MM-injected mice and nonloaded PBS-injected mice. Only when comparing load 

condition with pooled data did I observe a decrease in mineralization of the ECM between 

MM-injection and PBS-injection. A decrease in mineralization of the bone matrix is usually 

accompanied by a decrease in elastic modulus and hardness, since bone as a composite material 

is gaining its strength and elasticity by the interplay between hard mineral and soft 

matrix41,46,47,239. Burke et. al. assessed the elastic modulus and hardness in vertebrae in a 

metastatic human cervical cancer model.  They did not find differences in the elastic modulus 

or hardness in tumor bearing mice compared to healthy controls. However, they assessed 

trabecular bone in vertebrae instead of the tibia and report lower elastic modulus (~10 GPa) 

and hardness (~0.5 GPa) compare to what I observed in the cortex of the tibiae (elastic modulus 

~20 GPa, hardness ~0.8 GPa for MM-injected mice). The observed difference is due to the 

trabecular not having fully matured, they did not undergo full endochondral ossification and 

therefore present a mixture of lamellar bone, woven bone and cartilage. Nonetheless, the elastic 

modulus and hardness I observe are well within the range reported in the literature before240. 

Another study assessing elastic modulus and hardness showed a reduction of both parameters 

as well, in bone affected by metastatic cancer241. They report decreased elastic modulus and 

hardness, showing averages similar to the study by Burke et. al78. 

Assessing the elastic modulus and hardness at either the endosteal or periosteal surface did not 

yield significant differences between nonloaded MM-injected tibiae and nonloaded PBS-

injected tibiae. This suggests that the intracortical region mainly contributes to the previous 

mentioned differences. However, in the nonloaded MM-injected group I observed decreased 

elastic modulus and hardness at the endosteal surface compared to the periosteal surface. This 

is in accordance with the previously cited studies, suggesting that the cancer environment leads 

to decreased elastic modulus and hardness due to a decreased mineralisation of the ECM. 

In conclusion I did not observe dramatic changes to bone composition or mineral crystal size 

or alignment in MM-injected mice compared to the PBS-injected control group. This is in 

contrast to reports in other metastatic tumors which are located in the bone and lead to increased 

resorption. Although it must be stated that the different tumors have different ways of activating 
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bone resorption and might lead to different outcomes in bone composition and mechanical 

properties. Moreover, the region I assessed differed from that of previous reports which likely 

plays a role in the observed bone composition and properties. 

 

5.6. The effects of in vivo loading on bone composition and 
mechanics in MMBD 

I showed that in vivo mechanical loading can maintain bone mass in a model of MMBD (see 

section 5.3). My results together with the findings from other preclinical studies20,74 suggest 

that mechanical stimulation might be a viable option as an adjuvant therapy to maintain bone 

mass and mitigate the deleterious effects of the tumor in patients with MMBD. However, 

neither of the previously cited studies have looked at bone composition, mineral crystal 

structure or mechanical properties, while others only assessed bone composition in metastatic 

models or in an established disease state without any medication or treatment strategy. To my 

knowledge, no study yet assessed bone quality in a cancer model in combination with 

mechanical stimulation. Since metastatic cancer has deleterious effects not only on the bone 

structure but also on bone composition and mechanical competence, newly formed bone due 

to loading could be compromised in its ability to maintain skeletal loads. In this study I 

therefore assessed bone composition and mechanical properties in a model of established 

MMBD combined with in vivo mechanical loading to rescue the bone phenotype. 

All FTIRI outcome parameters I measured were not significantly different in loaded MM-

injected tibiae compared to nonloaded MM-injected mice. Loading did not lead to significant 

differences in mineral-to-matrix ratio, acid phosphate content, carbonate substitution, 

crystallinity or collagen maturity. Although I did not differentiate between periosteal, 

intracortical and endosteal bone, hence no assessment of newly formed bone versus mature 

bone, mechanical loading did not significantly influence the bone composition of the posterior 

metaphyseal cortex in tumor bearing mice. This suggests that bone tissue formed during 

controlled loading does not have compromised quality even if the tumor is present. This is an 

important finding for the translation of the presented work to the clinic. Since it has been 

reported that exercise is feasible and improves the quality-of-life in patients with 

MMBD14,15,94,163, my results showing that the newly formed bone does not have compromised 

quality further supports the potential efficacy of exercise interventions enhancing bone mass 

in patients with MMBD. 
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The influence of mechanical stimulation on bone composition has been described by different 

authors in different animal models, with conflicting results. Aido et. al.153 report that controlled 

in vivo loading of mice tibiae did lead to a greater acid phosphate content of bone in the 

intracortical region. While they did not report other differences in the measured FTIRI 

parameters, the increase in acid phosphate content contrasts my measurements. It is generally 

thought, that an increased acid phosphate level correlates with younger tissue age, therefore 

new bone49,197,242,243. This is in accordance with the study of Aido et. al. since they see new 

bone formation. Although I observed new bone formation as well, the acid phosphate content 

in both loaded and nonloaded MM-injected tibiae did not differ. A low bone formation, as seen 

as well in the 2D histomorphometry (see section 4.3.3), in the observed area could explain this. 

It must be noted though, that Aido et. al. used a different mouse strain (C57BL/6 versus 

BALB/c) and a shorter loading experiment (2 weeks versus 3 weeks), which might contribute 

to the differences observed. However, if looking at pooled data without separating based on 

injection, I do observe a decrease in the acid phosphate content accompanied by a decrease in 

the associated heterogeneity, confirming the observations stated from the literature. 

Nonetheless, only a pooling of the data showed that result, while single groups did not 

significantly show decreased acid phosphate substitution, This may be a limitation, indicating 

a type II error due to an inadequate sample size. Another study by Bergström et. al.156 assessed 

changes in the bone matrix after mechanical loading as well. They report that the response to 

mechanical stimulation is anatomical site specific. They show that with loading the crystallinity 

is reduced at the posterior site of the tibial cortex. I do not observe a difference in crystallinity 

at the posterior cortex between the loaded MM-injected tibiae and the nonloaded MM-injected 

tibiae. However, Bergström et. al. studied a different region of the tibiae, the 37% site measured 

from the knee joint. It was shown that bone composition is altered along bone and is region 

dependent242,244 and that might explain the difference in the observations. 

