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Summary 
Bone mineral density (BMD), a calibrated measure of bone mass, has been identified as 

the single most important risk factor for osteoporotic fractures and is therefore 

frequently used as a proxy measure of bone strength. However, bone strength is only 

partly explained by BMD and many other bone properties contribute significantly to 

skeletal integrity. Among those determinants for skeletal fragility, bone 

microarchitecture has been recently established as an important factor for bone 

strength. Similarly, bone ultrastructure has also been implicated as an important 

contributor to bone strength. We therefore hypothesized that a better understanding 

of phenotypes linked to bone ultrastructure will provide new insight in the assessment 

of bone quality and its contribution to bone strength and fracture risk, and eventually 

that prediction of bone strength can be improved by including ultrastructural bone 

tissue properties. Moreover, mouse models have been established over the last few 

years as a valuable tool to study the relationship between phenotype and genotype. To 

test this hypothesis, the following specific aims were proposed: 

1) Cellular and cannular imaging of bone: Development of an experimental design to 

assess quantitatively ultrastructural murine bone tissue properties non-invasively in 

three dimensions (3D) by using micro- and nano-computed tomography (μCT and 

nCT) methods with resolutions on the order of a few microns and below. 

2) Structure function relationships in murine bone: Study of ultrastructural 

phenotypes for different inbred mouse strains to identify and evaluate genetic 

predispositions of these phenotypes and their relevance for bone mechanics. 

For cellular and vascular imaging of bone, a SR-based local CT method was devised 

for the assessment of hard tissues in the submicron domain (nCT). As a novelty, the 

developed CT method overcame present experimental limitations with respect to 

object size, currently precluding conventional CT methods from hard tissue assessment 

in the submicron domain. In a next step, several vascular replica protocols were 

implemented for true three-dimensional (3D), direct, and simultaneous measurement 

of bone tissue and vasculature using μCT and SR CT. These protocols were successfully 

applied to murine bone and the vascular morphometry was compared quantitatively 
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with the morphometric results for the canal network within bone obtained from 

negative imaging, showing good compatibility of the two different techniques. 

For the examination of structure function relationships in murine bone, new 

morphometric indices were introduced in a first study to quantify ultrastructural 

phenotypes of murine cortical bone assessed by SR CT, namely the canal network and 

the osteocyte lacunar system. These ultrastructural phenotypes and bone 

biomechanics were then successfully studied in two genetically distinct mouse strains 

of a growth hormone (GH) deficient mouse model (little). Although the cannular and 

lacunar morphometry as well as bone mechanics of the two mouse strains was found 

to be fundamentally different, a general scaling rule was derived, saying that in the 

little mouse model cannular morphometry scales with bone size and lacunar 

morphometry does not. Moreover, there was evidence in one mouse strain that 

increased cortical bone mass was counterbalanced or even outweighed by a larger 

canal network, leading to increased porosity and eventually to impaired bone 

biomechanics. In a second study, interactions between macroscopic, ultrastructural, 

and mechanical properties of murine bone were identified and evaluated. The relative 

importance of insulin-like growth factor-I (IGF-I) and GH as the principal modulator of 

IGF-I expression was determined in an extended mouse model for the little mutation. 

The absence of the GH/IGF-I axis in this little mouse model removed the asymmetry 

found in sex-specific macroscopic morphometric parameters and thus, supported the 

hypothesis that there is an important interaction between sex steroids, IGF-I 

expression, and bone modeling. The key result of this study was that strong evidence 

was provided for a significant influence of the cortical canal network on murine bone 

mechanics. Consequently, the initial hypothesis that prediction of bone strength can be 

improved by including ultrastructural bone tissue properties could be verified. 

In conclusion, a new framework for ultrastructural phenotyping of murine bone 

was developed using μCT and nCT. In the future, bone ultrastructure may be 

investigated in human studies, establishing its role with respect to bone fracture risk 

and incidence of osteoporosis. As a consequence of these findings and as a vision for 

the future, the results of such human studies may be incorporated in the next 

consensus statement on osteoporosis prevention, diagnosis, and therapy, indicating 

ultrastructural bone properties as important determinants for bone strength and 

skeletal integrity. 
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Zusammenfassung 
Knochenmineraldichte, welche ein kalibriertes Mass für die Knochenmasse darstellt, 

wurde als wichtigster Risikofaktor für osteoporotische Brüche erkannt und wird 

deshalb häufig als Näherungsmass für die Knochenstärke verwendet. Jedoch wird die 

Knochenstärke nur zum Teil durch die Knochenmineraldichte erklärt und viele andere 

Eigenschaften sind massgeblich an der Knochenstabilität mitbeteiligt. Unter diesen 

bestimmenden Faktoren für Knochenbrüchigkeit hat sich unlängst die Knochen-

Mikroarchitektur als wichtige Bestimmungsgrösse für die Knochenstärke etabliert. 

Gleichermassen wurde auch die Knochen-Ultrastruktur als wichtiger Faktor mit der 

Knochenstärke in Verbindung gebracht. Wir stellten deshalb die Hypothese auf, dass 

ein besseres Verständnis der Phänotypen, welche mit der Knochen-Ultrastruktur in 

Verbindung stehen, neue Einblicke in die Bewertung der Knochenqualität und deren 

Beitrag zur Knochenstärke ermöglichen wird und schliesslich, dass die Vorhersage der 

Knochenstärke verbessert werden kann, indem ultrastrukturelle Knocheneigenschaften 

mitberücksichtigt werden. Ferner wurden in den letzten Jahren Mausmodelle als 

wertvolles Werkzeug für die Untersuchung der Beziehung zwischen Phänotyp und 

Genotyp etabliert. Um die aufgestellte Hypothese zu überprüfen, wurden folgende 

Ziele formuliert: 

1) Zelluläre and vaskuläre Bildgebung von Knochen: Entwicklung eines 

Versuchsaufbaus, der es erlaubt, ultrastrukturelle Knocheneigenschaften mit Hilfe 

rechnergestützter Mikro- und Nano-Tomographie (μCT and nCT) dreidimensional 

(3D), quantitativ und mit einer Auflösung in der Grössenordnung einiger 

Mikrometern und darunter zu erfassen. 

2) Strukturell-funktionelle Zusammenhänge in Mäuseknochen: Untersuchung 

ultrastruktureller Phänotypen in verschiedenen Inzucht-Mäusestämmen, um die 

genetische Veranlagung dieser Phänotpyen und deren Bedeutung für die 

Knochenmechanik zu bewerten. 

In Bezug auf die zelluläre und vaskuläre Bildgebung von Knochen wurde eine 

Synchrotronstrahlung (SR)-basierte CT-Methode entwickelt zum Zweck, harte 

Festkörper im Submikrometer-Bereich zu erfassen. Als ein Novum konnte diese 
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Methode gegenwärtige experimentelle Einschränkungen bezüglich Objektgrösse 

überwinden, welche herkömmliche CT-Methoden von der Erfassung von harten 

Festkörpern im Submikrometer-Bereich ausschliesst. Als nächster Schritt wurden 

mehrere vaskuläre Abdruck-Protokolle für die 3D, direkte und gleichzeitige Messung 

von Knochen und Vaskulatur realisiert, welche μCT und SR CT basiert waren. Diese 

Protokolle wurden erfolgreich auf Mäuseknochen angewandt. Zudem wurde die 

vaskuläre Morphometrie quantitativ mit den morphometrischen Resultaten für das 

kannuläre Netzwerk innerhalb des Knochens verglichen, welches durch Negativ-

Bildgebung erhalten wurde, wobei eine gute Vereinbarkeit der zwei verschiedenen 

Methoden nachgewiesen werden konnte. 

In Bezug auf strukturell-funktionelle Zusammenhänge in Mäuseknochen wurden in 

einer ersten Studie neue morphometrische Kennzahlen eingeführt, um die 

ultrastrukturellen Phänotypen von kortikalem Mäuseknochen – namentlich das 

kannuläre Netzwerk und das System von Osteozyt-Lakunen – quantitativ zu 

bestimmen, welche mittels SR CT gemessen wurden. Die ultrastrukturellen Phänotypen 

und die Knochen-Biomechanik wurden dann erfolgreich in zwei genetisch voneinander 

verschiedenen Inzucht-Mäusestämmen untersucht, welche einem Mausmodell mit 

fehlendem Wachstumshormon angehörten (little). Obwohl für die beiden 

Mäusestämme die kannuläre und lakunäre Morphometrie sowie die Knochen-

Biomechanik grundlegend verschieden waren, wurde eine Skalierungsregel abgeleitet, 

die besagt, dass im little-Mausmodell die kannuläre Morphometrie mit der 

Knochengrösse skaliert, die lakunäre Morphometrie jedoch nicht. Darüber hinaus gab 

es in einem der Mäusestämme Anzeichen dafür, dass die erhöhte kortikale 

Knochenmasse durch ein vergrössertes kannuläres Netzwerk kompensiert wurde, was 

zu erhöhter Porosität und letzten Endes zu einer verschlechterten Knochen-

Biomechanik führen kann. In einer zweiten Studie wurden Wechselbeziehungen 

zwischen makroskopischen, ultrastrukturellen und mechanischen Eigenschaften von 

Mäuseknochen bestimmt und ausgewertet. Der relative Einfluss des insulin-ähnlichen 

Wachstumsfaktors I (IGF-I) und des Wachstumshormons (als hauptsächlicher 

Regulator der IGF-I-Ausprägung) wurde in einem erweiterten Mausmodell für die little-

Mutation ermittelt. Die Abwesenheit der Wachstumshormon/IGF-I-Achse in diesem 

little-Modell hat die nachgewiesene geschlechtsspezifische Asymmetrie der 

makroskopischen morphometrischen Kennzahlen aufgehoben. Dieses Resultat 

unterstützt die Hypothese, dass es eine wesentliche Wechselwirkung zwischen 
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Geschlechts-Steroiden, IGF-I-Ausprägung und Knochenmodellierung gibt. Das 

Schlüsselresultat dieser Studie war der klare Nachweis eines wesentlichen Einflusses 

des kannulären Netzwerkes auf die Mäuseknochen-Biomechanik. Folglich konnte die 

ursprüngliche Hypothese verifiziert werden, dass die Voraussage der Knochenstärke 

verbessert wird, falls ultrastrukturelle Knocheneigenschaften miteinbezogen werden. 

Zusammengefasst wurde ein Rahmen für die Bestimmung von ultrastrukturellen 

Phänotypen von Mäuseknochen geschaffen, der auf μCT und SR CT basiert ist. In der 

Zukunft sollte die Knochen-Ultrastruktur auch in Humanstudien untersucht werden, 

um dessen Beitrag zum Knochenbruch-Risiko und dem Auftreten von Osteoporose zu 

ermitteln. Als Folgerung dieser Ergebnisse und als Vision für die Zukunft wäre es 

wünschenswert, wenn die Resultate solcher Humanstudien in die nächste Konsensus-

Stellungnahme bezüglich Prävention, Diagnose und Therapie von Osteoporose Eingang 

finden würden und somit die ultrastrukturellen Knocheneigenschaften als wesentliche 

Bestimmungsgrösse für die Knochenstärke und Knochenintegrität gekennzeichnet 

würden. 
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1.1 Motivation 
In clinical orthopedics, fractures often occur in bones exposed to chronic overload. Such 

fractures can occur as compression fractures in the femoral head, vertebrae and radius. 

Osteoporotic fractures have a devastating effect on morbidity and mortality, and there 

is a large body of research that focuses on understanding the etiology of these 

fractures. A fundamental goal of this research is to determine methods of improved 

diagnostics and subsequent fracture prevention. 

Bone mineral density (BMD), a calibrated measure of bone mass, has been 

identified in several epidemiological studies as being the single most important risk 

factor for osteoporotic fractures [1,2]. Hence, research efforts over the past three 

decades have focused on defining major determinants of bone mass and bone loss. The 

agreement that BMD is the best predictor of fracture risk has become a controversial 

issue [3]. For example, it has been shown that, on an individual basis, density alone 

accounts for 10 to 90% of the variation in the strength of trabecular bone [4]. This also 

means that 90 to 10% of the variation in strength cannot be explained by bone density 

alone [5]. Recent data have shown that predicting bone strength can be greatly 

improved by including microarchitectural parameters in the analysis [6,7]. However, the 

relative importance of bone density and architecture in the etiology of bone fractures, 

an issue referred to as bone quality, is poorly understood [5]. 

On the microstructural level, bone density and bone architecture are certainly the 

dominant parameters determining bone strength. However, to determine the strength 

of the actual bone tissue, ultrastructural bone tissue properties must be included. 

Recent results show that the canal network of bone is a major contributor to local 

tissue porosity, and therefore, can directly be linked to the mechanical properties of 

bone tissue. Furthermore, different inbred mouse strains have recently been 

established as a valuable tool for studying the genetic regulation of skeletal 

phenotypes. The mouse is ideally suited for genetic analysis due to the high homology 

between the human and mouse genome and due to the relative control that 

investigators have over environmental factors, facilitating their separation from 

genetic factors. Moreover, the mouse is among the smallest mammals known, has a 

short generation time, is very fertile, does not harm its young, is docile and easy to 

handle. Several skeletal phenotypes, including BMD, bone geometry, microarchitecture, 

and strength, have been shown to vary among different inbred mouse strains [8-18]. 
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1.2 Objectives of the thesis 
Similarly to bone microarchitecture, bone ultrastructure has also been implicated as an 

important contributor to bone strength. From this, we hypothesized that a better 

understanding of phenotypes linked to bone ultrastructure will provide new insight in 

the assessment of bone quality and its contribution to bone strength and fracture risk, 

and eventually that prediction of bone strength can be improved by including 

ultrastructural bone tissue properties. To address this hypothesis, the following specific 

aims were proposed: 

3) Cellular and vascular imaging of bone: Development of an experimental design to 

assess quantitatively ultrastructural murine bone tissue properties non-invasively in 

three dimensions (3D) by using micro- and nano-computed tomography (μCT and 

nCT) methods with resolutions on the order of a few microns and below. 

4) Structure function relationships in murine bone: Study of ultrastructural 

phenotypes for different inbred mouse strains to identify and evaluate genetic 

predispositions of these phenotypes and their relevance for bone mechanics. 

For cellular and vascular imaging of bone (Chapter 3), a synchrotron (SR)-based local 

CT method was devised for the assessment of hard tissues in the submicron domain 

(nCT). Furthermore, several vascular replica protocols were implemented for true 3D, 

direct, and simultaneous measurement of bone tissue and vasculature using μCT and 

SR CT. 

For the examination of structure function relationships in murine bone (Chapter 4), 

new morphometric indices were introduced in a first study to quantify ultrastructural 

phenotypes of murine cortical bone assessed by SR CT, namely the canal network and 

the osteocyte lacunar system. In a second study, interactions between macroscopic, 

ultrastructural, and mechanical properties of murine bone were identified and 

evaluated. 

Following a detailed overview of the thesis structure is given: 

In Chapter 2, the scientific background for this thesis is summarized. Bone as an 

organ is described with regard to its morphology and development. Further, a short 

overview on osteoporosis as the most prevalent human bone disease is given. 

Osteoporosis becomes manifest primarily in skeletal fragility. To examine this 
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pathology, concepts of bone mechanics are introduced, determinants of skeletal 

fragility are identified and discussed, genetic control of skeletal fragility is debated, the 

influence of hormones on bone fragility is reviewed, and means of fracture prevention 

and osteoporosis treatment are presented. For this thesis, different mouse models 

served for the study of the bone ultrastructure. It is explained why animal models are 

used for genetic studies and why the mouse model is ideally suited for genetic and 

biologic analysis of bone. Furthermore, inbred mouse strains – as an important tool for 

studying the genetic regulation of skeletal phenotypes – are introduced with special 

emphasis on genotype-phenotype relations. Finally, the genetic regulation of hormonal 

mechanisms important for bone growth and bone acquisition in the mouse is 

commented and age-related changes in murine bone are outlined. As a next point, 

imaging techniques applied for bone morphometry are presented, such as 

histomorphometry, magnetic resonance imaging (MRI), peripheral quantitative CT 

(pQCT), μCT, and SR CT, specifically regarding the assessment of bone 

microarchitecture as an important determinant of bone strength. Because μCT and SR 

CT methods were the techniques used, adapted and developed within this thesis for 

the study of the bone ultrastructure, the last section is dedicated to the technical 

development and experimental setup of μCT and SR CT systems. At the end, the SR CT 

experimental station at the Swiss Light Source (SLS), where the SR CT experiments were 

implemented, is described. 

In Chapter 3, which is dedicated to cellular and vascular imaging of bone, a SR-

based local CT method was developed for the assessment of hard tissues in the 

submicron domain. With the advent of third generation SR sources, μCT in the 

micrometer range has become feasible and has been employed to analyze trabecular 

architecture and local bone tissue properties. Owing to experimental and physical 

limitations regarding the trade-off between object size and spatial resolution, non-

destructive conventional global tomography of hard tissues such as bone was 

unachievable in the submicron domain so far. In this chapter, we therefore report on a 

SR-based local computed tomography method in the submicron domain, which 

overcomes the present experimental limitations. As a second part of this chapter, a 

method for vascular replica was developed for the concomitant assessment of murine 

bone and its vasculature. Recent evidence suggests a close functional relationship 

between osteogenesis and angiogenesis, as well as between bone remodeling and 

bone vascularization. Consequently, there is a need for visual inspection and 
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quantitative analysis of the bone vasculature. We consequently adapted and 

implemented two different vascular corrosion casting protocols using a polyurethane-

based casting resin in mice for a true 3D, direct, and simultaneous measurement of 

bone tissue and vascular morphology by μCT. For assessment of vascular replicas at the 

level of capillaries in combination with the cellular composition of bone tissue, a 

vascular contrast perfusion protocol was devised using a contrast modality based on a 

barium sulfate suspension in conjunction with SR CT. 

In Chapter 4, where structure function relationships in murine bone are discussed, 

new morphometric indices were introduced in a first study to quantify ultrastructural 

phenotypes of murine cortical bone assessed by SR CT, namely the canal network and 

the osteocyte lacunar system. These ultrastructural phenotypes and bone 

biomechanics were then successfully studied in two genetically distinct mouse strains 

of a growth hormone (GH) deficient mouse model (little). Although the cannular and 

lacunar morphometry as well as bone mechanics of the two mouse strains was found 

to be fundamentally different, a general scaling rule was derived, saying that in the 

little mouse model cannular morphometry scaled with bone size, yet lacunar 

morphometry did not. Moreover, there was evidence in one mouse strain that 

increased cortical mass is counterbalanced or even outweighed by a larger canal 

network, leading to increased porosity and eventually to impaired bone biomechanics. 

In a second study, interactions between macroscopic, ultrastructural, and mechanical 

properties of murine bone were identified and evaluated. The relative importance of 

insulin-like growth factor-I (IGF-I) and GH as the principal modulator of IGF-I expression 

was determined in an extended mouse model for the little mutation. The absence of 

the GH/IGF-I axis in this little mouse model removed the asymmetry found in sex-

specific macroscopic morphometric parameters and thus, supported the hypothesis 

that there is an important interaction between sex steroids, IGF-I expression, and bone 

modeling. The key result was that strong evidence was provided for a significant 

influence of the cortical canal network on murine bone mechanics. Consequently, the 

initial hypothesis that prediction of bone strength can be improved by including 

ultrastructural bone tissue properties could be verified. 

In Chapter 5, the thesis is concluded by a synthesis of the major findings but also 

limitations of the thesis. 
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2.1 Bone 
Bone is the main constituent of the skeletal system and differs from the connective 

tissues in rigidity and hardness, which enables the skeleton to maintain the shape of 

the body, to protect the soft tissues, to supply the framework for the bone marrow and 

to transmit the force of muscular contraction. The mineral content of bone serves as a 

reservoir for ions, particularly calcium. This section is based in part on [1-4]. 

2.1.1 Morphology 
A typical adult long bone consists of a central cylindrical shaft, or diaphysis, and two 

wider and rounded ends, the epiphyses. Conical regions called the metaphysis connect 

the diaphysis with each epiphysis. Epiphyseal and metaphyseal bone supports the 

articular cartilage. A schematic view of a long bone is given in Figure 1. 
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Figure 1: Schematic view of a longitudinal section through a growing long bone (tibia) [5]. 

Cortical and trabecular bone 

The diaphysis is composed mainly of cortical bone, while the epiphysis and metaphysis 

contain mostly trabecular bone with a thin shell of cortical bone. During growth, the 

epiphysis is separated from the metaphysis by a plate of cartilage known as the growth 

plate. The growth plate and the adjacent trabecular bone of the metaphysis constitute 

a region where trabecular bone production and elongation of the cortex occur. In the 
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adult, the growth plate has been replaced by trabecular bone, which causes the 

epiphysis to become fused to the metaphysis. On the joint surfaces at the ends of the 

long bone, or the ends of the epiphysis, the shell of subchondral bone is covered by a 

thin layer of specialized cartilage, the articular cartilage. 

The outer surface of most bone is covered by the periosteum, a sheet of fibrous 

connective tissue and an inner cellular layer of undifferentiated cells. The periosteum 

has the potential to form bone during growth and fracture healing. The marrow cavity 

of the diaphysis and the cavities of cortical and trabecular bone are lined with a thin 

cellular layer called the endosteum. The endosteum is a membrane of bone surface 

cells (osteoclasts, osteoblasts, and bone-lining cells). 

Cortical bone is a dense, solid mass with only microscopic channels. Approximately 

80% of the skeletal mass in the adult human skeleton is cortical bone, which forms the 

outer wall of all bones and which is largely responsible for the supportive and 

protective function of the skeleton. The bulk of cortical bone is in the shaft of long 

bones of the appendicular skeleton. The remaining part of the bone mass is trabecular 

bone, a lattice of large plates and rods known as trabeculae, found in the inner parts of 

bones. Figure 2 points out this difference between rods and plates of trabecular bone. 

Trabecular bone
(rod)

Trabecular bone
(plate)

Trabecular bone
(rod)

Trabecular bone
(plate)

 

Figure 2: Rods and plates of trabecular bone architecture from a biopsy in the human femoral 
head of a 37-year-old normal male [6]. 

Woven and lamellar bone 

Mammalian cortical or trabecular bone is of two main types, woven or lamellar. Bone 

tissue in the developing embryo is the woven type. Trabecular woven bone is formed by 

endochondral and intramembranous ossification. Woven bone, a matrix of interwoven 

coarse fibers with osteocytes distributed more or less at random, is less organized and 
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shorter-lived than lamellar bone. It is provisional material that is eventually resorbed 

and replaced by lamellar bone. In human long bones, woven bone is replaced by 

lamellar bone at the age of two and three years. Lamellar bone is built up of unit layers, 

called lamellae. In histological preparations, the laminations are best seen under 

polarized light (Figure 3). They appear as alternating light and dark layers, the result of 

differing orientations of collagen fibers within adjacent lamellae. 

 

Figure 3: Cross section of cortical bone under polarized light [7]. The osteons are composed of 
numerous lamellae. 

The lamellae of adult cortical bone appear in three major patterns. First, circular 

rings of lamellae surrounding a longitudinally vascular channel that together form a 

structural cone, the osteon or Haversian system. Secondly, several layers of lamellae 

extending uninterrupted around part or the whole circumference of the shaft 

(circumferential lamellae). And thirdly, angular fragments of what formerly were 

concentric or circumferential lamellae filling the gaps between the Haversian systems 

(interstitial lamellae). Histological details of cortical bone are given in Figure 4. 
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Figure 4: Diagram of a portion of a long bone shaft [8]. 

The canalicular network 

Small cavities (lacunae) connected by their tubular canals (canaliculi) are found 

throughout woven and lamellar bone. Entrapped bone cells (osteocytes) and their long 

cytoplasmic processes occupy the lacunae and canaliculi, respectively. The cell 

processes communicate by gap junctions with the processes of osteocytes lying in 

adjacent lacunae, bone-lining cells, progenitors, and with the vasculature of bone 

marrow and with the Haversian canals. Canaliculi that open to the extracellular fluid 

and to bone surfaces form an anastomosing network for the nutrition and metabolic 

activities of the osteocytes. Figure 5 represents a diagram of the bone fluid 

compartment. It is postulated that the bone fluid is continuously circulated through 

each subcompartment. 
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Figure 5: Diagrammatic representation of the bone fluid compartment [8]. Extracellular fluid 
(ECF), bone-lining cells (BLC), bone fluid (BF), bone (black), lacuna fluid (LF) and osteocytes (OC).

Bone composition 

The composition of bone enables it to perform its unique mechanical, protective, and 

homeostatic functions. While this composition varies with age, anatomic location, diet, 

and health status, in general, mineral accounts for 50-70% of adult mammalian bone, 

the organic matrix for 20-40%, water for 5-10%, and lipids for less than 3%. The scaffold 

upon which bone is synthesized or the organic constituent of bone is predominantly 

type I collagen. For the most part, there is little difference between the type I collagen 

found in soft tissues such as skin, tendons and ligaments and that found in bone. In 

addition to collagen, there are over 200 other proteins that have been identified in 

bone. Not all of these molecules are synthesized by osteoblasts. Perhaps 50 molecules 

are directly involved in the genesis and maintenance of bone, whereas 150 more are 

proteins adsorbed to the mineral component. The adsorbed proteins have their origin 

in serum and other tissues and are generally present in only trace amounts. 

The mineral phase of bone tissue is found in the form of small crystals in the shape 

of needles, plates, and rods located within and between collagen fibers. Mineralization 

of organic matrices occurs normally in calcifying cartilage and intramembranous bone. 

Matrix mineralization progresses through two distinct processes: the initiation of 

mineralization and the continued apposition and growth of the mineral crystal. The 

first process depends on achieving a critical concentration of calcium and phosphorus. 
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Exceeding the solubility constant for any of the calcium phosphate salts causes the 

ions to come out of solution. Maturation of this precipitate ultimately results in the 

formation of an organized crystal. The final form of calcium crystals in bone is 

hydroxyapatite. The analogy to geologic apatite was first recognized in 1926 by de Jong 

based on the X-ray diffraction pattern of ground bone [9]. Hydroxyapatite in bone does 

not exist in pure form. Rather it contains carbonate, sodium, potassium, citrate and 

trace elements such as strontium and lead and is usually referred to as a poorly 

crystalline, carbonate-substituted apatite. 

Bone vasculature 

Most of the blood supply to the cortex of the long bone shaft comes by way of 

medullary vessels (Figure 6), which consist of the nutrient artery and the metaphyseal 

and epiphyseal arteries after the epiphyseal-metaphyseal growth plate has closed. The 

nutrient artery enters the long bone, divides into ascending and descending arteries, 

and gives off branches into the endosteal surface of the cortex. The small arteries and 

arterioles are conduction vessels to the capillaries of the cortex, which are the 

exchange vessels of the tissues. At the ends of long bones, periosteal arteries enter 

from the outside while, in the diaphysis, vessels supply circulation from within and are 

directed centrifugally. 
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Figure 6: Bone vascularization of the proximal portion of a growing long bone [8]. 
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Venous drainage from a long bone occurs via venous pathways that accompany the 

arterial supply. Small venules in the cortex drain periosteally and endosteally. The 

central medullary sinus drains the cortical bone and connects with veins exiting at 

either ends of the bone. Periosteal conduction arteries are most abundant at muscle 

attachments. Periosteal veins drain venous blood from bone and proteins and other 

substances from the interstitial fluid system. Capillary arcades are formed in marrow 

spaces between trabeculae in cancellous bone. The capillary is the end of the vascular 

pathway and acts as a molecular sieve. 

The routing of blood is closely related to patterns of growth, modeling, and 

remodeling. For example, the vascular system is a source of bone cells. Moreover, the 

capillary is the only source for new preosteoclasts that originate in the bone marrow 

and leave the circulation at a specific location. In addition, the capillary system makes 

available newly released mineral ions and carbonate to facilitate remodeling. 

Bone cells 

The major cellular elements of bone include osteoclasts, osteoblasts, osteocytes, 

bone-lining cells, the precursors of these specialized cells, cells of the marrow 

compartment, and an immune regulatory system that supplies the precursor cells and 

regulates bone growth and maintenance. Osteocytes are the most abundant cell type 

in mature bone with about ten times more osteocytes than osteoblasts in normal 

human bone. During bone formation, some osteoblasts are left behind in the newly 

formed osteoid as osteocytes when the bone formation moves on. The embedded 

osteoblasts in lacunae differentiate into osteocytes by losing much of their organelles 

but acquiring long, slender processes encased in the lacunar-canalicular network that 

allow contact with earlier incorporated osteocytes, osteoblasts, bone-lining, and 

periosteal cells lining the bone surface and the vasculature (Figure 7). 
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Figure 7: Diagram of the osteocyte communication network within bone tissue [4]. 
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The osteocytes are the cells best placed to sense the magnitude and distribution of 

strains. They are strategically placed both to respond to changes in mechanical strain 

and to disseminate fluid flow to transduce information to surface cells of the 

osteoblastic lineage via their network of canalicular processes and communicating gap 

junctions. The osteocytes may stabilize bone mineral, detect microdamage, and 

respond to the amount and distribution of strain within bone tissue that influence 

adaptive modeling and remodeling behavior through cell-cell interaction. Thus, 

osteocytes play a key role in homeostatic, morphogenetic, and restructuring processes 

of bone mass that constitute regulation of mineral and architecture. 

2.1.2 Skeletal development 
Skeletal development begins as mesenchymal condensations that appear early in the 

fetal period. These condensations ossify to form membrane (dermal) bones through 

intramembranous ossification and cartilage bones through endochondral ossification. 

In both types of ossification, bone formation is similar, beginning with an increase in 

the number of cells and fibers. The cells differentiate into osteoblasts, which lay down 

an unmineralized matrix, the osteoid that mineralizes almost immediately. Some 

osteoblasts are trapped in the matrix around them and become osteocytes. Embryonic 

bone formation involves woven bone formation, yet fine-bundled lamellar bone that 

replaces woven bone through bone remodeling is not formed until after birth. 

Bone growth 

Longitudinal bone growth adds new trabecular bone to preexisting trabecular bone 

and new length of cortical bone to preexisting cortex, whereas radial or periosteal bone 

growth adds new width by apposing subperiosteal bone to the cortex. Figure 8 

sketches the longitudinal growth of bones. During growth from A to B, the cortex in the 

diaphysis must be resorbed inside and reformed outside (bottom). More precisely, the 

midshaft is narrower than the metaphysis, and the growth of a long bone progressively 

destroys the lower part of the metaphysis and transforms it into a diaphysis, 

accomplished by continuous resorption by osteoclasts beneath the periosteum. The 

growth plate moves upward, and the wider parts of the bone must be reshaped into a 

diaphysis. 
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Mechanical usage plays an important role in skeletal development and 

maintenance. Mechanical regulation of bone biology begins at about 5 to 7 weeks of 

prenatal life when most of the adult skeletal elements and soft tissue has formed. 

Intermittent skeletal tissue strains caused by muscular contraction modulate cartilage 

growth, ossification, bone modeling, and remodeling throughout the skeleton. After 

birth, growth and ossification of the skeleton are strongly influenced by externally 

applied forces. 

A

B

A

B

 

Figure 8: Resorption (–) and formation (+) activities during the longitudinal growth of bones [5].

2.1.3 Modeling and remodeling 
Growth and modeling go hand in hand. During growth, formation drifts add periosteal 

bone faster than resorption drifts remove endosteal bone. Collectively, modeling leads 

to increasing the outside cortex and marrow cavity diameters, shaping the ends of long 

bones, and drifting of trabeculae and cortices. Modeling allows not only the 

development of normal architecture during growth, but also the modulation of this 

architecture and mass when the mechanical condition changes. 

Remodeling in bone serves two distinct purposes: a structural purpose and a 

calcium-homeostatic purpose. The structural role revises the skeleton to optimize its 

shape, mass, and strength for currently experienced mechanical loads, and the calcium-

homeostatic role constitutes a system of cell-controlled mineral fluxes into and out of 

bone, which can be rapidly adjusted as part of the complex system that maintains 

constancy of Ca2+ ions in the extracellular fluid. The connection between the two is the 
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fact that parathyroid hormone (PTH), the primary driver of the calcium-homeostatic 

system, also sets the response threshold for structural remodeling. 

Bone remodeling produces and maintains bone that is biomechanically and 

metabolically competent. Immature (woven) bone formed at the metaphyses is 

structurally inferior to mature bone. Moreover, the quality of adult bone deteriorates 

with time. Therefore, bone must replace or renew itself. The replacement of immature 

(primary) and old bone occurs by resorption, followed by formation of new lamellar 

bone, a process called remodeling. The products of bone remodeling are reversal 

cement lines, secondary osteons or Haversian systems, trabecular packets or 

hemiosteons, and interstitial lamellae. 

In humans, after two to three years of age, the primary bone during infancy is 

resorbed and replaced by secondary bone. A drastic reduction in the amount of bone 

occurs during the conversion of primary to secondary trabecular bone. Remodeling 

does not end with the replacement of primary bone, but continues throughout life. The 

secondary bone is continuously destroyed and replaced by new generations of bone. 

Assuming normal rates of the periodic replacement of bone (bone turnover) in adults, 

cortical bone has a mean age of 20 years and trabecular bone one to four years. Bone 

turnover helps to maintain load bearing and the capacity of the skeleton to regulate 

calcium homeostasis and hematopoiesis and to repair structural damage. 

Remodeling has positive and negative effects on bone quality on the tissue level. It 

serves to remove microdamage, replaces dead and hypermineralized bone, and adapts 

microarchitecture to local stresses. Remodeling of trabecular bone may perforate and 

remove trabeculae, and remodeling of cortical bone increases cortical porosity, 

decreases cortical width, and possibly reduces bone strength. 

A child’s bone bank represents the difference between bone added by growth and 

by modeling-dependent bone gain, on the one hand, and bone removed by remodeling-

dependent bone loss on the other hand. In adults, however, where growth no longer 

goes on and where modeling comes to a near standstill, remodeling-dependent bone 

loss controls most of the adult bone bank. This means that the bone bank depends 

mostly on the activation frequency (intensity of bone remodeling or the reciprocal of 

the average time interval between the start of consecutive cycles of remodeling) or the 

bone balance at a given moment during growth and bone mass accumulation (peak 

bone mass). 
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2.2 Osteoporosis 
Osteoporosis is primarily a disease of bone fragility resulting from decreased bone 

mass. Altered architectural arrangement of bone tissue and impaired bone quality can 

lead to decreased skeletal strength and increased fracture risk [10] (adapted from [11]). 

Osteoporosis is a complex disorder resulting from the influence of both genetic and 

environmental factors. Age-related bone loss occurs in both men and women and is a 

major underlying cause of osteoporotic fractures in the elderly [12-14]. Although 

premenopausal bone loss has been reported, the predominant mechanism underlying 

bone loss in women is the gradual decline in estrogen production during and after 

menopause [15]. Reduced estrogen levels lead to increased bone turnover, with 

resorption exceeding formation, and thus, enhanced rates of bone loss. 

Aging is associated with structural changes in bone [12,16-22]. Osteopenia begins 

near 40 years of age and progresses linearly at a rate of 0.5 to 1% per year, accounting 

for nearly 40% of total bone loss accrued by 70 years of age [23,24]. The cortical area at 

the femoral midshaft increases until the seventh decade, and then it begins to decline 

in both males and females. Medullary area triples in females and doubles in males from 

21 to 97 years of age [25]. During the process of aging, trabecular bone volume 

decreases, trabecular number (Tb.N) decreases, trabecular spacing (Tb.Sp) increases 

and cortical bone thins. Trabecular thickness (Tb.Th) remains unchanged or decreases 

with age [18,21,22]. Bone mineral content (BMC) increases to the age of 30–35 years as a 

consequence of continued radial growth of the bone and increased mineralization [26]. 

With further aging, BMC decreases as well [27-30]. 

A primary factor in human osteoporotic fractures is cortical thinning and marrow 

cavity expansion at the femoral neck [25,31]. In general, bone loss results in increased 

porosity of trabecular and cortical bone, decreased mineralization, and ultimately 

increased fracture risk [12,24,25]. Evidence suggests that there is a subset of women 

who experience particularly rapid bone loss during the early menopausal period [32-36]. 

The factors that lead to enhanced bone loss in this subset of women remain obscure 

[37], although it has been suggested that genetic factors may render some women 

more susceptible to bone loss after estrogen deficiency. 
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2.3 Skeletal fragility 
Bone fragility can be defined broadly as the susceptibility to fracture. However, bones 

fracture for different reasons and thus, there are several different biomechanical 

definitions of bone fragility. One function of bones is to carry loads. Fractures occur 

when loads exceed the bone strength, so weakened bones should be considered fragile. 

For example, osteoporotic vertebral bodies fracture during normal daily activities. 

These non-traumatic or fragility fractures result from substantially weakened bone. On 

the other hand, hip fractures result mainly from trauma associated with falls or impact 

and even strong bones should be considered fragile if they are unable to absorb energy 

due to excessive brittleness. Therefore, even strong bones can be fragile, since – from a 

biomechanical perspective – fragility is not defined only by bone strength. This section 

is based in part on [1,2,4,38]. 

2.3.1 Bone biomechanics 
The biomechanical definition of bone fragility includes at least three components: 

strength, brittleness and work to failure. These parameters can be derived directly from 

a biomechanical test in which a bone specimen is loaded until it breaks. What results is 

a force-displacement curve (Figure 9). Ultimate force (Fu) describing bone strength is 

defined as the height of the curve, and work to failure (U) is the area under the curve, 

which represents the required energy to initiate a fracture. Brittleness can be estimated 

from the ultimate displacement (du). A fourth biomechanical measure is given by the 

stiffness (S), which is defined by the slope of the linear force-displacement curve in the 

linear region. S reflects resistance to elastic deformation and therefore assesses 

mechanical integrity, but it is not a direct measure of fragility. 
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Figure 9: Force-displacement curve. Ultimate displacement (du), ultimate force (Fu), work to 
failure (U), and stiffness (S) [38]. 

2.3.2 Determinants of skeletal fragility 
From a mechanical perspective, the strength of a bone (used here as a generalized term 

for the mechanical bone parameters introduced in section 2.3.1 above) is derived from 

material properties that govern its ability to withstand loading stress and from its 

structural geometry that determines the magnitudes of those stresses within the bone 

tissue itself (adapted from [39]). In any discussion of bone strength, it is important to 

distinguish between the material and structural properties of bone. Structural 

properties are influenced by the size and shape of the bone, as well as the properties of 

the bone tissue. In contrast to the structural behavior, the material behavior or material 

properties of bone tissue is independent of the specimen geometry. Thus, the material 

properties reflect the intrinsic biomechanical characteristics of cortical and trabecular 

bone (adapted from [40]). Consequently, variations in the mechanical properties of 

bone depend on their structural properties or the amount of material in the bone (i.e., 

mass), how this material is distributed (i.e., geometry and architecture), and the 

material properties such as mineralization and microdamage for example. An 

alternative description of skeletal fragility is the distinction that bone strength 

primarily reflects the integration of bone density and bone quality [10]. According to 

this definition, bone quality refers to all bone properties different from bone density. 

The different determinants of skeletal fragility are discussed in the following, where 

bone geometry, bone mass, and microarchitecture pertain to structural bone 

properties, and where microdamage, bone mineral crystal structure, and collagen 
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crosslinking are classified as material bone properties. Finally, bone turnover changes 

these spatial determinants dynamically over time. 

Bone geometry 

For a long bone, one of the most important geometric properties influencing its ability 

to resist fracture is its cross-sectional area. For the same amount of bone tissue, long 

bones with larger total cross-sectional area will possess increased bending strength but 

lower bone mineral density compared with bones with smaller cross-sectional area 

(adapted from [39]). Elements of femoral neck geometry, such as hip axis length, 

contribute independently to the risk of hip fracture [41-43] and osteoporotic fractures 

are more likely in subjects with smaller bone size [44-46]. Studies of stress fractures in 

young, healthy adults indicated that diaphyseal dimensions (even after correction for 

body weight) are significantly smaller in fracture cases [47-49]. Ferretti et al. found [50] 

that in rats of different ages, bone geometric properties were the most important 

determinants of femoral mechanical properties at the organ level, thereby emphasizing 

the importance of external bone dimensions or bone size on mechanical properties. 

Bone mass 

Bone mineral density (BMD), a calibrated measure of bone mass, has been identified in 

several epidemiological studies as being the single most important risk factor for 

osteoporotic fractures [51,52]. A given BMD measurement reflects the peak value 

achieved during growth and the extent of age- and menopause-related bone loss. In 

the adult human skeleton, peak bone density is achieved at the end of the rapid 

pubertal growth period at approximately 18-22 years of age [53-56]. Similar to BMD, it is 

considered one of the strongest determinants of subsequent osteoporotic fractures 

[57,58] in both men and women. Although environmental and hormonal factors affect 

bone turnover, 60–70% of final adult BMD is determined by the process of peak bone 

acquisition [59]. This phase of skeletal accumulation, which occurs over a short time 

period during puberty in humans and animals, is influenced predominantly by genetic 

factors [59-61]. Hence, research efforts over the past three decades have focused on 

defining major environmental and hormonal determinants of bone mass and its 

subsequent loss. Such factors include age, gender, calcium intake during adolescence 

and senescence, estrogen deficiency in both men and women, glucocorticoid excess, 

physical activity, and demographic factors (adapted from [62]). 
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Microarchitecture 

The agreement that BMD is the best predictor of fracture risk has become a 

controversial issue [63,64]. Many recent observations indicate that bone strength is 

only partially explained by bone density. For example, bone volume alone accounted for 

only 76% of the variability in strength [65], whereas a combination of bone volume and 

several architectural features explained up to 90% of the strength variability (adapted 

from [66]). Moreover, with regard to the relationship between microarchitecture and 

fractures, several observations seem to confirm that microstructural alterations are 

important determinants of bone fragility, independently of BMD [16,67-71] (adapted 

from [72]). In particular, it has been shown that, on an individual basis, density alone 

accounts for 10 to 90% of the variation in the strength of trabecular bone [73]. This also 

means that 90 to 10% of the variation in strength cannot be explained by bone density 

[6]. Finally, recent data have shown that predicting trabecular bone strength can be 

greatly improved by including microarchitectural parameters in the analysis [74-79]. 

Microdamage 

The in vivo formation of microdamage initiates the bone repair process through 

remodeling [80]. The inability for bone to effectively repair damaged regions 

subsequently leads to the accumulation of microdamage, which has been known to 

adversely impact the mechanical behavior of bone and to reduce its fracture resistance 

[81-84] (adapted from [85]). The accumulation of microcracks is associated with a 

decrease of stiffness, strength, toughness, elastic modulus, and resistance to crack 

initiation of cortical bone [86-88]. The occurrence of microdamage and its subsequent 

repair is a normal process, but the accumulation of bone microdamage may elevate 

fracture risk [89,90]. Bone remodeling helps to maintain tissue integrity by selectively 

replacing damaged bone with new bone [89]. Microdamage increases as a function of 

suppression of bone turnover. The level of bone turnover below which microcrack 

accumulation leads to bone fragility is unknown in humans [91], and thus the risk of 

fractures in humans that is attributable to microdamage remains to be established 

(adapted from [92]). 

Bone mineral crystal structure 

Bones are known to become more brittle when the mineral content exceeds a critical 

value [93] and to be less able to bear load when the mineral content is too low [94]. The 
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decreased BMD associated with fracture risk in patients with osteoporosis is confirmed 

by decreases in the distribution of mineral density determined by density fractionation 

in tissues from animal models of osteoporosis [95-97] and from spectroscopically 

determined decreases in mineral-to-matrix ratio in osteoporotic tissues [98-105]. 

Variation in mineral content for the disease of osteoporosis is important, but there are 

other mineral properties that also contribute to the loss of mechanical strength in 

osteoporotic bones. The hydroxyapatite crystals found in bones are nanocrystalline and 

contain a large number of imperfections and impurities. Hydroxyapatite crystal size 

and perfection were suggested to contribute to the mechanical strength of bones [106]. 

Increased bone mineral particle size is associated with increased bone fragility [106]; 

crystals that are too small do not reinforce the bone composite, suggesting that there 

is an optimal size range for bone mineral crystals [93]. Compositional changes may be 

caused by alterations in crystal size (smaller crystals have more surface area to adsorb 

foreign ions) or may be at least indicative of the size changes (adapted from [107]). 