Other studies speculated that alterations in the collagen structure might occur due to 

exercise245,246. Since these studies reported enhancement of the bone’s post-yield structural and 

tissue level mechanical properties after exercise, they argued that these enhancements are based 

on changes in the collagen matrix. Furthermore, two studies by Isaksson et. al. assessed the 

amount of collagen matrix, it’s tensional properties and collagen cross-links in C57BL/6 mice 

of three ages (young, adult, elderly). However, they did not observe any difference in the 

collagen content or the collagen maturity between any age group of mice with access to a 

voluntary running wheel compared to controls. They reported improvements in the collagen 

tensional properties in young animals. Due to their experimental setup it is quite difficult to 
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draw comparisons to my study. They use a voluntary exercise model compared to a strain-

matched controlled loading model. Furthermore, they used male mice of a different strain 

compared to the female BALB/c mice used in my study. Regardless of the differences, both 

studies hint at no influence of loading on collagen post-modifications. In contrast, Kohn et. 

al.154 reported changes in the bone composition following loading. They reported an increased 

mineral-to-matrix ratio and decreased carbonate substitution. Since they do not observe an 

increase in bone mass in their exercise model, they conclude that exercise can lead to decreased 

skeletal fragility without adding new bone. 

SAXS measurements, like the FTIRI measurements, also did not yield differences between 

loaded and nonloaded MM-injected tibiae. Both, the average mineral thickness and the degree 

of alignment did not differ between groups, suggesting, that loading does not alter the mineral 

phase of the bone matrix. Subsequently I assessed the average thickness and degree of 

alignment of the mineral crystals at the endosteal and periosteal surfaces. Both surfaces show 

new bone formation and diminished resorption (see section 5.3). There were no observable 

differences between either surface in loaded MM-injected mice. Further, mineral crystals at 

either surface did not differ in size or degree of alignment between loaded and nonloaded MM-

injected mice. Considering the results from the microCT assessment, this suggest, that the 

tumor has no influence on the newly formed bone. Thus, the new bone does not lack in the 

mineral phase. Aido et. al.153 report changes of +1.9% and -2% in the T parameter in loaded 

young C57BL/6 mice, but they only studied two tibiae using SAXS, and thus did not compare 

groups. Nonetheless, with ~2.3 nm, they report slightly thicker mineral crystals compared to 

my results. Bergström et. al.156 report reduced mineral plate thickness at the posterior site, but 

not at the anterior site in the 37% region of loaded C57BL/6 mice compared to nonloaded 

controls. They argue that these site-specific changes are due to differences in mechanical strain 

distribution along the bone. They conclude that the bone structure, composition and its 

mechanical properties vary across the anatomical regions and therefore adaption is also site-

specific. I do not observe differences in the T parameter along the posterior metaphyseal cortex 

in loaded MM-injected mice compared to nonloaded MM-injected mice. However, I do look 

at a different anatomical region and according to Bergström et. al. this could be a reason why 

I do not see this difference. Furthermore, my reported mineral thickness is lower compared to 

that reported by Bergström et. al., which indicates a site-specificity of the crystal thickness. 

Finally, the nanoindentation results did not show a difference between loaded MM-injected 

tibiae and nonloaded MM-injected tibiae. Both the elastic modulus as well as the hardness 

measured across the posterior metaphyseal cortex did not differ between loaded and nonloaded 



5.6 The effects of in vivo loading on bone composition and mechanics in MMBD 

121 

MM-injected mice. This suggests that mechanical stimulation does not have an influence on 

mechanical properties of the bone in the presence of a tumor. In a subsequent analysis, I 

assessed the elastic modulus and hardness at the endosteal and periosteal surface, both locations 

of new bone formation. However, I did not observe differences between both surfaces in loaded 

MM-injected tibiae. Both surfaces showed as well the same elastic modulus and hardness in 

loaded MM-injected tibiae as well as in nonloaded ones. This led me to conclude that newly 

formed bone due to the in vivo loading does not have altered mechanical properties. The bone, 

mature and newly formed, is therefore not compromised and can be assumed competent in 

fracture resistance and during weightbearing. To my knowledge, only a few studies assessed 

the elastic modulus and hardness of bone after an exercise regiment. Middleton et. al.247 

assessed the elastic modulus in mice subjected to voluntary wheel running. However, they did 

not find significant differences between mice with access to a running wheel and mice without 

such access. This is in accordance with my observation although it should be noted, that both 

loading modalities are not easy to compare and use different mouse strains. In contrast to my 

observations, they report higher elastic moduli in the cortex of femora. However, Middleton 

et. al. state that the mechanical properties of bone vary within the cortex of a given bone. Given 

these results and the observations by Fan et. al.248 and Casanova et. al.249, that material 

properties along the tibia can be altered based on the region of that bone, the difference is 

explainable. A recent study by Liu et. al.250 assessed the influence of treadmill running with 

varying intensities on bone quality in adult rats. They observed increased elastic modulus and 

hardness in rats which were subjected to moderate speed running. They suggested, that these 

increases lead to a higher fracture resistance, since both elastic modulus and hardness are 

crucial indicators of the toughness of a material249. 