Collagen crosslinking 

The hydroxyapatite crystals of bone mineral contribute to the strength and rigidity of 

the collagen matrix [108]. In contrast, collagen contributes to its flexibility, which 

allows it to absorb energy on impact [109]. Bone strength represents a tradeoff 

between bone stiffness (determined by mineral content) and toughness (determined 

by collagen content). Evidence to date suggests that changes in collagen content, or 

changes to interfibrillar and intrafibrillar collagen crosslinking, can reduce the energy 

required to cause bone failure (toughness) and can increase fracture risk [110]. There are 

also data to suggest that the bone matrix produced in osteoporotic bone is different 

from that produced in normal bone. Collagen crosslink ratios were different in patients 

with high or low bone turnover osteoporosis, as well as in premenopausal women with 

normal BMD but who had experienced multiple fragility fractures (patients with fragile 

bones), compared to ratios in normal control subjects [111] (adapted from [112]). 

Bone turnover 

Remodeling acts in a two-sided manner. On the one hand, unremodeled bone gets 

progressively weaker, and on the other hand, the remodeling process, while it is 

ongoing, is itself a source of structural weakness. Resorption cavities both serve as 

strain risers and directly, if temporarily, weaken a trabecular plate or strut simply by 
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locally reducing its mass [113] (adapted from [3]). High bone turnover contributes 

significantly to vertebral fracture risk because of its disruptive effect on trabecular bone 

architecture [23]. In fact, deterioration of trabecular bone accounts for most of the bone 

strength that is lost in postmenopausal women [114]. The increased osteoclastic activity 

seen with high bone turnover in postmenopausal women leads to loss of trabeculae, 

perforative resorption of trabecular plates, trabecular discontinuity, and reduced bone 

strength [115,116]. Bone loss accelerates in old age because the already reduced 

mineralized mass of bone (thinner porous cortices, thinner and fewer trabeculae) is 

subjected to the same or higher intensity of remodeling, or the same or larger volume 

of bone is being removed from an ever-decreasing mass [116]. This can lead to 

structural damage and bone fragility out of proportion to the reduction in bone mass 

[116] (adapted from [112]). 

2.3.3 Genetic control of skeletal fragility 

Is skeletal fragility heritable? 

Family history of fracture is a strong risk factor for future fractures, providing evidence 

that genetic factors may influence skeletal fragility [117,118]. For example, family history 

of fracture approximately doubles the risk of hip fracture in older women [119]. And 

indeed, studies of mother-daughter-granddaughter, twins, and large sib cohorts sets 

have estimated that about 50–90% of the variability in bone density is genetically 

based [59,60,120-141]. A similar behavior has been shown for inbred strains of mice, 

namely that BMD has a strong heritable component [62,142]. Finally, bone structure has 

been shown to be highly heritable as well [143]. In contrast, heritability of the rate of 

bone turnover and bone loss remains controversial [141]. 

However, the estimate that genes account up to 90% of variance in BMD may be 

exaggerated by the confounding influence of shared environmental factors that are 

common in monozygotic twins but more diverse for non-twins [125]. Indeed, sibling 

studies have yielded somewhat lower estimates of heritability of approximately 50–

60% [59]. Moreover, there are gene-environment interactions and site specificity with 

respect to BMD measurements, which preclude absolute estimates of the overall 

genetic influence on bone mass from any population study [144-146]. 

In conclusion, we can say that skeletal fragility is – at least in part – a heritable 

phenotype. Consequently, this link between genetics and the prevalence of 



Chapter 2:  Background 

42 

osteoporosis has caused investigators to search for a specific gene, or set of genes, that 

are responsible for defining bone mass. Nevertheless, as mentioned above in section 

2.3.2, the agreement that BMD is the best predictor of fracture risk has become a 

controversial issue [64]. 

Genetic regulation of BMD 

Identifying genes that are responsible for the genetic variation in bone geometry and 

density and their impact on bone mechanical properties may lead to a better 

understanding of bone fractures and to new approaches for osteoporosis diagnosis and 

therapy. In this context, recognition of a major genetic role in acquisition and 

maintenance of BMD has spurred much effort to identify genes that contribute to 

osteoporosis (adapted from [147,148]). 

In the human field, one genetic approach is to choose candidate genes and then 

test small populations for a relationship between allelic variation of the gene of choice 

and a clinically relevant phenotype, typically BMD of the spine or hip (adapted from 

[147]). A companion approach uses sib-pairs analysis to reduce genetic variability, and 

to some extent environmental variation during development, thus improving 

assessment of association between bone density phenotypes and genotype 

information [138]. A third approach is to identify affected families and look for 

Mendelian inheritance patterns, as it was done for the high bone mass phenotype 

[139,149]. 

While the comprehensive identification of genes predicting variations in bone mass 

may both unravel mechanisms by which the skeleton regulates its morphology as well 

as leads to the discovery of novel drug targets to prevent and treat osteoporosis, the 

links between genotype and phenotype remain elusive [150]. For that reason, the genes 

regulating bone density are being actively investigated [151,152]. Several recent clinical 

studies have yielded putative chromosomal regions that may harbor genes related to 

skeletal fragility [62,142,153-157]. Moreover, studies of BMD [141] and femoral bone 

structure [139] have identified unique quantitative trait (phenotype) loci (QTLs) for each 

phenotype. 

Prediction of bone strength and bone fracture 

To date, the majority of clinical studies have been limited to the evaluation of 

composite phenotypes, such as areal BMD, a measurement that is partially influenced 
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by bone size and does not distinguish between the cortical and trabecular bone 

compartments. Evaluation of more “proximal” phenotypes, such as bone formation 

rate, bone geometry, or bone density in distinct trabecular or cortical compartments, 

may enhance the chance of finding genes for osteoporosis by clarifying genotype-

phenotype associations (adapted from [143]). 

Another problem for BMD as a predictor for fracture is the fact that it is only a 

surrogate for fracture. Defining genes that influence and/or determine bone density 

provides only limited information with respect of prediction of future fractures, in part 

because there are other contributing factors that affect the eventual health of any 

given bone. The emergence of measurement tools with good resolution of bone 

microstructure, such as μCT for example, has resulted in a better understanding of the 

many components (i.e., bone turnover rate, microarchitectural integrity or trabecular 

architecture) that underlie the skeletal property (adapted from [158]). Furthermore, 

there is mounting evidence that genetic factors contribute not only to BMD, but also to 

bone geometry [138] and bone turnover [143,159]. These genetic epidemiology studies 

have provided strong motivation to identify specific chromosomal regions and/or 

genes that may contribute to skeletal characteristics that influence attainment and 

maintenance of bone strength and skeletal integrity. As one example, it has been 

shown that polymorphisms in genes that mediate the effects of sex steroids on bone 

are associated with rates of bone turnover, bone loss, and fracture risk [146,160-162]. 

A further issue to be discussed is the question if a given phenotype such as BMD is 

site specific. Most studies in both humans and mice have treated the phenotype of 

peak bone mass as one that is manifested at the organ level. In other words, it has been 

presumed that a skeleton with high bone mass will have a high bone mass at all 

skeletal regions for both trabecular and cortical bone [163-169]. Yet, the rate and extent 

of bone loss was shown to vary tremendously among individuals, as well as by skeletal 

compartment and site [170].  These data indicate that different sets of genes may 

control bone morphology at different skeletal sites. The degree of this site specificity, 

which is yet to be established, will provide critical information on the required site 

specificity when screening for gene candidates or assessing an individual’s skeletal 

status [34,171-175]. 
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2.3.4 Growth hormone and insulin-like growth factor-I 

Nature and origin of GH/IGF-I 

Insulin-like growth factor-I (IGF-I) is a ubiquitous 7 kDa polypeptide synthesized by 

normal and neoplastic tissues. The primary origin of serum IGF-I is the liver, although 

skeletal cells synthesize and store both IGF-I and IGF-II in large quantities [176]. Within 

the skeletal matrix, IGF-I is bound to several IGF binding proteins and is released during 

osteoclast-mediated bone resorption [177-182]. IGF-I is a differentiation factor for 

osteoblasts as well as a proliferative stimulus for chondrocytes, pre-osteoblasts, and 

fibroblasts [183]. Bone is both a source and a target for IGF-I action. In the skeleton, IGF-I 

is synthesized by osteoblasts and acts on other cells (i.e., lining cells, osteoclasts, and 

marrow stromal cells) in both a paracrine and autocrine fashion [178,181,184]. Growth 

hormone (GH) is the principal modulator of IGF-I expression in several tissues, 

especially in the liver, and hepatic IGF-I accounts for about 75% of the total circulating 

IGF-I level [181,184]. 

GH/IGF-I, bone formation, BMD, and risk of fracture 

Studies using conditional mutagenesis have demonstrated the importance of skeletal 

IGF-I for bone formation and mineralization [185]. IGF-I directly stimulates collagen 

synthesis in osteoblasts and at least partially mediates the anabolic effects of 

parathyroid hormone (PTH) on trabecular bone [177,186,187].  

IGF-I is a critical component for longitudinal growth and for coupling bone 

formation to resorption during adult skeletal remodeling. During puberty, linear 

expansion and consolidation of new bone is associated with a rise in serum and 

skeletal IGF-I expression whereas during aging, local and circulating IGF-I 

concentrations decline [178,181]. Targeted deletion of hepatic IGF-I expression, without 

alteration of skeletal IGF-I, results in a marked reduction in periosteal circumference, 

cortical thickness, and femoral length of long bones, consistent with the postulate that 

circulating IGF-I is also important for bone growth and acquisition [188]. Several 

population studies have suggested that serum IGF-I of pubertal girls is related to bone 

mineral density (BMD) [189] and that serum IGF-I levels during puberty are associated 

with femoral cross-sectional area in both boys and girls [190]. In some studies, serum 

IGF-I levels correlated with adult BMD [191,192], and decreased serum concentrations of 

IGF-I were associated with an increased risk of osteoporotic fractures [193]. 
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2.3.5 Fracture prevention and osteoporosis treatment 
There are at least three ways to make the skeleton stronger. First, by increasing bone 

mass because larger bones can carry more load. Secondly, by distributing bone mass 

effectively, i.e., by putting bone tissue where the mechanical demands are greatest. 

And thirdly, by improving the material properties of bone tissue (e.g. du, Fu, U, and S). 

These whole bone properties are called extrinsic biomechanical properties. Bone tissue 

properties are called intrinsic biomechanical properties. These include ultimate stress 

(σu) and strain (εu), Young’s modulus (E) and modulus of toughness (u). An effective 

treatment for bone fragility should improve the extrinsic biomechanical properties of 

bone but at the same time not substantially impair the intrinsic properties. 

From a biomechanical standpoint, an ideal drug to cure bone fragility would 

improve strength and decrease brittleness. It is rare for a treatment to achieve this 

combination of effects. For many drugs used to reduce bone fragility, improved bone 

mass and structure are combined with negative effects on intrinsic biomechanical 

properties. A good example is fluoride treatment. While fluoride can improve bone 

mass [194,195], fluoride incorporation into bone mineral reduces intrinsic 

biomechanical properties [196]. Simply soaking bone samples in fluoride solution can 

reduce bone strength by more than half [197]. 

Hormone replacement therapy (HRT) with estrogen is the mainstay of the 

treatment and/or prevention of osteoporosis and fracture [198,199]. Although 

improvements in BMD and risk of fracture induced by HRT/estrogen therapy have been 

well established [200-202], the standard forms of these therapies have been associated 

with increased risks of breast cancer, coronary heart disease, stroke, and blood clots, 

which led finally to a considerable reduction in the number of women prescribed with 

estrogen for treatment of osteoporosis (adapted from [203]). A number of clinical trials 

have evaluated several other agents for treatment and prevention of osteoporosis. 

These studies have demonstrated fracture reduction for antiresorptive and 

antiremodeling drugs [203] like alendronate [204,205], calcitonin [206], raloxifene 

[207], risendronate [208], PTH [209], and strontium ranelate [210,211]. 
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2.4 Animal model 
2.4.1 Why using an animal model? 
There are several confounding factors that have plagued human genetics studies in the 

last two decades, making gene identification exceedingly difficult. These have included 

issues such as methodologies (e.g., sample size, stratification, limited statistical tools, 

lack of consensus on detection levels), environmental variation (e.g., nutrition, lifestyle, 

cultural variables), subject health status (e.g., occult disease, comorbid conditions, use 

of pharmacologic agents), and the rudimentary state of our knowledge about genetic 

variability that underlies skeletal biology (adapted from [148]). In particular, bone mass, 

size, shape, and other elements of the skeletal structure are determined by a complex 

interplay of genetic and environmental factors [121,122,136,212]. Sorting these genetic 

and environmental interactions will require complex modeling that must control for 

nutritional, hormonal, mechanical, and lifestyle factors [158]. 

Comparison within twin pairs or among siblings is the only appropriate method of 

assessing genetic regulation while holding environmental factors reasonably constant. 

This approach requires large numbers of both dizygotic and monozygotic twin pairs, 

which are infrequent in the population. Moreover, the genetic variability between pairs 

of dizygotic twins is as large as in the general population (adapted from [154]). 

One approach to this problem is the use of animal models to pinpoint candidate 

genes for more focused human investigations. Because these genetically distinct 

strains were raised in the same controlled environment, the observed interstrain 

differences indicate substantial genetic regulation (adapted from [39]). Today, animal 

models are critical for experimentally defining the genetic regulation of bone size, 

density, and mechanical properties. 

2.4.2 Mouse model 
New models of laboratory mice carry specific gene deletions (knockout), gene additions 

(transgenic) or spontaneous mutations. These mice are currently at the forefront of 

basic research, specifically to test how a known gene may regulate diverse skeletal 

actions. Such gene mutations, induced or spontaneous, are very informative with 

respect to understanding single gene action in bone biology. 
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The power of the mouse for bone biologists lies in several relevant factors. First, 

there exists a high homology (~75%) between the human and mouse genome 

(www.ensembl.org). Moreover, the mouse genome has become highly defined among 

the various inbred strains. This detailed mapping of chromosomes greatly facilitates 

rapid location of new genes. As the human and mouse genome sequences become 

available, identification and testing of candidate genes will be even more easily 

accomplished. Second, mice of a given inbred strain represent unlimited numbers of 

genetically identical twins whose genes can be analyzed experimentally. Equally 

important, each inbred strain is genetically different from every other inbred strain, 

allowing planned matings and studies of segregating genes affecting the development 

and maintenance of bone (adapted from [154,156,213,214]). Third, the relative control 

that investigators have over environmental factors readily facilitates their separation 

from genetic factors. In particular, the influence of a single environmental factor on 

bone can be evaluated in genetically identical animals, as for example mechanical 

loading [215-217]. 

In addition, the mouse is ideally suited for genetic analysis for several other 

reasons: It is among the smallest mammals known, has a short generation time of 

around 10 weeks, is very fertile, does not harm its young, is docile and easy to handle. 

Finally, another advantage afforded by studies in mice is the ability to assess 

phenotypes that require invasive or destructive testing techniques (adapted from 

[218]). 

2.4.3 Inbred mouse strains 

History 

Dozens of different inbred mouse strains have been available for nearly a century. 

These inbred strains of mice were developed by repeated matings between siblings for 

at least 20 consecutive generations. This resulted in nearly 100% homozygosity at all 

alleles across the mouse genome. By continuing the process until the sixtieth 

generation, inbred mice eventually became 100% homozygous at all loci (except for any 

spontaneous mutations which arise), thereby providing researchers with a plethora of 

genomically identical mice. Several hundred pure inbred strains are currently available 

at The Jackson Laboratory (Bar Harbor, Maine, USA) alone, including C57BL/6J (B6) and 

http://www.ensembl.org/
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C3H/HeJ (C3H), the standard strains for many laboratories performing genetic as well 

as biologic analyses of bone. 

Genotype and phenotype 

An individual inbred strain is different from all other strains. Each strain has its own set 

of phenotypic characteristics that makes it unique and allows innumerable differences 

in physiologic behavior. One such difference is the wide variation in BMD among inbred 

strains. Beamer et al. [154] showed a large difference in the femoral volumetric bone 

mineral density (vBMD) and bone mineral content (BMC) between the inbred mouse 

strains B6 and C3H. Thus, these strains appear to be very good models for the analysis 

of high and low bone mass, respectively. The inbred mouse strains B6 and C3H are of 

similar body size but establish differences in several skeletal characteristics 

[154,156,213,215,216,219-224]. Furthermore, skeletal responsiveness to altered mechanical 

loading also varies among different inbred mouse strains [215,216,225-228]. This section 

is based in part on the review article of Rosen, Beamer, and Donahue [229] on the 

future of the mouse as a tool to map genes that define osteoporosis. 

By choosing two inbred strains that differ in a phenotype of interest, a cross can be 

made to enumerate, locate and define heritability of the genes that contribute to that 

phenotype. Crossing two inbred strains of mice results in hybrid F1 mice that are 

completely heterozygous and genetically identical amongst each other at all loci 

(Figure 10). Intercrossing F1 progeny results in F2 mice in which there is independent 

segregation and random assortment of unlinked genes. Since there are now several 

thousand of genotypic markers that are polymorphic across various strains, 

investigators can identify quantitative trait (phenotype) loci (QTLs) by genotyping and 

phenotyping all animals in an F2 population or only those at the extremes of the 

phenotype distribution.  
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Figure 10: Generation of B6 x C3H F2 intercross progeny from progenitor inbred strains B6 and
C3H. 

Different inbred mouse strains have recently been established as a valuable tool for 

studying the genetic regulation of skeletal phenotypes. Several of these phenotypes, 

including BMD, bone geometry, microarchitecture, and strength, have been shown to 

vary among different inbred mouse strains [11,62,153,154,157,170,218,221,224,230,231]. 

Genetics data from several experiments with inbred strains have been reported for the 

BMD phenotype [62,142,148,154,157,221,222,230,232-242]. The genes responsible for other 

phenotypes such as cortical thickness [222,232,240,243,244], skeletal size 

[39,222,236,242,243,245-248] and femoral biomechanics [222,230,242,249], may be 

independent of those regulating BMD. 

However, the genetic influence on skeletal bone microstructure and strength in 

these mice is site specific and complex, similar to the results described in section 2.3.3 

for human genetics of bone phenotypes. For example, C3H mice have thicker femoral 

cortices and stronger femoral shafts when compared with B6, but are deficient in 

trabecular bone structure in the proximal femur and lumbar spine [221], suggesting 

that the genes contributing to improved femoral strength have no effect or even a 

negative effect on trabecular bone structure in the spine. For this reason, an admissible 

hypothesis is that multiple genes contribute independently to cortical and trabecular 

bone microstructures and bone fragility in the B6 and C3H strains [250]. The discussion 
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about genotype-phenotype relations becomes even more complex in the case where a 

gene interferes with or prevents the expression of another gene located at a different 

locus (i.e., epistasis) or in the case where a gene produces more than one phenotypic 

expression (i.e., pleiotropy) [230]. 

2.4.4 Genetic regulation of IGF-I 
Studies in humans have established that the serum IGF-I phenotype is an inherited 

phenotype with a polygenic inheritance [176,251]. In rodents, IGF-I is the predominant 

circulating growth factor of puberty and adult life [252] and IGF-I was reported to 

account for more than 35% of the variance in BMD in mice [213]. Inbred, transgenic, and 

mutant mice provide model systems to define the genetic regulation of bone 

acquisition and its relationship to IGF-I [253]. For example, it is known that the 

distributions for serum IGF-I between B6 and C3H inbred strains are distinctly different, 

raising the possibility of using a mapping strategy with progenitor crosses, and F2 

intercross progeny, to define the heritability of IGF-I and the genetic loci that regulate 

the IGF-I phenotype [253]. In this manner, QTLs for serum IGF-I levels were mapped in 

mice [253], suggesting that the serum IGF-I phenotype has a strong heritable 

component. However, care must be taken in the interpretation of the effects of IGF-I 

levels on bone, since age-related bone loss in the female mouse is complicated by 

estrogen deficiency [254,255] and it is not clear to what extent the reported changes in 

bone thickness and mass are a consequence of aging per se or hormone deficiency 

(adapted from [256]). 

2.4.5 Age-related changes in murine bone 
In mice, age-related changes in bone have been observed in both outbred [257-259] and 

inbred mice [37,154,256,260-263]. Female B6 mice experienced significant cortical and 

trabecular bone loss from 7 to 28 months of age, along with decreased periosteal 

osteocyte and preosteoblast numbers [261]. Male B6 mice lost 60% trabecular bone 

volume at the proximal tibia and 12% cortical bone thickness at the tibial diaphysis 

between 6 and 24 months of age, concomitant with an 8% loss in bone mass [256]. The 

extent of trabecular bone loss for different inbred mouse strains was lowest among 

those with high cortical bone parameters at baseline [37]. 

Outbred CW-1 mice experienced peak bone mass at 12, 15, and 18 months of age for 

cortical, trabecular, and subchondral bone, respectively, and demonstrated a loss of 
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roughly 60% of trabecular and cortical bone tissue from peak values [257,259]. Bone 

loss in these animals may resulted from both osteoblast insufficiency and enhanced 

resorption [257,258]. Bone marrow cultures from 4- to 6- and 24-month-old B6 and 

BALB/c mice showed a moderate, age-related increase in the total number of bone 

marrow cells, consistent with the larger cavity size in older mice [264]. Finally, despite 

increasing body weight and total body BMD, age-related declines in vertebral and distal 

femoral trabecular bone volume occurred early and continued throughout life and 

were more pronounced in females than males for B6 mice [265]. 

2.5 Imaging techniques for bone morphometry 
Bone mass, which can be readily measured in everyday clinical practice by dual-energy 

X-ray absorptiometry (DXA), is a well-established determinant of the risk of 

osteoporotic fracture [266]. However, bone mineral density (BMD) is not the only factor 

involved in bone fragility and, therefore, in the individual risk of fracture [267]: 

considerable overlap occurs between BMD values in patients with and without 

fractures [268] (adapted from [269]). Other factors discussed in section 2.3.2 influence 

bone strength. In the following, imaging techniques for bone morphometry, i.e., for 

quantification of these factors, are described with special emphasis on the assessment 

of bone microarchitecture as an important determinant of bone strength. 