In conclusion, I did not observe bone composition changes due to loading in myeloma bearing 

mice. While to my knowledge no other study assessed the influence of mechanical stimulation 

on bone composition and mechanical properties in a cancer setting, a couple of studies observed 

effects of loading alone. In slight contrast to these studies, I did not observe changes in material 

composition and subsequently mechanical properties, but it must be noted that the reported 

effects vary in intensity and direction. Furthermore, there is no consistent bone nor anatomical 

site described which is studied in the literature using the described methods and therefore a 

variety of effects and results is to be expected.  
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5.7. Injections alter bone composition and mechanical properties 

Surprisingly, the injection of either MM-cells or PBS led to changes in bone composition and 

mechanical properties compared to noninjected controls. I measured an increased mineral-to-

matrix ratio in PBS-injected tibiae compared to not injected ones. This persisted as well in the 

MM-injected tibiae. Furthermore, crystallinity heterogeneity was lower in PBS-injected groups 

compared to not injected groups, while MM-injected groups showed as well a trend towards 

lower crystallinity heterogeneity. SAXS measurements showed an increase in the T parameter 

in PBS-injected and MM-injected tibiae compared to the not injected controls. These changes 

persisted as well at the periosteal and endosteal surface, however, only changes in PBS-injected 

mice were significant at the endosteal surface. Nanoindentation results showed a little different 

picture. I observed higher elastic modulus in PBS-injected tibiae compared to both not injected 

and MM-injected ones. These changes persisted as well for the measured hardness. 

The difference between injected tibiae and not injected tibiae in the bone composition and the 

mechanical properties could be explained in two ways. As I argued before, since the bone 

formation in the injected tibiae is also elevated, one could assume a RAP occured, as described 

by Frost in 1987123. A RAP is a healing response of bone and it was shown by multiple authors, 

that bone undergoing healing has altered bone composition and mechanical properties59,251,252. 

Hoerth et. al.252 show in an osteotomy mouse model that healing has strong influence on the 

order of alignment of crystals and on their size. They show that in a callus region the average 

mineral crystal size is ~2.6 nm with a broad distribution, while in cortical bone they measure a 

thickness of ~3 nm with a much narrower distribution. Furthermore, they show significantly 

less mineral particle alignment in the callus compared to cortical bone. Their findings in callus 

are in line with my findings for cortical bone in the metaphyseal cortical bone compartment. 

However, it must be noted, that callus consists mainly of less organized woven bone and not 

lamellar bone that predominantly makes up cortical bone in humans. However, the cortical 

bone of mice has been described to contain what is often termed fibrolamellar bone25. Lamellar 

bone is present with a woven bone-like are within the center of the cortex that includes islands 

of calcified cartilage that was formed during the process of endochrondral ossification and 

remains unremodeled in the adult mouse253. Regarding these results and the mentioned fact, 

that bone differs site specific, it could be that the accordance in results between callus in an 

osteotomy of a mouse and my observation is just by chance. Moreover, in their study, healing 

is not yet finished, since they still have a callus and did not yet achieve complete cortical 

bridging. They argue that the apparent callus serves as a scaffold to obtain higher organized 
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lamellar bone to achieve bridging of the osteotomy. Since I do not introduce a fracture in my 

region of interest, it could be, that the healing response is already finished and that the apparent 

bone has just remodeled into healthy mature bone without the need of a scaffold for lamellar 

bone formation. Gollwitzer et. al.251 observed FTIRI parameters in callus compared to cortical 

bone. They found that callus had a significantly reduced mineral-to-matrix ratio compared to 

cortical bone over the whole experiment. Further they report increased carbonate substitution 

in the callus area in the beginning of their experiment which decreased rapidly until it reached 

the level of cortical bone. They show a decreased crystallinity as well in callus compared to 

cortical bone. Their findings are contradictory to mine, since I observe elevated matrix 

mineralisation and decreased crystallinity heterogeneity in injected tibiae compared to not 

injected ones. However, they use an osteotomy model as well, so healing is achieved over a 

longer time scale and new cortical bone must be built to bridge the osteotomy site. In contrast 

to that, the injury by the injection is small and does not appear at the ROI I studied. It could be, 

that healing is already complete and therefore the cortical bone remodelled into mature bone. 

Finally, Manjubala et. al.59 assessed the elastic modulus in the callus of an osteotomy in a 

sheep. They report lower elastic moduli with a broader distribution in callus compared to 

cortical bone. The reported values for the elastic modulus in the sheep callus are nearly half of 

that of healthy cortical bone in sheep. However, they concluded that healing was not completed 

and it can be assumed, that newly bridged cortical bone will have the same quality as old bone 

after enough time. In my study it could be that healing was completed and the bone has been 

remodeled, due to the small size of the injury. Nonetheless, this would not explain why the 

indentation modulus is higher in PBS-injected mice. As far as I am aware, no study reports an 

overshoot beyond the usual elastic modulus with healing, so that an effect of healing can only 

be speculated. The reason why MM-injected tibiae show lower elastic moduli compared to 

PBS-injected tibiae could be due to the tumor and its deleterious effects on bone (see sections 

5.1 and 5.5). 

Another possible explanation for the observed difference in injected groups compared to not 

injected controls could be the injection itself. With a PBS-injection as well as with a MM-

injection directly into the bone marrow cavity a large amount of phosphate is introduced into 

the bone environment. One can imagine that the overabundant phosphate ions in the bone 

marrow cavity penetrate the bone matrix and are therefore in direct contact with the mineral 

crystals. Kohn et. al.154 speculated as well, that an increased ion concentration with increased 

fluid flow near crystallites with large surface-to-volume ratios254 could lead to changes in the 

mineral chemistry via increased substitutions or to differences in crystal size. Cazalbou et. al.57 
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show that poorly crystalline apatites as found mainly in mineralized tissue have a hydrated 

layer around them. The mineral ions in this layer can easily be substituted by other ions and 

subsequently included into the growing apatite lattice. If one assumes now a high-grade 

substitution with the phosphate from the PBS, it is imaginable that the crystals grow in size. 

Since the matrix mineralisation is measured as the ratio of the area of the phosphate band to 

the area of the amide I band in the FTIR spectrum an increase in phosphate would as well lead 

to an increased area of the phosphate peak. Furthermore, Dalcusi255 showed as well, that 

phosphate can easily be incorporated into the hydroxyapaptite crystals. Taken these reports 

together, it is imaginable that the abundance of phosphate in the ROI due to the injections leads 

to differences in the bone composition and to subsequent changes in the mechanical properties 

of the bone. 

In conclusion, I observe differences in bone composition and mechanical properties due to the 

injection. It remains yet unclear what causes these differences, but two possible explanations 

are imaginable. The differences could either be a direct cause of a healing response of bone or 

it could be that the abundance of phosphate due to the injections causes the observed 

differences in bone composition and subsequently mechanical properties. 