2.5.1 Histomorphometry 
Bone histomorphometry was developed in the 1950s to explore the various metabolic 

bone diseases [270]. Namely, quantitative histology based on stereology is the 

conventional method for quantifying bone microarchitecture, which is evaluated on 

bone sections a few microns in thickness by using an optical microscope. Several 

mathematical formulations have been proposed to extrapolate these two-dimensional 

(2D) measurements to the third spatial dimension (3D) [271]. However, these methods 

require a biopsy and may lead to errors or uncertainties, mainly due to the 3D and 

highly anisotropic nature of trabecular bone [272]. The use of 2D histomorphometric 

measurements have been shown to provide discordant results compared with 3D 

values obtained directly by X-ray μCT [273-275], for example. In addition, extensive 

specimen preparation is required for histomorphometry, which leads to destruction of 

the sample, precluding other investigations such as biomechanical tests (adapted from 

[72,269,276]). Nevertheless, histomorphometry is still an indispensable technique for 



Chapter 2:  Background 

52 

bone research as it does not only give access to static parameters reflecting the bone 

structure and microarchitecture, but particularly provides information with respect to 

bone remodeling (resorption and formation) and dynamic parameters as the rate of 

osteoblast activity using tetracycline labeling (adapted from [277]). 

2.5.2 Micro-magnetic resonance imaging (μMRI) 
Micro-magnetic resonance imaging (μMRI) has been developed as a method for 

evaluating bone microarchitecture [278], and isotropic resolutions of less than 100 μm 

have been obtained [71]. Progress in high-resolution MRI during the past 10 years offers 

a tool for the assessment of trabecular bone structure [279]. The use of μMRI is limited 

by the small size of assessable bone samples, about 1 cm3, which confines this method 

to the study of bone cylinders in vitro. Nevertheless, as a non-invasive and non-

irradiating method, μMRI may prove valuable in vivo in situations where the adverse 

effects of radiation exposure limit the use of X-ray-based technologies. At present, in-

plane spatial resolutions of 80-200 μm and slice thicknesses of 300-700 μm are 

feasible with in vivo MRI [280]. For reasons pertaining to the signal-to-noise ratio (SNR), 

μMRI can be used only at peripheral sites, such as the distal radius, distal tibia, and 

calcaneus, which serve as surrogate sites for assessing the structural alterations 

expected to be present at the main fracture sites (hip and spine). The introduction of 

new MRI machines characterized by stronger magnetic fields (> 3 tesla) and of new 

sequences for rapid acquisition, high-resolution MRI will continue to evolve [281] 

(adapted from [269]). 

2.5.3 Peripheral quantitative computed tomography (pQCT) 
The most commonly used technique to measure BMD is DXA, given its ease of use, low 

radiation exposure, and ability to evaluate multiple areas of the skeleton. However, 

DXA provides only a 2D view of bone and is therefore unable to evaluate true density or 

describe bone geometric properties. Unlike DXA, peripheral quantitative computed 

tomography (pQCT) allows assessing bone geometry as well as volumetric density and 

differentiates cortical from trabecular bone in the peripheral skeleton. Though, its 

limited availability, relatively high radiation exposure, and high cost impose currently 

restrictions on its clinical use. Several studies have investigated the capacity of pQCT 

outcomes to predict failure load [282-290]. However, the accuracy of these pQCT 

parameters were only studied lately [291] (adapted from [203,291]). Recently, a new 
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technology for in vivo clinical assessment of bone structure named 3D high-resolution 

pQCT (HR-pQCT) was introduced (XtremeCT; Scanco Medical, Bassersdorf, Switzerland; 

voxel size 82 μm) that has the potential to measure concomitantly volumetric BMD, 

bone microarchitecture, and bone apparent stiffness through a comparison with 

current gold standard measurements [292], i.e., DXA for the measurement of BMD and 

μCT for the quantification of bone morphology and stiffness. First human in vivo 

studies were published which propose to enhance the prediction of fracture risk by 

assessment of microstructural bone parameters using HR-pQCT [76,293-295]. 

2.5.4 Micro-computed tomography (μCT) 
An alternative to 3D imaging and quantification of bone microstructure is μCT 

[296,297]. Bench-top μCT scanners can achieve voxel sizes as small as 5 μm, and bone 

cylinders measuring a few millimeters to 80 mm can be studied. The radiation is 

polychromatic and the beam diverges in a fan-like or conical shape. Because trabecular 

and cortical bone produces a high level of contrast, a single threshold can be used for 

the entire image. Structure parameters obtained from μCT correlate well with those 

from traditional histology [298,299]. Nevertheless, with a resolution of 14 μm, the 

percentage difference between histomorphometry and μCT varies across parameters 

from 2.5% (bone volume density) to 6.1% (trabecular thickness). Although accurate, this 

method is invasive and can be used only on small bone samples. New devices are being 

developed for in vivo studies (down to ~50 μm  voxel size) in small animals [300-303]. 

One concern of μCT is the radiation dose, which despite not being lethal, may be high 

enough to induce changes in the immune response and other biological pathways, so 

that experimental outcomes could be affected [304]. However, no effects of in vivo μCT 

radiation on structural parameters in proximal tibia of wistar rats were detected after 

eight weekly scans [305] (adapted from [306-308]). 

2.5.5 Synchrotron radiation computed tomography (SR CT) 
Results of the investigation in rat models of osteoporosis with μCT have been reported 

[309-311]. In these studies, μCT at respective voxel sizes between 9 and 24 μm was used 

for the visualization and evaluation of cortical bone architecture. If instead, the mouse 

with smaller bone structures shall serve as the animal model, μCT systems with higher 

spatial resolutions are required. The combination of synchrotron radiation (SR) and CT 

techniques fulfills this condition [312]. In a SR CT setup, the X-ray tube of a conventional 
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CT machine with a polychromatic X-ray spectrum is replaced by a SR facility, which 

provides monochromatic X-rays at a much higher photon flux. The use of a single X-ray 

energy prevents beam hardening artifacts that can appear when a polychromatic 

source is used [313]. Moreover, the nearly parallel beam profile enables exact CT 

reconstruction [314]. Due to the high photon flux, high SNR ratios at spatial resolutions 

in the order of a few microns are available, which allow studying the murine bone 

microarchitecture in vitro [231,311,315] and in vivo [316] (adapted from [231]). In addition, 

SR CT using a monochromatic X-ray beam directly provides accurate 3D maps of the 

linear attenuation coefficient within the sample. The absorption depends on the 

amount of mineral content (i.e., hydroxyapatite) that can be related to the differences 

in gray levels in the reconstructed CT images (adapted from [317]). Consequently, SR CT 

was recently adapted for quantitative assessment of the mineralization for human 

[317-322], rat [323,324] and murine [231,316,325] bone. 

2.6 Synchrotron radiation computed tomography 
As discussed above in section 2.5.5, SR-based CT is the 3D imaging method of reference 

for quantitative evaluation of murine bone microstructure. On this account, we give 

here a short overview on μCT in general and on SR CT in particular. This section is based 

in part on [306,326]. 

2.6.1 Technical development 
The first clinically practical CT method was introduced in the early 1970s. The state of 

the art in clinical CT scanners allows volume imaging with voxels that are of the order 

of 1 mm3 over an axial height of several centimeters that is scanned within half a 

second. Although these scanners are also of some use for small-animal imaging, special 

purpose, high-resolution CT scanners are necessary for many studies of intact small 

animals and reasonably large (> 1 cm3) tissue specimens [327]. Several reviews of μCT 

and its applications have been published [306,312,328,329]. 

In the early 1980s, the first μCT scanners were developed [330-334] using bench-top 

X-ray CT sources. An important landmark was the work of Feldkamp who developed a 

CT scanner for structural analysis of ceramics in turbine engines. In 1981, he built a 

scaled-down CT scanner using a microfocus X-ray source, a sensitive camera, and a 

fluorescent screen. By modifying the fan-beam reconstruction algorithm, Feldkamp and 
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Davis advanced from a fan-beam to a cone-beam geometry [334]. Bench-top μCT was 

used subsequently for the first time to study bone microarchitecture [335]. The cone-

beam method, however, limits the axial extent of the specimen that can be scanned in 

one measurement. A third method, developed by Kalender et al. [336] involves 

continuously translating the specimen along its axis of rotation (helical CT) [337], which 

has the advantage that long specimens can be scanned intact, independent of the 

imaging array’s axial length. The current phase of μCT development, which started in 

the mid 1990s, involves bench-top scanners that can assess specifically small rodents. 

With the introduction of SR sources, μCT with a spatial resolution of a few microns 

has become possible. The use of SR provides several advantages over conventional 

methods for CT. Sufficient intensity of monochromatic radiation is available to 

eliminate the effects of beam hardening, the energy can be tuned for optimum 

contrast versus radiation dose, and, due to the natural collimation of the beam, large 

distances between the specimen and the detector can be used to reject scatter. A 

disadvantage is the stationary beam, so that the object must be rotated about an axis 

perpendicular to the plane of the beam. Other drawbacks are the sophisticated 

infrastructure of SR facilities and their limited access to the experimental stations 

dedicated to CT (for life sciences) because of their small number (currently ~10 

worldwide). 

2.6.2 Experimental μCT setup 
All μCT scanners follow the same general plan: an X-ray source, a specimen that is to be 

imaged, a signal-converting imaging array from optics (X-rays) to electronics (electric 

signal), and a device that either rotates the specimen within the stationary scanner or 

rotates the scanner around the fixed specimen. All μCT scanners are based on this 

same principle, but there are three different approaches for achieving the 

magnification needed to exceed the inherent spatial resolution of the X-ray image 

conversion to signal system (Figure 11). The left panel shows the conventional X-ray 

cone-beam setup, which projects a magnified X-ray image onto a large-area imaging 

system. The middle panel shows the principle of optical magnification, where the X-ray 

image is magnified by a subsequent optical component, which is either a lens or a 

tapered fiber-optic coupling (not shown here). The right panel shows the use of a Bragg 

interferometer that can be used to magnify the image by virtue of photon wavelength-

specific diffraction rather than specular reflection. 
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Figure 11: Basic principles of different X-ray μCT scanners [306]. 

Bench-top X-ray sources are generally microfocus (i.e., spot diameter < 100 μm). A 

thin (< 0.5 mm) fluorescent crystal plate (scintillator) converts X-rays to visible light. 

However, there is an important tradeoff. A thicker crystal plate will convert more X-ray 

photons to light and therefore increases the SNR, but concomitantly increases the 

probability for the light to stray before it leaves the crystal and thus, deteriorates the 

spatial resolution of the imaging system. Another concern is the lag of any fluorescent 

material, which denotes here the time photons are still emitted by the scintillator after 

the X-ray exposure has ceased. This can cause superposition and/or blurring of 

different angles of view. Most μCT scanners use a fluorescent image that is coupled to 

a charge-coupled device (CCD) and which converts visible light to an electric signal via 

an optical lens or a fiber optic. The lens is relatively inefficient at optical coupling, but it 

has the advantage of variable magnification. The fiber optic is much more efficient, but 

magnification is fixed. 

2.6.3 Experimental SR CT setup 

Insertion devices 

At the very beginning, the SR emitted by an electron beam passing through a bending 

magnet has been used for experiments. It is spread over a wide horizontal fan as 

shown in Figure 12. Since the specimens are normally small, only a fraction of the 

emitted radiation is used for investigation of the sample and most of it is lost. In 

addition, the horizontal resolution is rather poor. This section is based in part on 

[338,339]. 
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Figure 12: Synchrotron radiation emitted by a bending magnet [338]. 

Much better beam quality and significantly higher brilliance is provided by wiggler 

and undulator (W/U) magnets installed in special straight sections in electron storage 

rings. These types of magnets are often summarized under the name insertion devices. 

The general arrangement of such magnets is sketched in Figure 13. It consists of a 

sequence of short bending magnets of constant length. Along the beam axis the 

resulting electron beam path can be described in good approximation by a sine curve 

with the period length λ. The overall bending angle of this device vanishes. Moreover, 

sufficiently long straight sections are required in modern storage rings for SR to install 

the W/U magnets. 
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Figure 13: General layout of a wiggler or undulator magnet [338]. 

The design of wiggler magnets is basically the same as of undulator magnets. The 

difference is the field strength. Wigglers provide a strong field resulting in a wide 
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horizontal opening angle of the emitted radiation. The wide photon spectrum is very 

similar to that of a bending magnet. The opposite are undulators with rather weak 

fields and correspondingly small opening angles of synchrotron light. In this case, the 

photons can interfere and the emitted radiation is mainly coherent with a wavelength 

determined by the period length of the undulator and the beam energy. The intensity 

of this coherent radiation is by orders of magnitude higher than achieved form simple 

bending magnets. 

Storage ring 

The most advanced storage rings built during the 1990s are based on two main 

characteristics: low electron-beam emittance and many straight sections for insertion 

devices. The SR is essentially produced by wiggler and undulator magnets. These 

sources are capable of providing over 10,000 times brighter radiation than the second-

generation sources that employ bending magnets as the primary source of SR. These 

are typified by 2-8 GeV electron energies and 300-1600 m circumference rings. 

Examples include the Advanced Light Source (ALS) and the Advanced Photon Source 

(APS) in the United States, ELETTRA in Italy, BESSY II in Berlin, the European Synchrotron 

Radiation Facility (ESRF) in France, and Super Photon Ring-8 (SPring-8) in Japan. Modern 

technological developments have recently lead to the construction of a large number of 

smaller circumference rings operating in the 2-3 GeV range and providing insertion 

device radiation with brightnesses similar to higher energy rings. A good example is the 

Swiss Light Source (SLS) in Switzerland. 

A general schematic of a modern storage ring suitable for insertion devices as 

radiation sources is shown in Figure 14. The electrons, with the energy at which they are 

to be stored, are injected into the radio frequency (RF) buckets in the storage ring. The 

number of electrons in each bucket and the number of filled buckets determine the 

total current and the lifetime of the stored electron beam. The storage ring constrains 

the small electron beam in a circular orbit with the use of bending magnets. The 

emittance of the electron beam is defined and maintained by quadrupoles and 

sextupoles in the storage ring lattice. As the electrons are accelerated through the 

bending magnets and insertion devices, SR is generated. The energy lost by the electron 

beam from the emission of SR is replenished through the RF cavity in the storage ring. 
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Figure 14: General layout of a modern light source of the third generation [338]. 

In third-generation sources, low emittance is achieved either by increasing the 

number of bending magnets and the bending radius (e.g., APS, ESRF, SPring-8), or by 

reducing the operating energy of the storage ring (e.g., ALS, ELLECTRA, BESSY II, SLS). 

The short beam lifetimes inherent to low-energy storage rings and operation with a 

small number of stored RF buckets can be mitigated in two ways. An increase in the 

momentum acceptance of the storage ring using superconducting RF cavities will 

increase the lifetime in low-energy storage rings. Alternatively, the lifetime can be 

increased through frequent top-up injection in which the stored current is kept nearly a 

constant. An example for the implementation of both approaches is the SLS. 

Beamline 

The radiation beams from various sources on a storage ring are extracted through 

beamlines, which are usually tailored by appropriate optics and apertures to meet the 
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needs of the experiments (Figure 15). Briefly, a beamline comprises three components: 

the front-end, beamline optics, and the experimental station downstream. 
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Figure 15: Typical design of a beamline (ESRF, http://www.esrf.eu) 

The front-end, which is typically behind the main concrete shielding wall, contains 

vacuum isolation valves and/or beryllium or diamond windows to protect the storage 

ring from vacuum mishaps on the beamline, and cooled apertures to limit the 

horizontal extent of the beam. Most important, it contains thick metal safety shutters, 

which, when closed, prevent X-rays from passing further down the beamline. 

The beam transport typically consists of one or more beryllium or diamond 

windows, to isolate the beamline vacuum from that of the storage ring, and evacuated 

beam pipes to conduct the beam into the experimental station. Along the beam path, 

between the storage ring and the experimental station, there may be one or more 

optics enclosures, which contain X-ray optical devices such as a monochromator and 

focusing mirrors. Many synchrotron beamlines are equipped with focusing mirrors to 

increase the photon flux on the sample. To produce micrometer sized focused beams, 

one employs highly demagnifying optics to image the source onto the sample. 

Experimental station 

The experimental station for hard X-ray experiments is typically a steel or steel/lead 

enclosure. The experimenter has access to the station to change samples, and align 

http://www.esrf.eu/


2.6:  Synchrotron radiation computed tomography  

61 

equipment as long as the shutters are closed. When ready for data collection, the 

station is interlocked to prevent access and the safety shutters are opened. The 

experimental station contains manipulators to position the sample, optics to view the 

sample, and detectors to measure the fluorescent, scattered or diffracted X-rays. The 

details of the actual setup depend entirely on the type of experiment to be performed. 

The Materials Science Beamline at the Swiss Light Source 

The Swiss Light Source (SLS) is a third-generation synchrotron facility (2.4 GeV, 400 mA) 

at the Paul Scherrer Institute (PSI), which runs in top-up injection mode. This section is 

based on [340,341]. The designation of the SLS as a third-generation SR source refers to 

the emphasis for X-ray radiation generation by insertion devices. The hardest X-rays at 

the SLS (5-40 keV) are generated at the Materials Science (MS) beamline [340,341], 

which is a multipurpose facility dedicated to X-ray tomographic microscopy (XTM 

station), powder diffraction (PDiff station), and in situ surface diffraction (SDiff station). 

At the MS beamline, the electron source size is 76 μm horizontally and 8 μm vertically 

(full width at half maximum) and the beam divergence is 63.2 x 3.0 μrad2. SR is 

extracted at the straight section 4S of the SLS with a minigap hybrid wiggler with a 

period length of 61 mm. The angular acceptance in monochromatic mode, determined 

by a fixed collimator in the front-end, is 0.23 mrad vertical by 2.5 mrad horizontal. 

The instrumentation of the XTM station uses the principle of optical magnification 

(cf. Figure 11) and is displayed in Figure 16 and Figure 17. The detector combines a 

transparent luminescent screen (scintillator) with a microscope optic (Optique Peter, 

Lyon, France) magnifying sample projections onto the CCD camera (Pixel Vision Inc., 

Portland, USA). The camera with 2048 x 2048 pixels and a pitch of 14 μm provides a 

nominal dynamic range of 14 bit for full-frame read-out. The microscope is equipped 

with a revolving nosepiece accommodating lenses of varying magnification (2-x, 4-x, 

10-x, and 20-x). Together with a 2-x relay lens, the theoretical pixel size varies between 

350 nm and 3.5 μm, providing a field of view between 715 x 715 μm2 and 7.15 x 7.15 mm2, 

respectively. Ce-doped Y3Al5O12 (YAG) single crystal scintillator screens (Crismatec Saint-

Gobin, Nemours, France) which convert the impinging X-ray beam into visible light 

have been used for all measurements within this thesis. The detector unit is mounted 

on a three-axis system (Schneeberger, Roggwil, Switzerland) with translation in the 

same axis as the beam. 
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Figure 16: Instrumentation of the X-ray Tomographic Microscopy (XTM) station of the Materials
Science (MS) beamline at the Swiss Light Source (SLS) [342]. 
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Figure 17: Detail view of Figure 16. The magnification can be changed by using the revolving
nosepiece accommodating the different lenses. Note that during measurement the sample-to-
detector distance is set to a minimal possible value for standard CT (i.e., based on X-ray 
absorption). 
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3.1 Synchrotron radiation-based local computed 
tomography method for the assessment of hard tissues in 
the submicron domain 
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(2) Swiss Light Source (SLS), Paul Scherrer Institut (PSI), Villigen, Switzerland 

Abstract 
During the last two decades micro-computed tomography (μCT) has become the 

method of choice for the non-destructive assessment and static morphometry of bone 

architecture in a quantitative and truly three-dimensional (3D) fashion [1,2]. With the 

advent of third-generation synchrotron radiation (SR) sources, μCT in the micrometer 

range has become feasible and has been employed to analyze trabecular architecture 

and local bone tissue properties [3-5]. Owing to limitations regarding the tradeoff 

between object size and spatial resolution, non-destructive conventional global CT of 

hard tissues such as bone remains unachievable in the submicron domain so far. In this 

letter, we report for the first time on a SR-based local CT method in the submicron 

domain, which overcomes the present experimental limitations. In particular, we 

devised a local CT correction algorithm, which allows non-destructive assessment, 

quantification, and subsequent morphometric analysis of the bone ultrastructure 

down to the cellular level. More generally, our strategy is applicable to new 

developments towards nano-computed tomography (nCT) and therefore, provides the 

prerequisite for 3D investigations of intact hard tissues at unprecedented resolutions. 

Body 
Traditionally, bone architecture is studied by optical microscopy, based on two-

dimensional (2D) histomorphometry. Classical bone histomorphometry involves 

embedding and serial sectioning of the sample, which is laborious as well as 

destructive, and additionally, implies model assumptions for the computation of 3D 

morphometric indices, as it is inherently a 2D technique. In comparison [6], μCT 

overcomes these limitations, since it is a non-destructive and truly 3D technique. 
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Moreover, the continuously increasing spatial resolution capabilities of CT systems 

provide a more detailed insight into bone tissue. For instance, several authors have 

recently assessed and partly quantified the canal network within human cortical bone 

[7-9]. 

Currently, synchrotron radiation (SR) facilities offer CT systems running at spatial 

resolutions down to around 1 μm [10] and novel techniques are under development [11] 

for CT below 100 nm. A typical experimental station dedicated to SR μCT [12] operates 

at present in their standard mode as a transmission microscope for a low-divergence X-

ray beam, where the magnified microradiographic projections of the specimen are 

captured by a charge coupled device (CCD), after being converted by a transparent 

luminescent screen (scintillator) into visible light. According to this experimental setup, 

the spatial resolution of such as system is consequently limited by wave-front 

aberrations arising from the depth of focus (or defect of focus) as well as by diffraction 

and spherical aberrations owing to the thickness of the scintillator and its substrate 

[13]. As a result, the combination of scintillators with optical magnification allows SR CT 

down to resolutions of a few hundred nanometers. 

However, SR CT systems are only rarely used close to their full resolution capacity 

for the examination of biological specimens [14-16]. This is primarily due to the fact that 

for a given CCD with a fixed pixel array, every increase in magnification of the optical 

system is accompanied by an equal reduction in the fraction of the recorded sample 

projection, i.e., by a decrease in the field of view (FOV). In other words, the maximal 

sample size that can be assessed by current SR CT setups in its standard mode is limited 

by the magnification of the optical system. Namely, the most popular category of CCD 

cameras presently in use for SR CT applications [10] are equipped with an image area 

up to 2048 x 2048 pixels and thus, restrict the sample diameter to less than 1 mm in 

cross section for observations at a theoretical pixel size below 0.5 μm or for a 

corresponding spatial resolution in the order of 1 μm, respectively. Since (biological) 

specimens are typically larger than 1 mm, this constraint prevents non-destructive 

investigations in the micron and submicron regime. 