 

5.8. Limitations 

The presented study has limitations that should be considered. The median age of individuals 

suffering MMBD is 67 years1. Additionally, it is known that elderly individuals and elderly 

mice have a diminished adaptive response to loading176,256. I chose to investigate the 

(re)modeling response to loading in young growing 10-week-old mice, because I expected to 

see the largest possible effect of loading at this age. Although the injection of MOPC315.BM 

cells in young animals led to tumor establishment and MMBD75, one can consider that the 

method of tumor engraftment might not mirror the disease state of MM in patients completely, 

with only single site involvement. However, over the course of the experiment, tumor cells 

spread throughout the whole body, recapitulating progressed MM disease. Furthermore, I may 

have introduced a disproportionate burden of malignant cells to the bone marrow compared to 

that in natural progression257,258. Previous work, however, shows that most tumor cells die 

shortly after injection and that only the remaining few can ensure tumor engraftment75. 

Adapting mechanical stimulation in MM patients would either involve the use of a vibration 

plate model or exercise to generate a mechanical regimen to improve bone density and perhaps 

slow tumor progression. While the feasibility of exercise programs in this elderly and sick 
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population may be questioned, it has been shown, that physical exercise is safe and leads to an 

improvement in quality of life in these patients14. 

The chosen region of interest for the characterisation of the bone composition and mechanical 

properties might not show the complete extent of the tumor involvement. I could show that the 

tumor has the biggest effect in the trabecular bone compartment, and it is therefore imaginable 

that the effects of the tumor are more pronounced in that region. Furthermore, the achieved 

resolution using SAXS is not high enough to resolve fine details at the periosteal and endosteal 

surfaces. Therefore, it is possible that effects of newly formed bone have not been assessed in 

full detail. I did not assess FTIRI parameters in subsequent analysis of the endosteal and 

periosteal surfaces due to time constraints during the experiments, although this sub-analysis 

might have revealed more detailed effects of the tumor at the endosteal surface. 

Lastly, it is difficult to extrapolate from this study towards the human condition. Human and 

rodent bones (re)model differently and while MOPC315.BM cells are a valid model, they 

cannot recreate the complete picture of the human disease. 
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6. Conclusion 

The purpose of this thesis was to determine the effect of mechanical loading on established 

multiple myeloma bone disease as a function of loading and tumor injection. The cortical bone 

compartment and the trabecular bone compartment of the proximal tibial metaphysis were 

examined after three weeks of controlled in vivo tibial axial compressive loading and 

physiological loading. Using microCT, dynamic histomorphometry and 3D time-lapsed image 

morphometry the effects of loading and tumor injection on bone mass, architecture and bone 

(re)modeling were analyzed. Moreover, the effects of the additional loading and the established 

MMBD on cortical bone composition, mineral crystal structure and tissue level mechanical 

properties of bone were examined. The effects on bone’s collagen and mineral structure were 

assessed using techniques such as FTIRI and SAXS, while the mechanical properties of the 

cortex were assessed using nanoindentation. 

I could draw the following conclusions: 

 

1. In vivo mechanical loading leads to increased bone formation, improved bone morphology 

and microstructure in MM-injected mice, rescuing the deleterious effects of MMBD on the 

bone. 

2. In vivo mechanical loading leads to a decreased bone resorption at the periosteum of MM-

injected mice while bone resorption at the endosteal surface was not influenced. This 

suggests that the tumor is still increasing osteoclastic bone resorption. 

3. BALB/c mice are less mechanoresponsive than C57BL/6 mice. A higher mechanical strain 

is required to achieve a similar response to in vivo loading in BALB/c mice. This needs to 

be taken into account for future loading studies using BALB/c mice. 

4. The injection of either PBS or MOPC315.BM cells triggered a healing response in bone, 

therefore, leading to a regional acceleratory phenomenon. This increased bone formation 

rate in both injected groups when combined with mechanical stimuli. Further studies using 

intra-tibial injections need to be aware of this bone healing response. 

5. In vivo mechanical loading in MM-injected mice did not lead to altered bone composition, 

mineral structure or mechanical properties. This suggests that mechanical loading does not 

alter the quality of the newly formed bone compared to new bone formed during growth. 

6. The presence of MOPC315.BM tumor cells does not alter the local bone composition nor 

the mechanical properties. Although the tumor leads to increased bone resorption and 
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therefore lesion formation, the remaining bone is not mechanically compromised on the 

tissue level. 

7. The intra-tibial injection of either PBS or MOPC315.BM cells locally alters the bone 

composition, the mineral crystal structure and the mechanical properties of bone. It remains 

unclear what causes these alterations, either a healing response of bone due to the intra-

tibial injection or a direct interaction of the bone tissue with the injection media. 

 

In general, the presented study leads to the conclusion, that controlled mechanical stimuli can 

be a viable option as an adjuvant therapy to treat or mitigate the deleterious effects of multiple 

myeloma on bone. In combination with the right medication the mechanical competence of the 

skeleton could be maintained in patients suffering from MMBD and therefore mitigate 

symptoms such as bone pain and hypercalcemia. 
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7. Outlook 

The conclusions drawn from this thesis have left open some questions and generated additional 

avenues for future research: 

 

1. A reduced mechanical strain might be as well beneficial in rescuing the bone mass in this 

model of MMBD. 

2. Since MMBD is disease with a median age of 69 years, a next step would be to use elderly 

mice with established MMBD to study the adaptive response to loading. Elderly patients 

and mice have a reduced adaptive response to loading and therefore it is important to assess 

whether mechanical stimulation can reduce deleterious effects of MMBD also in an elderly 

mouse model. 

3. It would be interesting to examine the change in gene expression in bone cells due to tumor 

involvement in combination with loading. Since there is a clear distinction between PBS-

injected mice and MM-injected mice in their response to loading, to further understand the 

mechanism of interaction between mechanical stimulation and the presence of MM cells, a 

genomic profiling of bone cells would be advantageous. Gene expression experiments can 

identify changes in the gene expression and therefore lead to new therapeutic targets for 

the future. 

4. Only a single region was used to study the effects of MMBD and loading on bone 

composition. Future studies should further assess different regions, especially the 

trabecular bone compartment, since the tumor has the most deleterious effects in this 

compartment and might therefore lead to drastic changes in bone composition and 

subsequently bone quality. 

5. The cause of the effect of intratibial injections on bone composition still remains unclear. I 

reported a change in matrix mineralisation and crystal structure due to the injection but 

could not provide a definitive explanation as to why these changes happen. A possible 

option might be to assess the bone composition in the trabecular bone compartment to gain 

more insight into the healing response of bone. Another viable option is to change the 

injected medium to a saline solution or water, to reduce the abundance of phosphate in the 

bone marrow cavity. 

6. Future studies should aim to increase the sample size for the material characterisation to 

reduce the possibility of a type II error as well as assess the endosteal and periosteal bone 

compartment via FTIRI and use synchrotron-based SAXS to increase the spatial resolution 
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and therefore better assess both endosteal and periosteal bone compartment with higher 

accuracy. This might provide a better insight into the adaptive changes due to loading, since 

newly formed bone is deposited at the surface regions in rodents due to the lack of 

intracortical remodelling. 
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Appendix 

 

 

  

Figure 57:  Static microCT parameters measured on day 13 and 33 of the experiment. (A) shows the 

cortical thickness in the metaphysis. (B) shows the cortical porosity in the metaphysis. (C) Trabecular 

bone volume fraction in the metaphysis. (D) Trabecular thickness (Tb.Th) in the metaphysis. The data 

is plotted as single values together with the mean ± standard deviation. ANOVA main effects: (a) 

injection, (b) loading, (c) interaction, followed by Tukey-Kramer post-hoc test, *p < 0.05. Data obtained 

in collaboration with Fani Ziouti, who reports the data as well in her doctoral thesis.  
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Table 13: Static-microCT parameters in metaphyseal cortical bone, the table shows cortical bone 

parameters in the metaphysis of both limbs on five different experimental days in all experimental 

groups. Parameters are shown as mean ± standard deviation. ANOVA main effects: (a) injection, (b) 

loading, (c) limb, (d) interaction. Data obtained in collaboration with Fani Ziouti, who reports the data 

as well in her doctoral thesis 

  not injected PBS-injected MM-injected 

  loaded nonloaded loaded nonloaded loaded 

  n=8 n=6 n=7 n = 9 n = 8 

Day 13 right limb left limb right limb left limb right limb left limb right limb left limb right limb left limb 

Imina,c [mm4] 0.25 ± 0.03 0.26 ± 0.03 0.26 ± 0.03 0.28 ± 0.03 0.27 ± 0.02 0.29 ± 0.02 0.27 ± 0.03 0.29 ± 0.03 0.28 ± 0.03 0.31 ± 0.03 

Imaxa,c [mm4] 0.37 ± 0.05 0.38 ± 0.05 0.38 ± 0.03 0.44 ± 0.05 0.39 ± 0.04 0.46 ± 0.06 0.40 ± 0.05 0.46 ± 0.07 0.40 ± 0.05 0.49 ± 0.07 

Ct.Ara,b,c [mm2] 0.85 ± 0.09 0.86 ± 0.08 0.87 ± 0.06 0.94 ± 0.06 0.89 ± 0.05 1.00 ± 0.04 0.89 ± 0.05 0.98 ± 0.06 0.92 ± 0.06 1.04 ± 0.06 

Tt.Ara,c [mm2] 1.04 ± 0.06 1.08 ± 0.07 1.05 ± 0.05 1.14 ± 0.06 1.09 ± 0.07 1.20 ± 0.06 1.11 ± 0.06 1.21 ± 0.07 1.09 ± 0.08 1.24 ± 0.09 

Ct.Ar/Tt.Ar [mm2/mm2] 0.81 ± 0.05 0.80 ± 0.05 0.83 ± 0.02 0.83 ± 0.02 0.82 ± 0.02 0.84 ± 0.03 0.80 ± 0.01 0.81 ± 0.01 0.85 ± 0.02 0.84 ± 0.03 

Ct.Tha,c [mm] 0.12 ± 0.02 0.12 ± 0.02 0.13 ± 0.01 0.13 ± 0.00 0.13 ± 0.01 0.14 ± 0.01 0.13 ± 0.00 0.14 ± 0.00 0.13 ± 0.01 0.14 ± 0.01 

Ct.vTMDa,c [mgHA/cm3] 1137 ± 57 1122 ± 49 1090 ± 8 1079 ± 16 1096 ± 18 1086 ± 20 1088 ± 15 1079 ± 12 1106 ± 16 1097 ± 19 

Ct.Po [%] 23 ± 8 25 ± 8 21 ± 3 21 ± 2 22 ± 3 20 ± 4 25 ± 2 24 ± 1 18 ± 3 19 ± 4 

Po.Vc [mm3] 0.31 ± 0.07 0.34 ± 0.09 0.29 ± 0.02 0.31 ± 0.03 0.32 ± 0.05 0.32 ± 0.06 0.36 ± 0.04 0.38 ± 0.02 0.26 ± 0.05 0.32 ± 0.07 

Day 18                                                             

Imin [mm4] 0.26 ± 0.03 0.29 ± 0.02 0.28 ± 0.02 0.30 ± 0.03 0.28 ± 0.02 0.33 ± 0.02 0.28 ± 0.04 0.31 ± 0.03 0.29 ± 0.02 0.35 ± 0.03 

Imax [mm4] 0.37 ± 0.05 0.42 ± 0.07 0.39 ± 0.03 0.45 ± 0.06 0.39 ± 0.04 0.52 ± 0.07 0.40 ± 0.05 0.45 ± 0.07 0.39 ± 0.03 0.54 ± 0.08 