A straightforward approach to tackle this limitation is to focus exclusively on a 

fraction of the specimen by cutting it physically to a size smaller than the maximal FOV. 

To evaluate this first approach for bone tissue, we excised a cortical sector from the 

femoral mid-diaphysis of a mouse using a scalpel. The bone section was then measured 
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at the X-ray Tomographic Microscopy (XTM) station [12] of the Materials Science (MS) 

beamline at the Swiss Light Source (SLS) at a theoretical pixel size of 350 nm. A 

reconstructed slice of the cortical bone is shown in Figures 1A and 1B, where the canal 

network and the osteocyte lacunar system are clearly visible. At the same time, Figure 

1A illustrates that cutting the bone tissue causes initiation and progression of fractures, 

which eventually lead to the separation of bone fragments and which are in 

diametrical opposition to the advantage of CT as a non-destructive imaging technique. 

Moreover, the selection and mechanical dissection of a predefined bone site becomes a 

challenging task for sample dimensions of a few hundred micrometers only. Finally, the 

integrity of bone specimens cut for CT measurement is destroyed and any subsequent 

histomorphometric examination is precluded at the outset. For all these reasons, 

mechanical reduction of the sample size as presented beforehand is undesirable for 

submicron SR CT. 

A B

Canal
network

Osteocyte
lacunae100 μm 

A B

Canal
network

Osteocyte
lacunae100 μm 100 μm 

 

Figure 1: Artifacts arising from mechanical cutting of bone tissue. A-B, Reconstructed slices of a 
cortical sector from two murine femoral mid-diaphyses. A, Microfractures, fractures, and 
separate bone fragments owing to mechanical cutting of the bone tissue are clearly visible. 
Data has been assessed by global SR CT at 350 nm theoretical pixel size. B, The specimen 
remained intact due to the presented local tomographic method, which allowed for non-
destructive assessment, quantification, and subsequent morphometric analysis of bone 
ultrastructure down to the cellular level. Data has been assessed by local SR CT at 350 nm
theoretical pixel size. 

Here we present an alternative strategy, where we developed a non-destructive 

local SR CT method operating at a theoretical pixel size in the submicron regime, which 

can be implemented for already existing experimental stations dedicated to SR CT. In 

our local CT setup, the specimen was bigger than the FOV perpendicular to the rotation 
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axis and therefore, only a portion of the whole sample was assessed. This allowed for 

high-resolution CT without destruction of the specimen. However, the major problem 

with local CT measurements is the loss of information required by theory for a proper 

reconstruction of the specimen’s density function, which is a direct consequence of the 

partial recording of the sample projections. In contrast, the sample projections are 

captured entirely in the case of a standard (i.e. global) CT setup, and correct 

reconstruction of the specimen is feasible [17]. On this account, several mathematical 

local tomographic methods have been derived to localize the reconstruction [18], which 

entail only integrals over lines close to the point to be reconstructed. However, these 

local tomographic methods never reconstruct the original density function of the 

specimen, but only related functions which behave similarly. Especially for hard tissues, 

i.e. for highly absorbing X-ray materials such as bone, residual contrast errors (contrast 

anomalies) within the reconstructed images can hamper their interpretation [19]. 

Furthermore, mathematical local tomographic methods have not been established as a 

standard method up to now, such as the conventional filtered backprojection (FBP) for 

global CT as introduced by Shepp and Logan [20]. For these reasons, they have been 

used only infrequently for medical imaging [21-23]. 

In this study, we introduce a pragmatic local tomography method correcting for 

cupping [24] as the most prominent contrast anomaly in the reconstructions obtained 

from FBP. Cupping refers to the effect that for a local CT measurement, fractions of the 

sample outside of the FOV are not reconstructed, but add image energy during FBP, 

which finally lead to a radial increase of the gray values towards the edge of the 

reconstruction circle. This effect is shown in Figure 2A, where we measured the 

trabecular compartment of a canine lumbar vertebra with our local SR CT setup at a 

theoretical pixel size of 350 nm, including subsequent two-fold binning. 
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Figure 2: Radial gray value profile correction for local synchrotron radiation (SR)-based CT. A, 
Reconstructed slice of the trabecular compartment of a canine lumbar vertebra. The effect of
increased gray values for larger radial distances from the reconstruction center (midpoints) is
called “cupping” and is due to the local tomographic measurement setup. B, Reconstructed 
slice after radial polynomial gradient (RPG) correction. The radial gray value profile became flat 
compared to the original reconstruction shown in Figure A. C, Original reconstructed slice after 
global thresholding. Apparently, segmentation by global thresholding was unfeasible due to 
cupping. D, Corrected slice after global thresholding. Bone segmentation using global 
thresholding became feasible due to the presented RPG correction. A-D, Data has been 
assessed by local SR CT at 350 nm theoretical pixel size with subsequent two-fold binning. 

For 3D analysis and visualization, segmentation of the gray-scale image data is 

necessary. Nevertheless, typical segmentation schemes such as global thresholding fail 

when cupping is present (Figure 2C). As a consequence, morphometrical quantification 

of the binarized bone ultrastructure is no longer feasible. There is no theoretical basis 
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for determining analytically the necessary cupping correction [25] when using local 

tomography reconstruction theory [18,24,25]. For this reason, we heuristically 

quantified the cupping effect by calculating the gray value of the bone tissue 

depending on the distance from the reconstruction center (midpoints of Figures 2A-D) 

and by averaging the obtained values for 256 consecutive reconstructed slices. The 

resulting gray value profile (denoted as “Original” in Figure 3) followed a second degree 

polynomial (R2 = 0.99). To verify this result, we scanned the mid-diaphyseal cortical 

bone of seven C3.B6-lit/lit mouse specimens at four different anatomical sites (anterior, 

posterior, lateral, medial) with the same setup and we evaluated the gray value profile 

of all 28 measurements in a similar manner. For all these data sets, the radial gray value 

profile could be characterized by a second degree polynomial (0.98 ≤ R2 ≤ 0.99) like 

previously found for the canine vertebral bone. In a next step, we corrected the 

reconstructed canine trabecular bone compartment applying the radial polynomial 

gradient (RPG), as illustrated in Figure 2B. In comparison with the original 

reconstruction (Figure 2A), the radial gray value profile became flat, which was 

corroborated by the quantification denoted as “RPG” in Figure 3. 
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Figure 3: Quantification of the radial gray value profile within reconstructed bone tissue
assessed by local synchrotron radiation (SR)-based CT. Radial gray value profile for the original 
reconstructed data set of the trabecular compartment of a canine lumbar vertebra shown in 
Figure 2A and for the same data set after radial polynomial gradient (RPG) correction depicted 
in Figure 2B. The radial gray value gradient profile of the original tomographic data set
(“Original”) described by a second degree polynomial became flat after RPG correction (“RPG”). 
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Finally, global thresholding yielded accurate segmentation as demonstrated in 

Figure 2D and allowed for potential quantitative morphometric analysis of the bone 

ultrastructure. To summarize these results, a local SR CT strategy was devised, which 

provided for the first time a method for the non-destructive assessment and 

quantitative evaluation of hard tissues in the submicron domain. 

As a first application of the novel SR-based local CT method, we addressed our 

original problem, where the ultrastructural examination of murine bone failed because 

of deterioration of the bone tissue owing to mechanical cutting, which was a 

requirement for conventional (i.e. global) CT in the submicron regime. We measured 

locally the femoral mid-diaphysis of one C3.B6-lit/lit mouse and disentangled the 

intracortical porosity into the canal network and the osteocyte lacunar system as 

previously described [26]. Figures 4A-C reveal the close entanglement of the osteocyte 

lacunae (prolate ellipsoids in yellow) and the canal network (tubes in red) within 

cortical bone (semitransparent envelope). Prepared in this manner, the canal network 

and the osteocyte lacunar system are ready for quantitative morphometry and with 

that, they constitute ultrastructural phenotypes, which are inaccessible to date in 3D 

and without image artifacts using traditional imaging methods like histology and 

confocal laser scanning microscopy (CLSM). Consequently, the delineated strategy for 

local submicron CT pushes the frontiers of 3D quantitative morphometry to the cellular 

level in biological samples of relevant object size. In addition, our approach is applicable 

to new developments towards nano-computed tomography [27,28] and therefore, 

provides the prerequisite for non-destructive and quantitative 3D investigations of hard 

tissues with unprecedented resolutions of 100 nm and below. 

In conclusion, a correction algorithm for SR-based local CT has been devised which 

tackles for the first time the existing object size limitation encountered in conventional 

CT setups for submicron imaging of hard tissues. Our method offers a strategy for SR-

based CT assessment and quantitative analysis of intact specimens larger than the 

reconstruction circle in a truly 3D fashion and at unprecedented resolutions in the 

submicron regime. 
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Figure 4: Ultrastructural phenotypes within murine cortical bone. A-C, Osteocyte lacunae 
(prolate ellipsoids in yellow) and the canal network (tubes in red) within the femoral mid-
diaphysis of a C3.B6-lit/lit mouse. Figures A-C show the same cortical site at different length 
scales. Data has been assessed by local SR CT at 350 nm theoretical pixel size with subsequent
two-fold binning. 

Animals and methods 
Animals 
The beagle dog was raised at Indiana University School of Medicine’s AALAC-accredited 

facility (Indianapolis, IN, USA) and was sacrificed at the age of one year. The cranial 

portion of the third lumbar vertebra (L3) was dissected and stored for analysis. Seven 

C3.B6-Ghrhrlit/J (C3.B6-lit/lit) mice were purchased at Harlan Netherlands B.V. (Horst, 
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The Netherlands) and provided by The Jackson Laboratory (Bar Harbor, ME, USA), 

respectively. Upon necropsy at 16 weeks one femur of each specimen was dissected and 

stored for analysis. All animal procedures were approved by the respective authorities. 

Experiment 
The SR CT measurements were performed in air at the X-ray Tomographic Microscopy 

(XTM) station [12] of the Materials Science (MS) beamline at the Swiss Light Source 

(SLS). A total of 1001 projections were acquired over a range of 180 degrees at a photon 

energy of 17.5 keV and at a theoretical pixel size of 350 nm. To increase the signal-to-

noise ratio (SNR) of the beagle measurement, the data was additionally binned twice, 

resulting in a theoretical pixel size of 700 nm. The projections were reconstructed using 

filtered backprojection (FBP) for parallel-beam geometry with a Butterworth filter 

function in the convolution kernel. 

Image processing 
A sinogram-based algorithm was devised to eliminate ring artifacts, which arose from 

defects on the scintillator of the optical system at the XTM station and which were 

clearly visible in the reconstructed slices. To partially suppress noise within the 

reconstructed tomographic data sets, a constrained Gaussian filter was applied. 

Subsequently, iterative global thresholding [29] provided binarized data sets separating 

bone matrix from soft tissue and air. Negative imaging was previously described [26] 

and was applied here to assess the porosity within murine cortical bone. In this context, 

negative imaging denotes the technique to first measure the matrix of a porous 

structure using CT, and subsequently, to extract the enclosed porosity as a negative 

imprint of the surrounding matrix. In this study, the extraction of the cortical void 

spaces comprised a combination of different image processing procedures using the 

IPL software (Scanco Medical AG, Bassersdorf, Switzerland), including morphological 

operators. They were optimized to extract the canal network and the osteocyte lacunar 

system within cortical bone as two separate phases. 
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Abstract 
Recent evidence suggests a close functional relationship between osteogenesis and 

angiogenesis, as well as between bone remodeling and bone vascularization. 

Consequently, there is a need for visual inspection and quantitative analysis of the 

bone vasculature. We therefore adapted and implemented two different vascular 

corrosion casting (VCC) protocols using a polyurethane-based casting resin in mice for 

a true three-dimensional (3D), direct, and simultaneous measurement of bone tissue 

and vascular morphology by micro-computed tomography (μCT). For assessment of 

vascular replicas at the level of capillaries in combination with the cellular composition 

of bone tissue, a vascular contrast perfusion (VCP) protocol was devised using a 

contrast modality based on a barium sulfate suspension in conjunction with 

synchrotron radiation (SR) μCT. The vascular morphometry quantified using the VCP 

protocol was compared quantitatively with the results of a previously established 

method, where the vascular network of cortical bone was derived indirectly from 

cortical porosity. The present VCC and VCP framework has the potential of serving as a 

valuable method for concomitant 3D quantitative morphometry of the bone tissue and 

its vasculature. 
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Introduction 
Growing evidence suggests that vascular architecture within bone and vascular-

derived factors play an important role regulating bone cell physiology and the 

concerted action of the bone cell network [1]. In general, bone cell survival depends on 

the proximity to vessels providing continuously nutrients [2], and interruption of the 

blood supply can lead to avascular necrosis [3,4]. In particular, there are many 

indications for a close relationship between osteogenesis and angiogenesis as well as 

between bone remodeling and bone vascularization [5-9]. Recently, the coupling 

observed between bone resorption and bone formation during bone remodeling was 

proposed to be mediated by bone vascularization [10]. Furthermore, vascular 

endothelial growth factor (VEGF) and angiopoietins were located at modeling and 

remodeling sites of growing bones of human neonatal ribs [11], and linear relationships 

between bone formation and vascular parameters in rat trabecular bone were 

identified [12]. It is therefore essential to better understand the anatomical and 

functional relationship between bone tissue and the associated vascularization. 

However, simultaneous, direct and real 3D methods for the quantitative assessment of 

both bone and vasculature are rare, especially in small rodents such as mice [13]. The 

lack of spatial resolution of current methods typically does not give access to the 

capillary and cellular level of the vascularization and the bone tissue. Consequently, 

there is a fundamental need for visual inspection and direct quantitative 3D analysis of 

murine bone and bone vascularization concurrently. 

In general, vascular corrosion casting (VCC) in conjunction with scanning electron 

microscopy (SEM) has been widely used for imaging organ and tissue vasculature of 

many different species [14]. Casts are produced by filling an internal luminal system or 

space with a liquid medium which solidifies in situ. The surrounding tissue and bone is 

then removed (corroded) and the resulting replica is dried, rendered conductive, and 

examined using SEM [15,16]. In particular, VCC combined with SEM was applied for the 

study of the vasculature and the microvasculature of bones primarily in rats [17-23]. 

While vascular corrosion casts represent the 3D architecture of the vascular network, 

SEM can only provide two-dimensional (2D) data. Because of these limitations, 

photogrammetric methods have been devised, where stereoscopic SEM images are 

digitally acquired [24-27]. Nevertheless, these methods exclusively allow the 

reconstruction of the vascular surfaces in terms of height maps and hence, are 
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inherently 2.5D, i.e., pseudo-3D only [26]. Moreover, there is a wide range of error 

possibilities in the field of SEM photogrammetry that has to be taken into account 

during image acquisition and through image quantification [25], which additionally 

complicate accurate morphometric measurements. 

For a true 3D and direct assessment of the vasculature, X-ray micro-computed 

tomography (μCT) and synchrotron (SR)-based μCT techniques have been adapted [28-

32] and were used in combination with VCC and with a technique we would like to call 

vascular contrast perfusion (VCP). For VCP, the vasculature is perfused with a high X-ray 

absorbing contrast agent, and unlike VCC, the surrounding tissue is not always 

corroded for CT imaging. Both vascular replica techniques (VCC and VCP) were primarily 

applied in rodents. Recently, μCT along with VCP was used without corrosion in rats to 

study weight-bearing induced vessel formation during distraction osteogenesis [33] 

and with corrosion in the mouse to analyze collateral vessel development after 

ischemic injury [13]. However, quantitative evaluation of bone vascularization in small 

rodents like mice remains a challenging task due to problems of casting material, 

specimen preparation as well as tomographic imaging. Recently, a new polyurethane 

(PU)-based casting material was described [34,35] with improved chemical and physical 

characteristics that allow less fragile reproduction of vasculature, increasing X-ray 

opacity, and high reproduction quality. Here, we propose an integrative approach of 

concomitant assessment of murine bone and its vasculature. This included the use of 

the PU-based casting material with three different adjusted vascular replica protocols 

(two VCC, one VCP) to optimize X-ray opacity, partial tissue maceration to keep bone 

intact, and the necessary sample stability for conventional and SR μCT. This allowed 

application of CT to image vascular replicas and bone tissue down to the capillary and 

cellular level respectively in a single measurement. 

Materials and methods 
Animals 
Hind limbs of adult C57BL/6J mice (N = 60, in house breeding) were employed for the 

development of the two VCC protocols. Additionally, C57BL/6J mice (N = 2) (RCC Ltd, 

Fuellinsdorf, Switzerland) were dedicated to the examination of the VCP protocol. 
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Materials 
For the two VCC protocols, a polyurethane-based casting resin (PU4ii, vasQtec, Zurich, 

Switzerland) was used, which shows low viscosity, timely polymerization, and minimal 

shrinking and thus, provides high quality casts, including the finest capillaries [34,35]. 

For the VCP protocol, barium sulfate (BaSO4) particles (Sachtleben Chemie GmbH, 

Duisburg, Germany) with a mean particle size less than 1 μm were dispersed for 10 

minutes using a conical bead mill (Bühler AG, Uzwil, Switzerland) in suspension, 

containing 3% bovine gelatin and with a resulting barium concentration of 500 mg/ml. 

Animal preparation 
For the VCC protocols, the animal preparation was described in detail elsewhere [36]. 

Briefly, the mice were deeply anesthetized with 100 mg/kg pentobarbital and 

intracardially perfused through the left ventricle with heparinized artificial cerebro-

spinal fluid (ACSF). The perfusion (20-30 ml) was continued for 2-5 minutes at a 

constant rate and immediately followed by injecting 4% paraformaldehyde in 

phosphate buffered saline (PBS) (20-30 ml) for prefixation of the vascular system. 

Subsequently, the PU4ii resin was infused at the same rate (4 ml/min). For the VCP 

protocol, deeply anesthetized mice were transcardially perfused with heparinized PBS 

followed by 4% paraformaldehyde (PFA). Then, the dispersed BaSO4 suspension was 

injected. After sacrifice, one leg of each mouse was dissected, skinned, and stored in 4% 

PFA. All animal preparation was performed by trained and licensed personnel and was 

in accordance with federal and institutional guidelines. 

Vascular replica protocols 
The two VCC protocols begin similarly with corrosion (maceration) of the soft tissue, 

before they branch off into two distinct protocols. The first VCC protocol (I) represents 

an adaptation of the classical VCC approach, where the soft and bone tissues were 

resorbed and the remaining vascular replica was stained and freeze-dried for CT 

imaging. The second more advanced VCC protocol (II) involved bone decalcification, 

delipidation of the marrow cavity, and freeze-drying of the sample. In the following, the 

two VCC protocols are presented in detail. The VCP protocol required no further 

specimen treatment in addition to the animal preparation steps described before. 
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Maceration 

The absorption of the casting medium (PU4ii) and the soft tissue of the murine hind 

limbs were very similar for X-rays at the energy spectrum covered by the μCT systems 

(around 30 keV). Therefore, for both VCC protocols, soft tissue was corroded 

(macerated) for X-ray absorption-based μCT assessment and segmentation of the 

vascular corrosion cast by digital thresholding of the 3D tomographic dataset. Two 

different solutions for maceration of skinned hind limbs were tested, 2% Alcalase® 

(Novozymes A/S, Bagsvaerd, Denmark) and 7.5% potassium hydroxide (KOH) (Fluka 

Chemie GmbH, Buchs, Switzerland): immersing in Alcalase® and KOH did not result in 

any changes in PU quality over time as verified by visual inspection using a stereo 

microscope. 

VCC protocol I 

For investigation of the vascular corrosion cast only, bone needed to be separated 

before μCT scanning (bone resorption). For this purpose, specimens were immersed in 

5% formic acid (Fluka Chemie GmbH, Buchs, Switzerland). Immersing in formic acid 

changed neither the morphology nor the quality of the PU over time, as verified by 

visual inspection under a stereo microscope. In order to increase the signal-to-noise 

ratio (SNR) and to reduce CT scanning time, the PU corrosion casts were immersed in 

2% osmium tetroxide (OsO4) solution [37] and were mounted on a rocking shaker for 48 

hours (staining). The staining solution was prepared earlier by dissolving osmium 

crystals (Electron Microscopy Sciences, Hatfield, PA, USA) in water during several days 

at 4°C. OsO4 is a widely used staining agent applied in transmission electron 

microscopy to provide contrast to the image. Prior to freeze-drying (lyophilization), 

macerated specimens were rinsed gently and frozen in water. The specimens were then 

lyophilized (Christ, Alpha 1-2LD; Kühner AG, Birsfelden, Switzerland) for one day. 

VCC protocol II 

Macerated specimens were decalcified using 14% ethylenediamine tetra-acetic acid 

(EDTA) at pH = 7.3 for one day [38]. Because the goal was to map the complete bone 

vascularization, the vascular corrosion cast needed to be assessed in the shaft of long 

bones (medullary cavity), where the vasculature is imbedded in the bone marrow. To 

provide optimal conditions for vascular corrosion cast segmentation within the 

medullary cavity, delipidation was necessary. In this process, marrow fat is removed 
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and the differential contrast between the reconstructed vascular corrosion cast and its 

surroundings in the reconstructed tomographic data set is increased. Therefore, 

chemical bone delipidation using different organic solvents [39-45] was tested. To test 

for possible physical damage, blue PU was submerged for several days in acetone, 

butanone, chloroform, dichloromethane, ethanol, methanol, and methyl salicylate 

before measuring with μCT. Second, bone delipidation was employed after 

decalcification and prior to lyophilization to visualize properly the bone tissue and the 

vasculature within the medullary cavity at the same time. Finally, the specimens were 

rinsed gently in water and air-dried to extract residual solvents, before they were 

rehydrated for later lyophilization as described in the VCC protocol I. 

CT imaging 
Specimens of the VCC protocol I were measured using a μCT40 desktop scanner 

(Scanco Medical AG, Bassersdorf, Switzerland) at high resolution (10 μm voxel size, 

1000 projections over a range of 180 degrees) and at 50 kV peak voltage. Specimens 

were imaged a first time by taking the average gray values of 10 projections at every 

angular position (frame averaging mode) to increase the SNR prior to staining, and a 

second time after staining and without frame averaging (FA). With this setup, one 

measurement with and without FA took eight hours or less than one hour, respectively. 