Ct.Ar [mm2] 0.88 ± 0.09 0.97 ± 0.06 0.91 ± 0.04 0.98 ± 0.06 0.93 ± 0.06 1.15 ± 0.03 0.91 ± 0.05 0.97 ± 0.07 0.95 ± 0.04 1.18 ± 0.04 

Tt.Ar [mm2] 1.06 ± 0.07 1.15 ± 0.08 1.08 ± 0.04 1.17 ± 0.07 1.11 ± 0.06 1.33 ± 0.05 1.10 ± 0.07 1.18 ± 0.10 1.10 ± 0.05 1.35 ± 0.04 

Ct.Ar/Tt.Ar [mm2/mm2] 0.83 ± 0.04 0.84 ± 0.02 0.84 ± 0.02 0.83 ± 0.02 0.84 ± 0.02 0.87 ± 0.02 0.83 ± 0.01 0.82 ± 0.02 0.86 ± 0.02 0.88 ± 0.01 

Ct.Th [mm] 0.13 ± 0.01 0.14 ± 0.01 0.13 ± 0.01 0.14 ± 0.00 0.14 ± 0.01 0.17 ± 0.00 0.13 ± 0.00 0.14 ± 0.01 0.14 ± 0.01 0.17 ± 0.01 

Ct.vTMD [mgHA/cm3] 1149 ± 56 1143 ± 47 1104 ± 11 1086 ± 19 1108 ± 20 1123 ± 21 1102 ± 20 1097 ± 17 1122 ± 16 1133 ± 15 

Ct.P% [%] 21 ± 5 19 ± 3 19 ± 2 20 ± 2 19 ± 2 15 ± 3 20 ± 2 22 ± 3 16 ± 3 14 ± 1 

Po.V [mm3] 0.29 ± 0.04 0.29 ± 0.05 0.23 ± 0.11 0.26 ± 0.13 0.29 ± 0.02 0.28 ± 0.05 0.27 ± 0.11 0.31 ± 0.13 0.25 ± 0.04 0.27 ± 0.02 

Day 23                                                             

Imin [mm4] 0.28 ± 0.03 0.32 ± 0.03 0.28 ± 0.03 0.30 ± 0.04 0.30 ± 0.02 0.37 ± 0.01 0.29 ± 0.03 0.32 ± 0.03 0.31 ± 0.03 0.41 ± 0.04 

Imax [mm4] 0.39 ± 0.05 0.45 ± 0.08 0.40 ± 0.04 0.45 ± 0.05 0.40 ± 0.02 0.55 ± 0.04 0.42 ± 0.05 0.46 ± 0.06 0.41 ± 0.03 0.61 ± 0.09 

Ct.Ar [mm2] 0.96 ± 0.08 1.09 ± 0.09 0.98 ± 0.07 1.04 ± 0.07 1.00 ± 0.04 1.31 ± 0.04 0.99 ± 0.06 1.00 ± 0.05 1.03 ± 0.05 1.35 ± 0.08 

Tt.Ar [mm2] 1.12 ± 0.06 1.25 ± 0.09 1.15 ± 0.05 1.22 ± 0.07 1.17 ± 0.04 1.48 ± 0.03 1.16 ± 0.07 1.22 ± 0.07 1.18 ± 0.06 1.54 ± 0.08 

Ct.Ar/Tt.Ar [mm2/mm2] 0.85 ± 0.02 0.87 ± 0.01 0.85 ± 0.02 0.85 ± 0.02 0.85 ± 0.01 0.88 ± 0.01 0.85 ± 0.01 0.82 ± 0.01 0.87 ± 0.01 0.88 ± 0.01 

Ct.Th [mm] 0.14 ± 0.01 0.16 ± 0.01 0.15 ± 0.01 0.15 ± 0.00 0.15 ± 0.01 0.20 ± 0.01 0.15 ± 0.01 0.14 ± 0.00 0.16 ± 0.01 0.19 ± 0.01 

Ct.vTMD [mgHA/cm3] 1160 ± 54 1167 ± 37 1111 ± 16 1102 ± 19 1125 ± 12 1167 ± 7 1115 ± 17 1113 ± 15 1130 ± 17 1162 ± 12 

Ct.Po [%] 17 ± 3 15 ± 2 18 ± 3 17 ± 2 17 ± 1 14 ± 1 18 ± 2 22 ± 2 15 ± 1 14 ± 2 

Po.V [mm3] 0.27 ± 0.03 0.27 ± 0.02 0.28 ± 0.03 0.29 ± 0.03 0.28 ± 0.02 0.29 ± 0.02 0.28 ± 0.03 0.35 ± 0.04 0.25 ± 0.02 0.31 ± 0.04 

Day 28                                                             

Imin [mm4] 0.28 ± 0.03 0.33 ± 0.04 0.29 ± 0.03 0.31 ± 0.04 0.30 ± 0.03 0.38 ± 0.02 0.30 ± 0.03 0.32 ± 0.03 0.32 ± 0.03 0.43 ± 0.05 

Imax [mm4] 0.39 ± 0.06 0.47 ± 0.06 0.41 ± 0.04 0.44 ± 0.05 0.41 ± 0.04 0.58 ± 0.07 0.42 ± 0.05 0.44 ± 0.05 0.42 ± 0.04 0.64 ± 0.10 

Ct.Ar [mm2] 0.99 ± 0.10 1.13 ± 0.10 1.02 ± 0.07 1.07 ± 0.08 1.04 ± 0.07 1.37 ± 0.05 1.02 ± 0.07 0.98 ± 0.04 1.07 ± 0.06 1.38 ± 0.10 

Tt.Ar [mm2] 1.14 ± 0.10 1.30 ± 0.10 1.18 ± 0.06 1.24 ± 0.09 1.20 ± 0.07 1.52 ± 0.05 1.19 ± 0.07 1.21 ± 0.06 1.21 ± 0.06 1.56 ± 0.09 

Ct.Ar/Tt.Ar [mm2/mm2] 0.87 ± 0.01 0.87 ± 0.01 0.87 ± 0.02 0.86 ± 0.02 0.87 ± 0.01 0.90 ± 0.01 0.86 ± 0.01 0.81 ± 0.02 0.89 ± 0.01 0.89 ± 0.02 

Ct.Th [mm] 0.15 ± 0.01 0.18 ± 0.01 0.16 ± 0.01 0.16 ± 0.01 0.16 ± 0.01 0.22 ± 0.01 0.16 ± 0.01 0.14 ± 0.00 0.17 ± 0.01 0.20 ± 0.02 

Ct.vTMD [mgHA/cm3] 1186 ± 45 1201 ± 28 1136 ± 16 1127 ± 14 1144 ± 18 1190 ± 18 1142 ± 11 1128 ± 14 1153 ± 12 1183 ± 13 

Ct.Po [%] 15 ± 2 14 ± 2 15 ± 2 16 ± 2 15 ± 2 11 ± 1 16 ± 1 23 ± 3 13 ± 1 13 ± 2 

Po.V [mm3] 0.25 ± 0.01 0.27 ± 0.03 0.25 ± 0.02 0.28 ± 0.03 0.26 ± 0.02 0.25 ± 0.02 0.27 ± 0.01 0.37 ± 0.05 0.22 ± 0.01 0.28 ± 0.04 

Day 33                                                             

Imina,b,c [mm4] 0.28 ± 0.04 0.33 ± 0.05 0.29 ± 0.02 0.30 ± 0.04 0.30 ± 0.03 0.38 ± 0.03 0.30 ± 0.04 0.31 ± 0.03 0.33 ± 0.04 0.43 ± 0.05 

Imaxa,b,cc[mm4] 0.37 ± 0.05 0.47 ± 0.05 0.40 ± 0.03 0.42 ± 0.04 0.40 ± 0.04 0.59 ± 0.05 0.42 ± 0.05 0.42 ± 0.04 0.43 ± 0.05 0.62 ± 0.08 

Ct.Ara,b,c [mm2] 1.00 ± 0.09 1.16 ± 0.10 1.03 ± 0.07 1.06 ± 0.09 1.04 ± 0.08 1.40 ± 0.06 1.04 ± 0.07 0.95 ± 0.03 1.10 ± 0.07 1.38 ± 0.10 

Tt.Ara,b,c [mm2] 1.16 ± 0.08 1.31 ± 0.10 1.18 ± 0.06 1.23 ± 0.09 1.19 ± 0.08 1.54 ± 0.06 1.20 ± 0.08 1.18 ± 0.06 1.25 ± 0.06 1.57 ± 0.10 

Ct.Ar/Tt.Ara,b [mm2/mm2] 0.86 ± 0.03 0.89 ± 0.02 0.87 ± 0.02 0.87 ± 0.01 0.88 ± 0.01 0.91 ± 0.01 0.87 ± 0.01 0.80 ± 0.02 0.88 ± 0.01 0.88 ± 0.02 

Ct.Tha,b,c [mm] 0.16 ± 0.01 0.18 ± 0.02 0.16 ± 0.01 0.17 ± 0.01 0.17 ± 0.01 0.23 ± 0.01 0.16 ± 0.01 0.14 ± 0.01 0.17 ± 0.01 0.20 ± 0.02 

Ct.vTMDb,c [mgHA/mm3] 1196 ± 42 1218 ± 26 1160 ± 16 1148 ± 9 1165 ± 15 1209 ± 14 1157 ± 14 1137 ± 15 1179 ± 11 1198 ± 15 

Ct.Poa,b [%] 17 ± 4 13 ± 2 15 ± 2 15 ± 2 14 ± 1 10 ± 1 15 ± 1 24 ± 4 14 ± 2 14 ± 3 

Po.Va,b,c [mm3] 0.27 ± 0.05 0.25 ± 0.03 0.24 ± 0.02 0.26 ± 0.02 0.24 ± 0.02 0.24 ± 0.02 0.26 ± 0.02 0.37 ± 0.06 0.25 ± 0.02 0.32 ± 0.05 
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Table 14: Static-microCT parameters in trabecular bone compartment, the table shows trabecular bone 

parameters in the metaphysis of both limbs on five different experimental days in all experimental 

groups. Parameters are shown as mean ± standard deviation. ANOVA main effects: (a) injection, (b) 

loading, (c) limb, (d) interaction. Data obtained in collaboration with Fani Ziouti, who reports the data 

as well in her doctoral thesis 

  not injected PBS-injected MM-injected 

  loaded nonloaded loaded nonloaded loaded 

  n=8 n=6 n=7 n = 9 n = 8 

Day 13 right limb left limb right limb left limb right limb left limb right limb left limb right limb left limb 

Tb.BV/TVa,b,c [mm3/mm3] 0.12 ± 0.02 0.12 ± 0.02 0.10 ± 0.02 0.11 ± 0.02 0.11 ± 0.03 0.18 ± 0.05 0.11 ± 0.02 0.15 ± 0.02 0.14 ± 0.01 0.18 ± 0.05 

Tb.Tha,b,c  [mm] 0.05 ± 0.00 0.05 ± 0.00 0.05 ± 0.00 0.06 ± 0.00 0.05 ± 0.01 0.08 ± 0.01 0.06 ± 0.00 0.07 ± 0.00 0.06 ± 0.00 0.07 ± 0.01 

Tb.Nb [1/mm] 3.02 ± 0.47 2.87 ± 0.48 2.30 ± 0.47 2.34 ± 0.38 2.52 ± 0.41 2.65 ± 0.58 2.51 ± 0.34 2.41 ± 0.23 2.95 ± 0.29 2.86 ± 0.72 

Tb.Spb [mm] 0.35 ± 0.05 0.37 ± 0.06 0.47 ± 0.10 0.46 ± 0.08 0.42 ± 0.07 0.43 ± 0.09 0.42 ± 0.06 0.45 ± 0.04 0.36 ± 0.04 0.41 ± 0.11 

Tb.vTMDa [mgHA/cm3] 912 ± 50 925 ± 52 842 ± 25 854 ± 21 836 ± 39 846 ± 25 835 ± 22 817 ± 18 862 ± 22 845 ± 19 