Reconstructions were conducted using filtered backprojection. After segmentation by 

means of global thresholding, component labeling eliminated small artifacts or 

fragments separated from the sample. 

Specimens of the VCC II and the VCP protocol were assessed by SR-based μCT. In 

comparison to conventional μCT, SR μCT provides higher SNR at increased resolution, 

which was important in this study for the examination of the devised VCC II and VCP 

protocol. SR μCT measurements were performed in air at the X-ray Tomographic 

Microscopy (XTM) station of the Materials Science (MS) beamline at the Swiss Light 

Source (SLS) [46,47]. The coherence of the synchrotron light was reduced by design 

using a rotating paper filter to flatten the illumination of the field of view (FOV). For 

both setups, a total of 1001 projections were acquired over a range of 180 degrees at a 

photon energy of 17.5 keV. The data was reconstructed using filtered backprojection. 

Measurements were performed in two different modes, in a global and local CT setup 

with corresponding nominal resolutions of 3.5 μm and 1.4 μm, respectively. In the 

conventional (i.e. global) CT setup for the VCC protocol II, the projections of the entire 
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specimen were recorded. This is in contrast to the local CT setup for the VCP protocol, 

where the specimen was bigger than the recorded FOV perpendicular to the rotation 

axis and therefore, only a portion of the whole sample was assessed. This allowed for 

high-resolution μCT (nominal resolution of 1.4 μm) without destruction of the 

specimen. To partially suppress noise within the reconstructed data sets in both setups, 

a constrained Gaussian filter (σ = 1.2; filter support = 1.0) was applied [48]. After 

segmentation of the bone tissue and the vascular corrosion cast by means of global 

thresholding, component labeling eliminated small artifacts or fragments separated 

from the sample. For local SR μCT measurements, the canal network and the osteocyte 

lacunae were segmented in addition by means of negative imaging. In this context, 

negative imaging denotes the technique to first measure the bone matrix using CT, 

and subsequently, to extract the enclosed porosity as a negative imprint of the 

surrounding matrix. The intracortical porosity was then subdivided into the canal 

network and the osteocyte lacunar system as discussed elsewhere [49]. For 

quantitative comparison between the canal network and the vascular replica, the mean 

canal diameter (<Ca.Dm>) assessed from the negative imaging data set and the 

corresponding mean vessel diameter (<V.Dm>) evaluated from the VCP data set were 

calculated [49] using element-based morphometry [50]. 

Results 
Vascular replica protocols 

Maceration 

A time series (N = 10) demonstrated that seven to eight hours were sufficient for 

complete maceration of the soft tissue of mouse hind limbs (Fig. 1A) using KOH, 

whereas full maceration was not achieved before 36 hours in the case where Alcalase® 

was employed as maceration solution. Figure 1B shows mouse hind limbs after 

successful maceration. No difference in X-ray absorption was observed compared to 

untreated bone; neither for specimens corroded using KOH, nor for samples treated 

with Alcalase® (data not shown here). 
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Figure 1: Mouse hind limbs before (A) and after (B) soft tissue corrosion (maceration) in 7.5% 
KOH at 58°C. The intact vascular corrosion cast (PU4ii) and the bone tissue are clearly visible. 

VCC protocol I 

Depending on their size, bones of murine hind limbs were resorbed completely after 

not more than 18 hours when using 5% formic acid. Figure 2A represent mouse hind 

limbs after successful soft tissue corrosion and bone resorption. In Figure 2B, the 

corresponding reconstructed tomographic data of the stained sample is given. The 

specimen was measured a first time before staining without and with 10 times FA. 

Component labeling of the 3D data sets revealed that number of disjoint vascular 

components was reduced by more than a factor of 10 and that the biggest vascular 

component accounted for more than 90% of all voxels when the scan was operated in 

the FA mode. In a second step, the same sample was stained and measured again 

without FA. Component labeling in the same region of interest (Fig. 2B) showed that 

the number of disjoint vascular components was reduced by more than a factor of 20 

compared to the unstained specimen. 
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Figure 2: Mouse hind limbs after soft tissue corrosion (maceration) and bone resorption using
5% formic acid (A), where the display detail shows the same specimen after staining with 2%
osmium tetroxide in the region of the femur (VCC protocol I). (B) Reconstructed μCT data of 
stained vascular corrosion cast. The data was assessed by μCT at 10 μm nominal resolution. 

VCC protocol II 

For decalcification with EDTA, over-decalcification was not an issue. We also tested a 

commercial decalcifier (Decal®, quartett Immunodiagnostika Biotechnologie 

Produktion und Vertriebs GmbH, Berlin, Germany), which is more aggressive than 

EDTA. A time series analysis (N = 10) performed at the murine femoral mid-diaphysis 

using μCT indicated that the cortical bone was entirely decalcified using Decal® within 

15 minutes and that subsequently, over-decalcification damaged the bone tissue 

substantially by partial resorption. For that reason, mild decalcifiers should be 

employed to prevent potential over-decalcification. In Figure 3, one specimen is shown 

after corrosion, decalcification, and freeze-drying; particularly in the region of the 

femoral mid-diaphysis (Figure 3A) and the femoral head (Figure 3B). The marrow fat 

within the medullary cavity impeded proper vessel segmentation due to comparable X-

ray absorption of the marrow fat and the casting material (PU4ii). During delipidation, 

PU became slightly less elastic and occasionally very brittle when immersed in acetone 

or chloroform. Moreover, it began dissolving and therefore lost resistance to a certain 

extent in ethanol, and more pronounced in methanol. For butanone, dichloromethane, 

and methyl salicylate, the PU became brittle – in particular for dichloromethane – and 

shrank at the same time. In view of the fact that PU4ii is a polyurethane elastomer [35] 

and given that solvents can attack plastic, their detrimental influence on PU4ii 

becomes clear. Ultrasonication, which can help removing fat traces mechanically, was 

not employed as it can introduce bone damage [41]. Finally, care needed to be taken 
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when freeze-drying the macerated specimens as bone tissue became brittle when 

treated with KOH and, splintered during freeze-drying (Fig. 4). In Figure 5, one specimen 

is displayed after preparation according to the VCC protocol II as assessed with global 

SR μCT at 3.5 μm nominal resolution. The marrow fat was effectively extracted and did 

not interfere with proper segmentation of the vascular corrosion cast, as it was 

previously observed for non-delipidated specimens (Figs. 3A and 3B). 

A 1 mmB0.5 mmA 1 mm1 mmB0.5 mm0.5 mm
 

Figure 3: Murine specimen in the region of the femoral mid-diaphysis after soft tissue 
corrosion, decalcification, and freeze-drying (A) and in the region of the femoral head (B), 
respectively. The marrow fat within the medullary cavity impedes proper vessel segmentation
due to comparable X-ray absorption of the marrow fat and the casting material (PU4ii). The 
data was assessed by μCT at 10 μm nominal resolution. 

VCP protocol 

One specimen filled with the BaSO4 suspension is depicted in Figure 6A, which was 

measured using local SR μCT. The vascular corrosion cast within the marrow cavity and 

the cortical bone could be successfully assessed. For the purpose of comparison, the 

canal network within the cortical bone (Fig. 6B) was derived by negative imaging. The 

mean vessel diameter (<V.Dm>) assessed from the VCP data set (Fig. 6A) was 4.1 (± 0.4) 

μm and the corresponding mean canal diameter (<Ca.Dm>) calculated from the 

negative imaging data set (Fig. 6B) was 6.2 (± 0.9) μm. 
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Figure 4: Murine knee following soft tissue corrosion with KOH and after freeze-drying. Bone 
tissue splintered during freeze-drying and thus, mild agents such as Alcalase® at moderate 
alkalinity should be used for corrosion if the bone tissue has to be preserved (VCC protocol II). 

0.25 mm0.25 mm0.25 mm
 

Figure 5: Murine specimen after soft tissue corrosion, decalcification, delipidation, and freeze-
drying (VCC protocol II). The vascular corrosion cast and the bone tissue are accessible at the
same time, whereas they cannot be disentangled through segmentation based on global
thresholding. The data was assessed by global SR μCT at 3.5 μm nominal resolution. 



Chapter 3:  Cellular and vascular imaging of bone 
 

118 

100 μm

A

100 μm

B

100 μm100 μm

A

100 μm100 μm

B

 

Figure 6: (A) Murine specimen in the region of the femoral mid-diaphysis, whose vasculature
was filled with a barium sulfate suspension in vivo (VCP protocol). Unless dissection of the leg, 
no other preparation steps were performed for local SR μCT measurements. Vascular replica 
(vessels in red) within the marrow cavity and the cortical bone (semitransparent shell in white), 
which includes osteocyte lacunae (prolate ellipsoids in yellow). The vascular replica and the
bone tissue were isolated by global thresholding. (B) Canal network (tubes in green) and 
osteocyte lacunae (prolate ellipsoids in yellow) within cortical bone (semitransparent shell in
white) were extracted from reconstructed μCT data using negative imaging. The data was 
assessed by local SR μCT at 1.4 μm nominal resolution. 
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Discussion 
Because there is growing evidence for a close functional relationship between 

osteogenesis and angiogenesis as well as between bone remodeling and bone 

vascularization, there is a need for visual inspection and quantitative analysis of bone 

vasculature. We therefore implemented three different protocols for vascular replicas 

and devised CT methods for a true 3D, direct, and simultaneous measurement of 

vascular morphology and bone tissue down to the capillary and cellular level. Moreover, 

vascular morphometry was examined in the light of the results based on a previously 

established method, where the vascular network of cortical bone was derived only 

indirectly from cortical porosity. 

Vascular replica protocols 

VCC protocol I 

Soft tissue corrosion of the specimens should be performed using mild agents such as 

Alcalase® at moderate alkalinity if the bone tissue has to be preserved. Otherwise, there 

is the risk that the bone tissue will be irreversibly damaged during lyophilization. 

Further, staining with OsO4 increases the SNR in the reconstructed tomograms to a 

great extent. In contrast, measurements with comparable SNR of unstained specimens 

would result in very high FA numbers and with that, in long scanning times on the 

order of several days. For that reason, treatment of the vascular corrosion cast with a 

highly X-ray absorbing contrast agent such as OsO4 can help reducing scanning time on 

the one hand, and increasing SNR on the other, also enabling proper segmentation of 

the vascular corrosion cast (Figs. 2A and 2B), which is a prerequisite for morphometrical 

quantification. Unfortunately, OsO4 is toxic as well as expensive and thus, should be 

replaced in the future by a harmless and cheaper staining agent if possible. Moreover, it 

became difficult to orient the vascular corrosion cast after bone resorption, and almost 

impossible to decide whether a vessel ran within the medullary cavity, within cortical 

bone, or actually was outside of the bone tissue. μCT measurements of macerated 

specimens revealed that simultaneous assessment of the bone tissue and the vascular 

corrosion cast was not feasible without any further specimen treatment as the highly 

absorbing bone tissue masked the low absorbing vascular cast during tomographic 

reconstruction. This effect was probably due to the beam hardening correction, which 

is included in the filtered backprojection algorithms used by conventional μCT desktop 
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scanners and which can only be adjusted for one tissue or material at the same time. 

Decalcification previous to lyophilization can solve this problem (VCC protocol II) by 

dissolving calcium stored in the bones and thereby, lowering their X-ray absorption. 

VCC protocol II 

The X-ray absorption of bone can successfully be lowered, using preferably a mild 

decalcifier such as 14% EDTA. Lowering the X-ray absorption of the bone tissue by 

means of decalcification represents an effective method for the simultaneous 

assessment of the vascular corrosion cast and the bone tissue using CT (Figs. 3A and 

3B). Finally, soft solvents such as acetone, which impaired neither the composition and 

morphometry of bone, nor the integrity of the casting material, can help delipidating 

specimens (Fig. 5), particularly in the medullary cavity of long bones, where marrow fat 

can interfere with proper segmentation of the vascular corrosion cast. 

VCP protocol 

Although the vascular corrosion cast and the bone tissue were available at the same 

time for the two VCC protocols I & II, they could not be separated through 

segmentation based on global thresholding, given that the lowered X-ray absorption of 

the bone tissue approaches those values for the vascular corrosion cast material 

(PU4ii). In Figure 5, the interweavement of vascular corrosion cast, cortical, and 

trabecular bone can largely be discerned by an operator familiar with the murine bone 

microarchitecture and ultrastructure. Yet, many of these components are continuously 

connected with each other and thus, cannot be separated automatically by component 

labeling. Therefore, human operator interaction for segmentation by hand is necessary, 

which is time-consuming and beyond, leads to non-reproducible morphometric results. 

An alternative approach – which may solve this problem – is to inject a suitable 

contrast agent to the vascular system in vivo [51] as it was done in this study by using a 

customized BaSO4 suspension. In this manner, the vascular replica and the bone tissue 

could be isolated by simple global thresholding (Fig. 6A). In addition, it must be pointed 

out here that compared to the VCC protocols, no additional sample preparation step 

was required after dissection of the murine leg. In such way, not only time is saved, but 

also experimental uncertainties with respect to the morphology and integrity of the 

vascular corrosion cast can be avoided, which are usually involved in every VCC 

protocol. 
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Vascular replica morphometry 
Compared to the assessment of the canal network by using negative imaging (Fig. 6B), 

all vascular replica protocols presented in this study (VCC I & II and VCP) have the 

advantage that they provide direct methods for the 3D assessment of the vascular 

replica. Quantitatively, the VCP-based method provided smaller numbers for the mean 

inner vessel diameter (<V.Dm>) than indirect methods based on negative imaging did 

for mean canal volume (<Ca.Dm>), representing the outer vessel diameter. The space in 

between is occupied by the endothelium, which lines the interior surface of the 

vascular system. Compared to the mean canal diameter (<Ca.Dm>) (cf. Fig. 6A), the 

mean vessel diameter (<V.Dm>) (cf. Fig. 6B) was reduced by a constant of 2.1 μm from 

6.2 (± 0.9) μm to 4.1 (± 0.4) μm. This radial decrease of about 1 μm can be attributed to 

the endothelial cell layer [52] and shows the good compatibility of the two different 

techniques. Consequently, cannular morphometric parameters derived from μCT data 

sets based on negative imaging should be downscaled in the future if the size of 

vascular branches are studied. Nevertheless, the canal network itself also deserves 

close attention since bone porosity is an important parameter for bone mechanics. 

Finally, recently defined morphometric parameters for ultrastructural murine bone 

phenotypes [49], such as <Ca.Dm>, can now be related directly to measures of bone 

biomechanics, providing important insights in the structure function relationships 

between bone tissue and bone vascularization. 

In conclusion, we devised two different VCC protocols, identifying and handling a 

number of challenges during sample preparation. These protocols allow μCT 

measurements of murine bone and vasculature at the same time. The advantage of 

isolated casts is that also SEM is possible. Moreover, we adapted SR μCT methods to 

combine them with a novel contrast modality (VCP protocol), where a customized 

contrast suspension was directly injected to the vascular system in vivo. In this manner, 

vascular replicas were imaged and quantified successfully down to a capillary level with 

simultaneous measurement of the bone tissue down to a cellular regime. In the long 

run, we believe that the presented framework of an extended VCC protocol and a novel 

VCP modality in combination with conventional as well as adapted SR-based CT 

methods can serve as a potent workhorse for simultaneous 3D quantitative 

morphometry of the bone tissue and its vascularization at the same time, providing 

new insights in the close relationship between bone tissue and the vascular network. 
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Abstract 
To describe the different aspects of bone quality, we followed a hierarchical approach 

and assessed bone tissue properties in different regimes of spatial resolution, 

beginning at the organ level and going down to cellular dimensions. For these purposes 

we developed different synchrotron radiation (SR)-based computed-tomography (CT) 

methods to assess ultrastructural phenotypes of murine bone. 

The femoral mid-diaphyses of 12 C57BL/6J-Ghrhrlit/J (B6-lit/lit) and 12 homozygous 

mutants C3.B6-Ghrhrlit/J (C3.B6-lit/lit) were measured with global SR μCT and local SR 

nano-CT (nCT) at nominal resolutions ranging from 3.5 μm to 700 nm, respectively. For 

volumetric quantification, morphometric indices were determined for the cortical bone, 

the canal network, and the osteocyte lacunar system using negative imaging. 

Moreover, the biomechanics of B6-lit/lit and C3.B6-lit/lit mice was determined by three-

point bending. 

The femoral mid-diaphysis of C3.B6-lit/lit was larger compared to B6-lit/lit mice. On 

an ultrastructural level, the cannular indices for C3.B6-lit/lit were generally bigger in 

comparison to B6-lit/lit mice. Accordingly, we derived and demonstrated a scaling rule, 

saying that overall cannular indices scaled with bone size, whereas indices describing 

basic elements of cannular and lacunar morphometry did not. Although in C3.B6-lit/lit, 

the mean canal volume was larger than in B6-lit/lit, canal number density was 
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proportionally smaller in C3.B6-lit/lit, so that lacuna volume density was found to be 

constant and therefore independent of mouse strain and sex. The mechanical 

properties in C3.B6-lit/lit were generally improved compared with B6-lit/lit specimens. 

For C3.B6-lit/lit we observed a sex specificity of the mechanical parameters, which 

could not be explained by bone morphometry on an organ level. However, there is 

evidence that for C3.B6-lit/lit, the larger cortical bone mass is counterbalanced or even 

outweighed by the larger canal network in the female mice. 

We established a strategy to subdivide murine intracortical porosity into 

ultrastructural phenotypes, namely the canal network and the osteocyte lacunar 

system. Nondestructive global and local SR-based CT methods have been designed for 

3D quantification and subsequent morphometric analysis of these phenotypes. Results 

in the two different mouse strains B6-lit/lit and C3.B6-lit/lit showed that the cannular 

and lacunar morphometry as well as the biomechanical properties were fundamentally 

different. 

Introduction 
Osteoporosis is primarily a disease of bone fragility resulting from decreased bone 

mass. In addition, altered architectural arrangement of bone tissue and impaired bone 

quality leads to decreased skeletal strength and increased fracture risk [1]. Bone mineral 

density (BMD), a measure of bone mass, has been identified in several epidemiological 

studies as being the most important risk factor for osteoporotic fractures [2,3]. 

Nevertheless, the idea that BMD is the best predictor of fracture risk has become a 

controversial issue [4]. On an individual basis, density alone accounts for 10-90% of the 

variation in strength of trabecular bone [5]. This also means that 90-10% of the 

variation in strength cannot be explained by BMD [6]. Recent data have shown that 

predicting trabecular bone strength can be greatly improved by including 

microarchitectural parameters in the analysis [7,8]. 

Further improvement in predicting bone strength can be achieved by considering 

additionally the cortical bone compartment. Whereas the focal point of hip fracture 

studies was on trabecular bone for the last decades, cortical bone contributes 

significantly to the mechanical strength of bone [9,10]. Moreover, regarding the 

stiffness of cortical bone, the influence of small changes in the amount or density of 

bone tissue is even more pronounced than similar changes would exert in trabecular 
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bone [11]. Eventually, loss of cortical rather than loss of trabecular bone predominates in 

cases of proximal femur fracture [12], which is among the most devastating of all 

osteoporotic fractures [1]. On this account, cortical bone tissue has been investigated in 

more detail and cortical bone strength has been related primarily to BMD and other 

parameters, which describe cortical geometry [13,14]. However, BMD was reported to be 

related only weakly to the mechanical properties of cortical bone [15]. On the other 

hand, cortical geometry and particularly intracortical porosity has been shown already 

before to be linked to stiffness and strength of cortical bone specimens from human 

donors [16-18] and from different vertebrates [16,19,20]. Furthermore, intracortical 

porosity has been associated with fracture risk of patients with femoral neck fractures 

[21]. Changes in human femoral intracortical porosity have accounted for 76% of the 

reduction in bone strength [22] and several other studies revealed the negative 

influence of increased intracortical porosity on fracture resistance [23-25]. 

We therefore suggest investigating cortical bone morphology in more detail as an 

important aspect of bone quality. To this end, we followed a hierarchical approach and 

assessed cortical bone tissue properties in different regimes of spatial resolution, 

beginning at the organ level and going down to the cellular domain. We especially 

focused on the porosity within cortical bone by using synchrotron radiation (SR)-based 

μCT and nano-CT (nCT). In general, μCT is a convenient technique to study trabecular 

bone architecture and modeling as it allows non-destructive measurement of bone 

microstructure and quantitative evaluation of its three-dimensional (3D) morphometric 

parameters [26,27]. With the advent of third-generation SR sources, CT in the 

micrometer range has become feasible and has been used to analyze trabecular 

architecture and local bone tissue properties [28-30]. Recent results show that the 

canal network is a major contributor to local tissue porosity [31-33], and therefore, can 

directly be linked to measures of bone tissue quality and thus, to the mechanical 

properties of bone. Additionally, osteocyte lacunae are believed to act as stress 

concentrators within tissue of compact bone [34]. 

The purpose of this study was to establish a strategy to subdivide murine 

intracortical porosity into 3D ultrastructural phenotypes, namely the canal network and 

the osteocyte lacunar system, and to provide methods to volumetrically quantify these 

phenotypes for subsequent morphometric analysis. In a second step, we applied this 

framework to the femoral mid-diaphyses of two genetically distinct mouse strains. 
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Moreover, Beamer et al. [35] showed that there is a significant difference in BMD and 

bone mineral content (BMC) between the two inbred mouse strains C57BL/6J (B6) and 

C3H/HeJ (C3H). Finally, these two mouse strains showed differences in several skeletal 

characteristics [35,36] and in response to mechanical loading [37,38]. On this account, 

B6 and C3H inbred mouse strains offer a good model for the analysis of the different 

phenotypes of bone and their influence on bone quality. Based on this knowledge, we 

performed mechanical tests on our mouse model to determine potential mouse strain 

and for the first time, sex differences. This also allowed studying the relations between 

bone mechanics and morphometry on an organ and ultrastructural level. 

In the long run, we believe that the morphometric analysis of the ultrastructural 

phenotypes and the study of bone phenotypes at different hierarchy levels, in 

conjunction with bone mechanics, will provide new insights in the assessment of bone 

quality. 

Materials and methods 
Mouse model 
To partition bone quality into its regulatory pathways, we chose a mouse model called 

little (C57BL/6J-Ghrhrlit/J) wherein regulation of bone morphometry is independent of 

growth hormone (GH) and insulin-like growth factor-I (IGF-I) [39]. More precisely, the 

little mouse strain carries a mutation in the growth hormone-releasing hormone 

receptor (Ghrhr), resulting in undetectable circulating GH, and serum IGF-I that is fixed 

at low, but detectable levels. For this study, we used homozygous mutant mice from 

the inbred strain C57BL/6J-Ghrhrlit/J (B6-lit/lit) and the congenic strain C3.B6-Ghrhrlit/J 

(C3.B6-lit/lit) that was created by backcrossing the little mutation from the original B6 

background to C3H. The result of introgressing the little mutation onto the C3H 

background is that C3.B6-lit/lit mice have higher BMD than B6-lit/lit [39]. All mice were 

raised at The Jackson Laboratory, and all animal procedures were approved by the local 

authorities. On necropsy, femora were dissected and were stored in ethanol. 

Hierarchical bone model 
Within this study, we followed a hierarchical description of the cortical bone matrix. For 

these purposes, we distinguished three levels on different length scales. On the organ 

level, cortical bone was considered to be compact and was characterized by its radial 
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extension and volume distribution. On the tissue level and cellular level, we described 

the ultrastructure of the intracortical porosity. Whereas the tissue level was described 

by the cannular network, the osteocyte lacunar system constituted the cellular level. 

The cannular network will be introduced and defined properly in the subsection 3D 

quantitative morphometry that follows. 

SR CT 
To acquire cortical bone tissue properties in distinct regimes of length scale (organ, 

tissue, and cellular level), different CT techniques were applied. In general, the organ 

and the tissue level encompasses the wide range of cortical and trabecular bone 

structure, which can be assessed by commercially available desktop μCT scanners at a 

spatial resolution in the order of 10 μm. Whereas the resolution of desktop μCT systems 

is sufficient to acquire the microstructure of trabecular bone, the ultrastructure of 

cortical bone is currently not accessible with this technique. For this reason, SR-based 

CT was adapted and further developed to assess the cortical bone matrix on the organ, 

the tissue, and the cellular level. Although it would be sufficient to assess the organ 

level by conventional desktop μCT systems, we restricted our study to the technique of 

SR CT in order to guarantee optimal conditions for comparison between the different 

hierarchy levels. 

To study the organ and tissue level of the cortical bone, we scanned femoral mid-

diaphyses from 12 B6-lit/lit (6 female and 6 male) and 12 C3.B6-lit/lit (6 female and 6 

male) 4-month-old mice using a conventional (i.e., global) SR μCT setup at a nominal 

resolution of 3.5 μm (Figure 1). This cortical compartment started at 56% of the whole 

femur length (calculated from the greater trochanter) according to Kohler et al. [40] 

and contained 388 slices resulting in a stack height of 1.56 mm (Table 1). To study the 

cellular level, we applied local SR CT at a submicron resolution (700-nm nominal 

resolution); a technique we call nano-computed tomography (nCT). In a local CT setup, 

the specimen is bigger than the recorded field of view (FOV) perpendicular to the 

rotation axis and therefore only a portion of the whole sample is assessed. This allows 

for high-resolution CT without destruction of the specimen. Because of the limited 

access to SR facilities, only two B6-lit/lit (one female and one male) and two C3.B6-lit/lit 

(one female and one male) femora were scanned locally, each at the anterior, posterior, 

lateral, and medial site of the mid-diaphysis. The FOV within the cortical bone assessed 

by the local SR nCT measurements was a subset of the FOV of the global SR μCT setup, 
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so that the same cortical regions were imaged and corresponding ultrastructural 

morphometric parameters could be assessed. 

A B

B6-lit/lit C3.B6-lit/lit

2 mm

0.5 mm 0.5 mm

2 mm   
A B

B6-lit/lit C3.B6-lit/lit

2 mm2 mm

0.5 mm0.5 mm 0.5 mm0.5 mm

2 mm   2 mm   
 

Figure 1: Murine femur of B6-lit/lit (A) and C3.B6-lit/lit (B) mouse. The mid-diaphyseal 
compartment (indicated by a box) that was measured at the Swiss Light Source (SLS) started
at 56% of the whole femur length (calculated from the greater trochanter). The two 
genetically distinct inbred mouse strains display different morphology and architecture
already at the organ level. 

Table 1: Different hierarchy levels and corresponding imaging techniques used. 

Hierarchy level Technique Resolution FOV 5 FOV 0 #(B6/C3.B6)-lit/lit 
      

Organ Global μCT 3.5 μm 1.36 mm 3.58 mm 12/12 
Tissue Global μCT 3.5 μm 1.36 mm 3.58 mm 12/12 

Cell Local nCT 700 nm 0.72 mm 0.72 mm 2/2 
            

Resolution, isotropic nominal image resolution as assessed from voxel size; FOV, field of view 
parallel (5) and perpendicular (0) to the femoral long axis, which was aligned with the 
rotation axis; #(B6/C3.B6)-lit/lit, number of mice included in the analysis. 

The SR μCT and nCT measurements were performed in air at the X-ray 

Tomographic Microscopy (XTM) station of the Materials Science (MS) beamline at the 

Swiss Light Source (SLS) [41,42]. For both setups, in total 1001 projections were acquired 

over a range of 180° at a photon energy of 17.5 keV. The data were reconstructed using 

filtered backprojection. The parameters of the different CT techniques applied are 

summarized in Table 1. 
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Image processing 
A new sinogram-based algorithm was devised to eliminate ring artifacts, which arose 

from defects on the scintillator of the optical system at the XTM station and which 

were clearly visible in the reconstructed slices. To partially suppress noise within the 

reconstructed tomograms a constrained Gaussian filter was applied. Subsequent 

iterative global thresholding [43] provided binarized data sets separating bone matrix 

from soft tissue and air.  

For quantitative analysis of the bone tissue on the organ level, component labeling 

and morphologic operations were applied to the binarized data to obtain a solid 

representation of the mid-diaphysis. The technique of negative imaging has been 

applied in this study to assess the porosity within cortical bone on the tissue and on the 

cellular level. In this context, negative imaging denotes the technique to first measure 

the matrix of a porous structure using CT, and subsequently, to extract the enclosed 

porosity as a negative imprint of the surrounding matrix. In this study, the extraction of 

the cortical void spaces comprised different image processing procedures (IPL; Scanco 

Medical AG, Bassersdorf, Switzerland), including morphological operators. They were 

optimized to extract the canal network and the osteocyte lacunar system within 

cortical bone as two separate phases. Additionally, the data sets of the canal network 

as assessed by global SR μCT was divided into four sections, corresponding to four main 

anatomical sites, the anterior, posterior, lateral, and medial quadrant of the mid-

diaphysis, to analyze potential site-dependencies of the morphometric indices 

describing the canal network. Furthermore, this supplementary partition was essential 

for correlation analysis between the canal network obtained from global SR μCT 

measurements, which contained the entire cortical shaft and the osteocyte lacunar 

system acquired from local SR nCT measurements, which were restricted to a single 

anatomical site, because of the limited experimental FOV (Table 1). 

3D quantitative morphometry 
Organ level: For morphometry on the organ level, standard 3D algorithms were used 

[44] to compute total tissue volume (TV) enclosing both the medullary cavity and the 

cortical bone tissue, cortical bone volume (Ct.BV), cortical bone volume density 

(Ct.BV/TV), cortical thickness (Ct.Th), and polar area moment (J). 
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Tissue level: On the tissue level, the void spaces within cortical bone obtained by 

negative imaging formed cannular structures (Figure 2). We believe that these cannular 

elements represent the living space of the vasculature and/or bone remodeling units 

(including osteoclast lacunae) within cortical bone. We name this phenotype canal 

network and we precede each corresponding parameter the designation canal or 

cannular. For quantification of the canal network, we introduced cannular indices, 

corresponding to standard nomenclature of bone morphometry [45] for trabecular 

bone and similar to the naming of cannular parameters motivated by Cooper et al. [33]. 

Hence, we defined number of canals (N.Ca), canal number density (N.Ca/Ct.TV), canal 

volume (Ca.V), canal volume density (Ca.V/Ct.TV), and canal spacing (Ca.Sp), where 

Ct.TV designates the cortical total volume. These parameters describe the overall canal 

network and were quantified by standard morphometry as introduced for 3D 

trabecular bone analysis [44]. Moreover, the canal network was spatially decomposed 

into single elements and analyzed subsequently by using element-based morphometry 

as recently introduced [46]. For this reason, we further defined corresponding element-

based indices, which are given as mean values over the total number of elements 

(marked with brackets < >). Amongst those averaged indices were mean canal volume 

(<Ca.V>), mean canal diameter (<Ca.Dm>), mean canal length (<Ca.Le>), and mean canal 

orientation (<Ca.θ>) in relation to the femoral long axis. An illustration on how these 

parameters are defined is given in Figure 3. All cannular indices were computed in 3D 

space without any model assumptions. In addition to the analysis for the complete 

mid-diaphyseal cortex, the cannular indices were computed separately for the anterior, 

posterior, lateral, and medial site as well. These data were a requisite for later 

correlation analysis between the cannular and lacunar morphometric outcome. 

Cellular level: On the cellular level, the negative imprint of the cortical bone formed – 

additionally to the canal network – a cellular system (Figure 4). Figure 4 identifies the 

cellular void spaces as osteocyte lacunar system. A number of osteocyte lacunar indices 

were introduced in analogy to standard morphometry, including number of lacunae 

(N.Lc), lacuna number density (N.Lc/Ct.TV), lacuna volume (Lc.V), and lacuna volume 

density (Lc.V/Ct.TV). Moreover, we introduced the element-based mean lacuna volume 

as the ratio <Lc.V> = Lc.V/N.Lc. 
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Figure 2: 2D reconstructed raw data (A) and 3D mid-diaphyseal canal network (B and C) 
extracted by negative imaging for the two mouse strains B6-lit/lit (left) and C3.B6-lit/lit (right), 
where the inner and outer rims shown in B and C represent the extent of the cortical bone. The 
data has been assessed by global SR μCT at 3.5-μm nominal resolution. 
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Figure 3: Illustration of the cannular parameters, which were introduced in the study for
morphometry of the canal network. From top to bottom, the windows explain mean canal 
length (<Ca.Le>), mean canal diameter (<Ca.Dm>), and mean canal orientation (<Ca.θ>) 

Biomechanical tests 
For mechanical testing, we included an additional set of femoral mid-diaphyses from 12 

B6-lit/lit (6 female and 6 male) and 12 C3.B6-lit/lit (6 female and 6 male) 4-month-old 

mice. Before testing, the bones were rehydrated for 24 hours in phosphate buffered 

saline (PBS). After a preload of 1 N the mouse femora were loaded to failure in anterior-

posterior direction by three-point bending, using a custom-made loading device with a 

support distance of 5 mm, which was integrated in a materials testing machine (1456; 

Zwick, Ulm, Germany). The femora were positioned so that the load was applied at 56% 

of the whole femur length (calculated from the greater trochanter), which corresponds 

to the femoral height where the SR CT measurements were performed. During three-

point bending, the femora were lying freely and load-displacement curves were 

recorded at a crosshead speed of 0.5 mm/s [36]. Ultimate force (Fu), work to failure (U), 

and stiffness (S) were calculated from the load-displacement curve as described 

elsewhere [47]. Fu indicates the strength of the bone, whereas S reflects resistance to 

elastic deformation, and U is the required energy to initiate a fracture. 
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Figure 4: The top row shows reconstructed raw data of the lateral cortical mid-diaphysis of a 
C3.B6-lit/lit mouse femur in a transversal (A) and sagittal view (B). The bottom row represents 
the canal network (tubes in red) and osteocyte lacunae (prolate ellipsoids in yellow) within the 
same lateral cortical bone (semitransparent shell in blue) that was extracted from raw data (A 
and B), using negative imaging. The data has been assessed by local SR nCT at 700-nm nominal 
resolution. 
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Statistical analysis 
For statistical analysis, the GNU statistical package R (Version 2.4.1, http://www.r-

project.org) was used. The SR CT measurements on the organ and tissue hierarchy level 

comprised B6-lit/lit (6 female and 6 male) and C3.B6-lit/lit (6 female and 6 male) mice 

and consequently, our experimental setup represented a 2 x 2 factorial design, implying 

the two-level independent variables mouse strain (B6-lit/lit, C3.B6-lit/lit) and sex 

(female, male). A two-way ANOVA was performed to test for significances (p < 0.05). 

Additionally, to examine and discuss the behavior of the cannular indices, for which the 

interaction of the independent variables mouse strain and sex was not clear, they were 

compared by interaction plots. Finally, to inspect if the cannular indices were 

dependent on the anatomical site, a two-way ANOVA was applied to the factors site 

(anterior, posterior, lateral, and medial) and sex (female, male), and Tukey’s honestly 

significant difference (HSD) procedure was performed subsequently for pairwise 

comparisons among site means as a posthoc analysis. On the cellular level, two B6-

lit/lit (one female and one male) and two C3.B6-lit/lit (one female and one male) 

femora were scanned at the anterior, posterior, lateral, and medial site of the mid-

diaphysis. The primary osteocyte lacunar indices (N.Lc, Lc.V, and corresponding Ct.TV) 

were summed up over all sites (anterior, posterior, lateral, and medial) to calculate the 

lacunar ratios N.Lc/Ct.TV, Lc.V/Ct.TV, and <Lc.V> = Lc.V/N.Lc. No further statistics were 

performed for the cellular level because only one animal per mouse strain and sex was 

measured on this hierarchy level. Linear regression analysis was performed between all 

morphometric indices to test for linear relationships. Finally, for three-point bending, 

the biomechanical parameters Fu, U, and S were compared between the two mouse 

strains and among the two sexes using multiple unpaired t-tests, where differences 

were considered statistically significant at p < 0.05 after Bonferroni correction. 

Results 
3D ultrastructural imaging and quantitative morphometry 
Following our hierarchical approach, we present in a first step the morphometrical 

results for the cortical bone compartment (Table 2), for the canal network (Table 3 and 

Table 4), and for the osteocyte lacunae (Table 5). In a second step, correlations between 

the morphometric parameters on the organ, tissue, and cellular level will be discussed 

(Table 6 and Table 7). Finally, the biomechanical results will be shown (Table 8). 

http://www.r-project.org/
http://www.r-project.org/
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Values are m
ean ± SD

. 
Interaction w

ithin AN
O

VA denotes interaction betw
een the factors m

ouse strain and sex. 
M

ean value for <Ca.θ> is not given because the interaction w
as significant and truly disordinal. 

Canal num
ber density (N

.Ca/Ct.TV), canal volum
e density (Ca.V/Ct.TV), canal spacing (Ca.Sp), m

ean canal volum
e 

(<Ca.V>), m
ean canal diam

eter (<Ca.D
m

>), m
ean canal length (<Ca.Le>), and m

ean canal orientation (<Ca.θ>). 

  

<Ca.θ> (deg) 

<Ca.Le> (μm
) 

<Ca.D
m

> (μm
) 

<Ca.V> (10
3·μm

3) 

Ca.Sp (μm
) 

Ca.V/Ct.TV (‰
) 

N
.Ca/Ct.TV (m

m
-3) 

Param
eter 

 

  

       

 

  

  

62 ± 6 

71 ± 8 

7.9 ± 0.7 

10 ± 1 

130 ± 5 

1.7 ± 0.6 

197 ± 45 

Fem
ale 

  

55 ± 8 

78 ± 9 

7.8 ± 0.9 

10 ± 3 

129 ± 4 

1.8 ± 0.8 

190 ± 48 

M
ale 

  

- 

74 ± 9 

7.8 ± 0.8 

10 ± 2 

129 ± 5 

1.8 ± 0.6 

193 ± 44 

M
ean 

B6-lit/lit 

        

 

 

  

  

36 ± 4 

173 ± 19 

9.3 ± 0.6 

28 ± 4 

179 ± 7 

5.7 ± 0.8 

184 ± 21 

Fem
ale 

  

40 ± 3 

128 ± 12 

8.9 ± 0.3 

20 ± 1 
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3.8 ± 1.5 

142 ± 27 

M
ale 
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150 ± 28 
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24 ± 5 

181 ± 7 
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163 ± 32 

M
ean 

C3.B6-lit/lit 

        

 

 

  

  

<0.001 

<0.001 

<0.001 

<0.001 

<0.001 

<0.001 

0.060 

Strain 
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<0.01 

0.315 

<0.01 

0.498 

<0.05 

0.126 

Sex 

  

<0.05 

<0.001 

0.624 

<0.001 

0.217 

<0.05 

0.256 

Inter 

AN
O

VA 

 

Table 3: Cannular indices of B6-lit/lit and C3.B6-lit/lit m
ice on the tissue level. 
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Prim
ary indices num

ber of lacunae (N
.Lc), lacuna volum

e (Lc.V), and 
corresponding cortical total volum

e Ct.TV, averaged over all sites (anterior, 
posterior, lateral, and m

edial). 
Ratios lacuna num

ber density (N
.Lc/Ct.TV), lacuna volum

e density 
(Lc.V/Ct.TV), and m

ean lacuna volum
e (<Lc.V> = Lc.V/N

.Lc). 

  

<Lc.V> (μm
3) 

Lc.V/Ct.TV (%
) 

N
.Lc/Ct.TV (m

m
-3) 

Param
eter 

 

  
   

 

  

  

209 

1.4 

68257 

Fem
ale 
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1.2 

63473 

M
ale 

  

200 

1.3 

65865 

M
ean 

B6-lit/lit 

       

  

265 

1.3 

48611 

Fem
ale 

  

274 

1.4 

51146 

M
ale 

  

269 

1.3 

49879 

M
ean 

C3.B6-lit/lit 

 

Table 5: O
steocyte lacunar indices of B6-lit/lit and C3.B6-lit/lit m

ice on the 
cell level. 
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 Statistically significant R-values are show
n in bold (p < 0.05). 

See legend for Table 2, Table 3, and Table 5 for further inform
ation concerning nom

enclature of the m
orphom

etric indices.
 

      

Lacunar 

     

Cannular 

  

Cortical 

     

  

<Lc.V> 

N
.Lc/Ct.TV 

N
.Lc 

Lc.V/Ct.TV 

Lc.V 
 

<Ca.V> 

N
.Ca/Ct.TV 

N
.Ca 

Ca.V/Ct.TV 

Ca.V 
 

Ct.BV 

Ct.Th 
     

                     

  

0.13 

-0.26 

0.37 

-0.15 

0.47 

 

0.08 

0.36 

0.66 

0.49 

0.68 

 

0.88 

  

Ct.Th 

  

-0.42 

-0.52 

0.66 

-0.65 

0.45 

 

0.11 

0.25 

0.56 

0.39 

0.58 

    

Ct.BV 

Cortical 

                     

  

-0.06 

-0.23 

0.17 

-0.23 

0.11 

 

0.23 

0.74 

0.89 

0.96 

     

Ca.V 

  

0.09 

-0.15 

-0.06 

-0.08 

-0.03 

 

0.23 

0.84 

0.88 

      

Ca.V/Ct.TV 

  

0.21 

-0.34 

-0.21 

-0.16 

-0.13 

 

-0.07 

0.92 

       

N
.Ca 

  

0.33 

-0.23 

-0.37 

-0.01 

-0.22 

 

-0.14 

        

N
.Ca/Ct.TV 

  

-0.12 

-0.40 

-0.18 

-0.38 

-0.25 

          

<Ca.V> 

Cannular 

                     

  

0.17 

0.39 

0.83 

0.38 

           

Lc.V 

  

0.63 

0.84 

-0.01 

            

Lc.V/Ct.TV 

  

-0.40 

0.29 

             

N
.Lc 

  

0.11 

              

N
.Lc/Ct.TV 

                 

<Lc.V> 

Lacunar 

 

Table 7: Correlation betw
een cortical, cannular, and lacunar m

orphom
etric indices for B6-lit/lit m

ice. 
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Table 8: Biomechanical parameters for B6-lit/lit and C3.B6-lit/lit mice. 

   B6-lit/lit   C3.B6-lit/lit 
Parameter  Female Male Diff (%)  Female Male Diff (%) 

         
Fu (N)  9 ± 2 9 ± 1 -2  16 ± 1 18 ± 1 17 * 
U (mJ)  1.6 ± 0.3 1.7 ± 0.2 6  1.7 ± 0.2 2.1 ± 0.2 19 * 
S (N/mm)  85 ± 15 72 ± 20 -16  153 ± 19 178 ± 18 16 

                   
Values are mean ± SD. 
Unpaired t-test with Bonferroni correction: * p(sex) < 0.05. 
Ultimate force (Fu), work to failure (U), and stiffness (S). 

Organ level: The cortical indices summarized in Table 2 represent the morphometry 

results on the organ level. ANOVA of these indices identified the mouse strain as the 

only significant effect with p < 0.001. One exception was Ct.BV/TV, where sex had a 

significant influence on the absolute values. Groupwise unpaired t-tests with 

Bonferroni correction located a significant difference (p < 0.05) between female and 

male C3.B6-lit/lit, whereas Ct.BV/TV of B6-lit/lit specimens were not affected by sex. 

We observed that the morphometry of the two mouse strains was dissimilar already on 

the organ level or more precisely, that the femoral mid-diaphysis of C3.B6-lit/lit animals 

was larger in comparison with B6-lit/lit mice (cf. Figure 1). This finding was supported 

by the fact that cortical bone volume density (Ct.BV/TV) and cortical thickness (Ct.Th) 

were significantly (p < 0.001) larger for C3.B6-lit/lit compared with B6-lit/lit (Table 2). 

Tissue level: On the tissue level, negative imaging allowed visualizing the canal network 

within cortical bone (Figure 2). The morphometric results for the canal network are 

summed up in Table 3. Canal spacing (Ca.Sp) and mean canal diameter (<Ca.Dm>) were 

significantly higher in C3.B6-lit/lit compared with B6-lit/lit. In agreement with the 

larger Ca.Sp, canal number density (N.Ca/Ct.TV) was lower in C3.B6-lit/lit mice; 

however, this was not significant (p = 0.060). For these three indices, only the factor 

mouse strain had significant explanation power. All other cannular indices revealed a 

significant and disordinal interaction between mouse strain and sex (Table 3). For canal 

volume density (Ca.V/Ct.TV), mean canal volume (<Ca.V>), and mean canal length 

(<Ca.Le>), mouse strain and sex were both significant factors. These indices showed the 

same interaction behavior, as exemplified for <Ca.V> in Figure 5. In particular, 

Ca.V/Ct.TV, <Ca.V>, and <Ca.Le> were independent of sex for B6-lit/lit mice, but were 
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different for female and male C3.B6-lit/lit mice (cf. Figure 5). Thus, there is no real cross-

over in the interaction plots and the interaction shall be classified as ordinal. 
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Figure 5: Interaction plots for mean canal volume (<Ca.V>) of B6-lit/lit and C3.B6-lit/lit mice. 
Because <Ca.V> is similar for female and male B6-lit/lit mice, there is no real cross-over, and the 
significant interaction between the factors mouse strain and sex was qualified as ordinal. The 
interaction plots of canal volume density (Ca.V/Ct.TV) and mean canal length (<Ca.Le>) behave
similarly. 