Day 18                                                             

Tb.BV/Tv [mm3/mm3] 0.13 ± 0.02 0.13 ± 0.02 0.18 ± 0.05 0.14 ± 0.03 0.12 ± 0.02 0.17 ± 0.04 0.13 ± 0.02 0.14 ± 0.02 0.16 ± 0.02 0.17 ± 0.03 

Tb.Th [mm] 0.06 ± 0.00 0.06 ± 0.00 0.07 ± 0.01 0.07 ± 0.01 0.06 ± 0.00 0.08 ± 0.01 0.06 ± 0.00 0.07 ± 0.00 0.06 ± 0.00 0.07 ± 0.01 

Tb.N [1/mm] 3.05 ± 0.52 2.90 ± 0.43 2.86 ± 0.72 2.56 ± 0.51 2.77 ± 0.36 2.70 ± 0.55 2.68 ± 0.33 2.20 ± 0.33 3.16 ± 0.26 2.62 ± 0.52 

Tb.Sp [mm] 0.35 ± 0.05 0.36 ± 0.05 0.41 ± 0.11 0.43 ± 0.08 0.38 ± 0.05 0.42 ± 0.09 0.40 ± 0.05 0.49 ± 0.07 0.33 ± 0.04 0.42 ± 0.09 

Tb.vTMD [mgHA/cm3] 916 ± 45 936 ± 47 845 ± 19 854 ± 31 869 ± 23 888 ± 17 851 ± 30 854 ± 22 861 ± 27 877 ± 17 

Day 23                                                             

Tb.BV/Tv [mm3/mm3] 0.13 ± 0.03 0.11 ± 0.02 0.17 ± 0.03 0.11 ± 0.03 0.13 ± 0.03 0.19 ± 0.02 0.12 ± 0.01 0.09 ± 0.01 0.14 ± 0.02 0.14 ± 0.03 

Tb.Th [mm] 0.06 ± 0.01 0.06 ± 0.00 0.07 ± 0.01 0.07 ± 0.01 0.06 ± 0.01 0.09 ± 0.00 0.06 ± 0.00 0.06 ± 0.00 0.06 ± 0.00 0.07 ± 0.01 

Tb.N [1/mm] 2.97 ± 0.50 2.69 ± 0.43 2.62 ± 0.52 2.45 ± 0.48 2.97 ± 0.36 2.79 ± 0.47 2.67 ± 0.27 1.82 ± 0.30 3.15 ± 0.21 2.07 ± 0.51 

Tb.Sp [mm] 0.36 ± 0.05 0.39 ± 0.05 0.42 ± 0.09 0.44 ± 0.09 0.35 ± 0.04 0.40 ± 0.07 0.39 ± 0.05 0.59 ± 0.08 0.33 ± 0.02 0.54 ± 0.11 

Tb.vTMD [mgHA/cm3] 928 ± 57 961 ± 34 877 ± 17 894 ± 28 883 ± 17 943 ± 15 876 ± 10 890 ± 17 877 ± 43 922 ± 27 

Day 28                                                             

Tb.BV/Tv [mm3/mm3] 0.11 ± 0.02 0.10 ± 0.02 0.14 ± 0.03 0.10 ± 0.02 0.10 ± 0.03 0.16 ± 0.05 0.10 ± 0.01 0.07 ± 0.02 0.14 ± 0.01 0.12 ± 0.03 

Tb.Th [mm] 0.06 ± 0.00 0.06 ± 0.00 0.07 ± 0.01 0.06 ± 0.01 0.06 ± 0.01 0.09 ± 0.01 0.06 ± 0.00 0.05 ± 0.00 0.06 ± 0.00 0.07 ± 0.01 

Tb.N [1/mm] 2.71 ± 0.45 2.55 ± 0.46 2.07 ± 0.51 2.27 ± 0.53 2.66 ± 0.47 2.53 ± 0.61 2.30 ± 0.40 1.53 ± 0.17 3.04 ± 0.23 1.81 ± 0.54 

Tb.Sp [mm] 0.39 ± 0.06 0.41 ± 0.08 0.54 ± 0.11 0.48 ± 0.12 0.39 ± 0.07 0.45 ± 0.10 0.46 ± 0.08 0.67 ± 0.06 0.34 ± 0.03 0.62 ± 0.13 

Tb.vTMD [mgHA/cm3] 958 ± 57 1005 ± 35 922 ± 27 905 ± 24 893 ± 20 966 ± 20 887 ± 13 915 ± 21 905 ± 10 961 ± 24 

Day 33                                                             

Tb.BV/TVb [mm3/mm3] 0.10 ± 0.03 0.10 ± 0.02 0.12 ± 0.03 0.10 ± 0.03 0.10 ± 0.03 0.15 ± 0.05 0.10 ± 0.01 0.06 ± 0.01 0.12 ± 0.02 0.10 ± 0.03 

Tb.Tha,b,c [mm] 0.06 ± 0.01 0.06 ± 0.00 0.07 ± 0.01 0.06 ± 0.01 0.06 ± 0.00 0.09 ± 0.01 0.05 ± 0.00 0.05 ± 0.01 0.06 ± 0.00 0.07 ± 0.01 

Tb.Nb,c [1/mm] 2.63 ± 0.57 2.47 ± 0.51 1.81 ± 0.54 2.01 ± 0.41 2.52 ± 0.51 2.34 ± 0.58 1.96 ± 0.33 1.49 ± 0.14 2.63 ± 0.38 1.73 ± 0.49 

Tb.Spa,b,c [mm] 0.41 ± 0.08 0.43 ± 0.09 0.62 ± 0.13 0.53 ± 0.11 0.42 ± 0.09 0.48 ± 0.11 0.54 ± 0.09 0.70 ± 0.05 0.40 ± 0.06 0.64 ± 0.13 

Tb.vTMDa,b,c [mgHA/cm3] 958 ± 59 1010 ± 24 961 ± 24 914 ± 28 920 ± 13 985 ± 17 895 ± 21 908 ± 22 927 ± 16 989 ± 28 
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