To abstract these results, we can state that first Ca.V/Ct.TV, <Ca.V>, and <Ca.Le> 

were larger for C3.B6-lit/lit compared with B6-lit/lit mice, and second, that for B6-lit/lit 

specimens, these indices were independent of sex. In contrast, the mean canal 

orientation (<Ca.θ>), which describes the spatial arrangement of the cannular branches, 

was found to be dependent on mouse strain and sex (truly disordinal interaction), 

meaning that it must always be considered separately for mouse strain and sex. Canal 

branching occurred only rarely and bifurcation of the cannular network was the 

exception, rather than the normal case. Moreover, the canals delineated a cone around 

the femoral long axis described by <Ca.θ>, whereas single canals running parallel or 

perpendicular were observed only rarely. Finally, cannular indices were calculated for 

the different anatomical sites (anterior, posterior, lateral, and medial) and are listed in 

Table 4. Because a two-way ANOVA for the factors site and sex did not show any 

interaction, female and male specimens were pooled for the different sites. The 

question if the cannular indices do depend on the anatomical site was decided by 

Tukey’s HSD pairwise comparisons among site means for the two mouse strains B6-

lit/lit and C3.B6-lit/lit. Those site means, which were significantly different (p < 0.05) 

from at least one other site, are printed bold in Table 4. According to Table 4, the 

element-based indices <Ca.V>, <Ca.Dm>, and <Ca.Le> are independent of the site, 
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whereas the mean canal orientation (<Ca.θ>) was site-dependent for C3.B6-lit/lit and 

partly for B6-lit/lit. This is shown in Figure 6, where the canal network within the 

anterior (A) and posterior (B) cortical bone of a C3.B6-lit/lit mouse femur is displayed. 

The cannular branches are bent more towards the femurs longitudinal axis for the 

posterior site compared to the anterior site. With the exception of Ca.Sp for B6-lit/lit, 

the overall morphometric indices were all dependent on the site, including N.Ca/Ct.TV 

and Ca.V/Ct.TV. This is particularly pronounced for B6-lit/lit, where the maximal 

N.Ca/Ct.TV and Ca.V/Ct.TV identified at the anterior site were a multiple of the minimal 

cannular densities detected at the posterior site. In contrast, only moderate site 

differences in N.Ca/Ct.TV and Ca.V/Ct.TV were found for C3.B6-lit/lit. 

100 μmA
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B

posterior

100 μm100 μmA

anterior

A

anterior
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B
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Figure 6: Canal network within the anterior (A) and posterior (B) cortical bone of a C3.B6-lit/lit
mouse femur, where the border layers represent the extent of the cortical bone. The
morphometric parameters describing the 3D extension and orientation of the canal network
vary for different sites (A and B). Note in particular the behavior of the canal penetration within
cortical bone for different cortical thicknesses. The data have been assessed by global SR μCT at 
3.5-μm nominal resolution. 

Cellular level: Figure 4 shows the canal network and the osteocyte lacunar system 

within the murine cortical femoral bone as assessed by the nCT approach. The 

abundance of cell spaces in the cortex deserves closer attention. These osteocyte 

lacunae were mostly plate-like ellipsoids, oriented mainly in the longitudinal direction 

of the femur. The morphometric analysis for the lacunar indices is given in Table 5. For 
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the cell space analysis, it must be noted that in C3.B6-lit/lit, the mean lacuna volume 

(<Lc.V>) was larger than in B6-lit/lit. On the other hand, lacuna number density 

(N.Lc/Ct.TV) was proportionally smaller in C3.B6-lit/lit, so that there is more bone 

matrix per osteocyte lacuna compared with B6-lit/lit mice, whereas sex seemed to have 

no influence on the actual numbers. This led to a lacuna volume density (Lc.V/Ct.TV) 

that was constant at 1.3% for both mouse strains (and both sexes). This is in contrast to 

volumetric canal density (Ca.V/Ct.TV), which was much larger in C3.B6-lit/lit as 

compared with B6-lit/lit. 

Correlations: Correlation (Table 6 and Table 7) showed that all parameters describing 

the overall cannular morphometry scaled significantly with bone size, i.e., with cortical 

thickness (Ct.Th) and cortical bone volume (Ct.BV). Among those are canal volume 

(Ca.V), number of canals (N.Ca), and their corresponding densities Ca.V/Ct.TV and 

N.Ca/Ct.TV. On the other side, parameters describing basic structural elements such as 

mean canal volume (<Ca.V>) and mean lacuna volume (<Lc.V>) were unaffected by size 

and rather constant. Nevertheless, they were unique per mouse strain. This was 

corroborated by the finding that strong correlations were detected between number of 

lacuna (N.Lc) and lacuna volume (Lc.V) (R ≥ 0.83) as well as between N.Ca and Ca.V (R ≥ 

0.89) for both B6-lit/lit and C3.B6-lit/lit mice. In general, no linear relations between the 

morphometric indices describing the osteocyte lacunae and bone size have been 

observed. 

Biomechanics 
The mechanical parameters assessed from three-point bending are given in Table 8. 

First, Fu, U, and S were all significantly different for the two different mouse strains as it 

is shown representatively for Fu in Figure 7. Second, there were no significant 

differences found between female and male specimens for B6-lit/lit mice (Table 8). 

However, in the case of C3.B6-lit/lit, ultimate force (Fu) and work to failure (U) were 

significantly increased in male specimens compared with female mice (Figure 7). The 

same trend was observed for the stiffness (S) of C3.B6-lit/lit mice, although the sex 

difference was statistically not significant. 
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Figure 7: Ultimate force (Fu) of B6-lit/lit and C3.B6-lit/lit mice. The strength of the bone 
described by Fu is doubled for C3.B6-lit/lit compared with B6-lit/lit. Whereas for B6-lit/lit, female 
and male specimens showed the same strength, male C3.B6-lit/lit revealed a significantly 
increased Fu compared with females. p-values of unpaired t-tests with Bonferroni correction are 
indicated with *p < 0.05 and ***p < 0.001. Comparable results were found for work to failure (U) 
and stiffness (S). 

Discussion 
3D ultrastructural imaging and quantitative morphometry 
Organ level: Femoral mid-diaphysis of C3.B6-lit/lit is larger compared with B6-lit/lit 

mice. 

In this study, quantitative morphometry on the organ level showed that the 

femoral mid-diaphysis of C3.B6-lit/lit was larger compared with B6-lit/lit mice, 

reflecting the increased volume density (Ct.BV/TV) and cortical thickness (Ct.Th) for 

C3.B6-lit/lit specimens. Similar differences were previously shown by Beamer et al. [35] 

between the two inbred mouse strains C3H and B6, where C3H mice were reported to 

exhibit greater total femur density and thicker mid-diaphyseal cortex. Therefore, B6-

lit/lit and C3.B6-lit/lit appear to be good models for a low and high bone mass mouse, 

respectively, similar to B6 and C3H. Moreover, we showed – in line with our previous 

work [39] – that Ct.BV/TV of females was significantly increased for C3.B6-lit/lit in 

comparison with males, which is in contrast to B6-lit/lit mice, where all morphometric 

indices on the organ level were independent of sex. In other words, we could verify a 

sex specificity of Ct.BV/TV for our little mouse strain, whereas for other mouse models, 
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the direct effect of sex steroids on bone, which is independent of IGF-I, can in general 

not easily be discerned [39]. 

Tissue level: Cannular indices for C3.B6-lit/lit are generally larger compared with B6-

lit/lit mice. 

On the tissue level, the cortical bone ultrastructure has been often characterized by 

intracortical porosity. The intracortical femoral porosity of rats at different sites was 

found to be increased by several factors, such as immobilization [48], ovariectomy [49], 

and treatment with IGF-I [50]. For wildtype Swiss Webster mice, the intracortical 

porosity of vertebral bone has been assessed recently by bone histomorphometry [51] 

and accounted for 0.8-1.2% of the cortical bone extension. In this study, we showed that 

the canal network and the osteocyte lacunar system together (i.e., the intracortical 

porosity accessible with our techniques) occupied 1.5-1.8% of the cortical bone 

extension (Table 3 and Table 5). However, we always disentangled the intracortical 

porosity into the canal network and the osteocyte lacunar system for the whole study 

and quantified these two ultrastructural phenotypes separately. To our knowledge, the 

canal network within cortical human bone was quantified only once in 3D by Cooper et 

al. [33], using a μCT system at 10-μm nominal spatial resolution and subsequent 

negative imaging for the canal extraction. Using a combination of SR CT 

measurements, negative imaging, and direct morphometric 3D methods, Martín-

Badosa et al. [52] quantified the porosity and the pore diameter within the distal 

femoral diaphysis of B6 and C3H mice. Since these authors fixed the nominal resolution 

at 6.65 μm, osteocyte lacunae were beyond the resolution limit, and the porosity was 

exclusively a manifestation of the canal network. Given that, according to our results, 

the mean canal diameter (<Ca.Dm>) of femoral murine bone is < 10 μm (cf. Table 3), the 

canal network assessed in the study of Martín-Badosa et al. was partly disconnected 

and was reduced to bigger canals only. In this study, the cannular indices for C3.B6-

lit/lit were generally larger compared with B6-lit/lit mice. Whereas for B6-lit/lit, all 

cannular indices were independent of sex, Ca.V/Ct.TV, <Ca.V>, and <Ca.Le>, each 

depended similarly and significantly on sex for C3.B6-lit/lit, as shown representatively 

for <Ca.V> in Figure 5. It is interesting to note that, although Ct.Th and Ct.BV vary for 

the different anatomical sites within the diaphysis (data not shown), <Ca.V>, <Ca.Dm>, 

and <Ca.Le> describing basic elements of the canal network within the cortical bone are 

independent of site and therefore, do not scale with bone size (cf. Figure 6). This is 
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consistent with our correlation results where parameters describing basic elements, 

such as mean canal volume (<Ca.V>) and mean lacuna volume (<Lc.V>), were 

unaffected by size. On the other hand, <Ca.θ> and the cannular densities N.Ca/Ct.TV 

and Ca.V/Ct.TV were site-dependent. Especially, the respective 5-fold and 4-fold 

difference in N.Ca/Ct.TV and Ca.V/Ct.TV between the anterior and posterior site in B6-

lit/lit specimens is noteworthy. An analog site-dependency in Ca.V/Ct.TV or nonlacunar 

porosity was discovered by Skedros et al. [53,54] in mid-diaphyseal ulnae of immature 

turkeys, where no secondary osteons were detected. There, the cortical octants with the 

lowest nonlacunar porosity corresponded to the bone region where compression 

occurs during the normal wing-flapping cycle [55]. No information on habitual loading 

of the mouse femur diaphysis in vivo is available. Nevertheless, if we assume that the 

strain distributions within the femoral mid-diaphysis in mice and dogs [56] are 

comparable, we can conclude that for B6-lit/lit the anterior site with predominant 

tensile strains and the posterior site with prevalent compressive strains correspond to 

regions with high and low cannular densities N.Ca/Ct.TV and Ca.V/Ct.TV, respectively. 

Cellular level: The lacuna volume density is independent of mouse strain and sex. 

As for the canal network, the known facts relating to osteocytes and osteocyte 

lacunae are mainly based on microscopical analysis of histological bone sections and 

are therefore intrinsically two-dimensional (2D). Quantitative information respecting 

the 3D osteocyte lacunar system within murine cortical bone is rare and has been 

assessed thus far using confocal laser scanning microscopy (CLSM) [57]. Nevertheless, 

quantitative analysis in 3D remains challenging because CLSM introduces image 

artifacts, such as signal attenuation with increasing depth or image distortion caused 

by the sample refractive index mismatch [58]. However, osteocytes and osteocyte 

lacunae have been characterized manifold since Frost developed the methodology for 

dynamic bone histomorphometry. For example, Mullender et al. estimated the cortical 

osteocyte number density (N.Lc/Ct.TV) in humans [59] and rats [60] to be around 

10,000·mm-3 and 90,000·mm-3, respectively. In this study, which is focused on murine 

specimens, we located N.Lc/Ct.TV between 50,000·mm-3 and 70,000·mm-3 (Table 5). We 

observed that the osteocyte lacunae are mostly plate-like ellipsoids. Similarly, but based 

on CLSM measurements in human femoral bone tissue specimens, McCreadie et al. [61] 

reported that an ellipsoidal model is appropriate for modeling lacunae. The reported 

values we found in the literature for osteocyte lacuna size of different species are 



Chapter 4:  Structure function relationships in murine bone 

156 

mainly interpolations of 2D data, but correspond in the order of magnitude to the 

values of  ~200-300 μm3 for the mean lacuna volume of our murine bone specimens 

(Table 5). In comparison, Wang et al. reported on mean lacuna volumina in the range of 

200-700 μm3 within the tibial proximal diaphysis of B6 mice [62], where CLSM in 

conjunction with a prolated spheroid model for osteocyte lacunae has been used for 

quantitative morphometry. 

In our experiments, the volumetric density of the mid-diaphyseal intracortical canal 

network (Ca.V/Ct.TV) was positively related with bone size (both Ct.Th and Ct.BV) for 

both mouse strains (Table 6 and Table 7). On the other hand, lacuna volume density 

(Lc.V/Ct.TV) was constant at 1.3% and consequently independent of mouse strain and 

sex, at varying mean lacuna volume (<Lc.V>) and lacuna number density (N.Lc/Ct.TV) 

(Table 5). No consistent relation between the lacunar indices and anatomical site could 

be established. Because only two mice from each mouse strain were analyzed at each 

single site on the cellular level, we were not able to conclusively answer the question 

whether there were any site dependencies of the lacunar indices. However, it is 

noteworthy that mice with the larger cortices (Ct.Th of C3.B6-lit/lit compared with B6-

lit/lit) have a lower lacuna density, similar to findings of Jordan et al. [63] and Borton et 

al. [64] for mice and men, respectively. This might imply that individual osteoblasts 

formed more bone before being incorporated into the mineralized tissue. In general, it 

was proposed that bone resorption and bone remodeling maintain the cell density 

within a normal range [65] and that, under circumstances, where cell and lacuna size 

and number are not well controlled, lacuna density may have a significant effect on 

bone matrix stiffness [66] and risk of bone fracture [65]. 

Scaling rule: Overall cannular morphometry scales with bone size and lacunar 

morphometry does not. 

We derived a scaling rule for the canal network and the osteocyte lacunar system. 

To state explicitly, Ca.V, N.Ca, and their corresponding densities Ca.V/Ct.TV and 

N.Ca/Ct.TV all scaled positively with bone size (Ct.Th and Ct.BV). In contrast, <Ca.V>, 

<Ca.Dm>, and <Ca.Le> characterizing basic element dimensions of the cannular 

network, as well as all morphometric indices quantifying the osteocyte lacunae did not 

scale with bone size. 
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Biomechanics 
In contrast to the femoral midshaft of the wildtype mouse strains B6 and C3H [36], 

ultimate force (Fu), work to failure (U), and stiffness (S) of the little specimens were all 

reduced because of an overall reduction in bone size. Nevertheless, C3.B6-lit/lit showed 

statistically significant increased mechanical properties versus B6-lit/lit specimens, very 

similar to the increased mechanical parameters in C3H compared with B6 [36]. In the 

same way, reduced bone size and density, represented by smaller Ct.BV, Ct.Th and 

Ct.BV/TV (Table 2), can account for lowered strength, rigidity, and work to failure or in 

particular, can explain why B6-lit/lit specimens are mechanically inferior to C3.B6-lit/lit 

mid-diaphyseal femoral bones. Because for C3.B6-lit/lit mice, Ct.BV/TV was significantly 

reduced for males compared with females (Table 2), we would now expect decreased 

mechanical characteristics for male C3.B6-lit/lit. However, this could not be seen in our 

three-point bending results, where all mechanical parameters were found to be 

increased in male specimens compared with female mice. Consequently, the 

biomechanical results cannot be explained by considering exclusively bone phenotypes 

on the organ level. Here, we suggest including the tissue level, or in our case the canal 

network, for the discussion of the mechanical results. Where for B6-lit/lit, all cannular 

indices were independent of sex, the morphometric indices Ca.V/Ct.TV, <Ca.V>, and 

<Ca.Le> were greater for females in comparison with males in the C3.B6-lit/lit mouse 

strain (cf. Figure 5). Consequently, there is evidence that for C3.B6-lit/lit, the larger 

cortical bone mass is counterbalanced or even outweighed by the larger canal network 

in the female mice, leading to increased porosity and eventually to decreased 

mechanical parameters. 

Study limitations 
As a caveat for the current study, it must be mentioned that rodent bones, unlike those 

of higher mammals, rarely undergo intra-cortical remodeling. Therefore, direct 

comparison between the canal network in mice cortices and that in human bone might 

be misleading. In the mouse, cortical bone is considered to be unchanged since the 

time the bone was originally formed, whereas in humans, cortical bone is extensively 

remodeled over time. Although these results showed extensive canal void spaces in the 

cortical diaphysis of the mouse, this model clearly fails to show osteonal structures as 

we can find them in humans and other larger mammals. However, we are convinced 

that the insight gained into the ultrastructure and biomechanics of murine bone 
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provides the requisite framework for genetic studies in mice dedicated to a better 

understanding of the hierarchical structural organization in the cortex and its 

contribution to the mechanical behavior of bone. 

Conclusions 
To our knowledge, this is the first study investigating quantitatively the ultrastructural 

cortical bone morphometry of mice in 3D and in a fully non-destructive fashion. Murine 

intracortical porosity has been disentangled into the canal network and the osteocyte 

lacunar system, as two ultrastructural phenotypes of (murine) cortical bone. Global and 

local SR-based CT methods have been designed for quantification and morphometric 

analysis of these phenotypes. The advantage of SR CT is primarily its high spatial 

resolution, opening the ultrastructure of bone for nondestructive and 3D assessment, 

currently not accessible with conventional μCT desktop systems. New morphometric 

indices have been devised and applied for quantitative characterization of the canal 

network and the osteocyte lacunar system in the mid-diaphyseal femoral cortex of the 

two genetically distinct mouse strains B6-lit/lit and C3.B6-lit/lit. Moreover, these little 

mouse strains seem to be a good model for low and high bone mass and in addition, 

for sex differences independent of GH and IGF-I. Their bone mechanics has been 

described and successfully related to the morphometry on the organ and the 

ultrastructural level. We believe that the morphometric analysis of the ultrastructural 

phenotypes and the study of the relationships between phenotypes of bone at 

different hierarchy levels will provide new insights in the assessment of bone quality on 

all levels of bone hierarchy. In particular, we hypothesize that the prediction of bone 

mechanics can be improved in certain diseases and genetic predispositions by 

including ultrastructural bone tissue properties, such as the canal network and the 

osteocyte lacunar system. 
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Abstract 
Our results showed that the ultrastructural canal network is a major contributor to 

cortical tissue porosity, and therefore was also linked to mechanical bone properties. 

The goal of this study was first to identify the relative importance of the growth 

hormone (GH)/insulin-like growth factor-I (IGF-I) axis for the macroscopic and 

ultrastructural bone morphometry and second, to investigate the influence of the canal 

network on murine bone mechanics. To study canal network morphometry within 

murine cortical bone of the femoral mid-diaphysis, we used a mouse model for the little 

(lit) mutation, including two mouse strains with different bone mass (high/low) and 

two mouse strains with differences in the GH level (present/absent). The canal network 

was assessed by synchrotron radiation-based micro-computed tomography and the 

mechanical bone properties were derived from three-point bending. In our mouse 

model, the absence of GH removed sex-specific asymmetries in macroscopic 

morphometric parameters and thus, supports the hypothesis that there is an 

important interaction between sex steroids, the GH/IGF-I axis, and bone modeling. 

Moreover, the absence of GH removed the mouse strain-specific asymmetry in the 

coupling behavior of the overall cannular parameters to bone size (scaling rule). The 

data also provided strong evidence for a significant influence of the cortical canal 

network on murine bone mechanics. To our knowledge, this is the first study 

investigating quantitatively the influence of the GH/IGF-I axis on bone ultrastructure 

and its relation to murine bone mechanics. We hypothesize that the prediction of bone 

mechanics can be improved by including ultrastructural bone properties, such as the 

canal network. 
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Introduction 
Osteoporosis is primarily a disease of bone fragility resulting from decreased bone 

mass. In addition, altered architectural arrangement of bone tissue and impaired bone 

quality leads to decreased skeletal strength and increased fracture risk [1]. Bone mineral 

density (BMD), a measure of bone mass, has been identified in several epidemiological 

studies as being the most important risk factor for osteoporotic fractures [2,3]. 

Nevertheless, the idea that BMD is the best predictor of fracture risk has become a 

controversial issue [4]. On an individual basis, density alone accounts for 10-90% of the 

variation in strength of trabecular bone [5]. This also means that up to 90% of the 

variation in strength cannot be explained by BMD [6]. Recent data have shown that 

predicting bone strength can be greatly improved by including microarchitectural 

parameters in the analysis [7,8]. 

Further improvement in predicting bone strength can be achieved by special 

consideration of the cortical bone compartment. Cortical bone strength has been 

primarily related to BMD and other parameters, describing cortical geometry [9,10]. 

However, BMD was reported to be related only weakly to the mechanical properties of 

cortical bone [11]. On the other hand, cortical geometry and particularly intracortical 

porosity have been demonstrated earlier to be linked to stiffness and strength of 

cortical bone specimens from human donors [12-14] and from different mammals 

[12,15,16]. Furthermore, intracortical porosity has been associated with fracture risk of 

patients with femoral neck fractures [17]. Changes in human femoral intracortical 

porosity have been accounted for 76% of the reduction in bone strength [18] and 

several other studies revealed the negative influence of increased intracortical porosity 

on fracture resistance [19-21]. Recent results showed that the canal network is a major 

contributor to local tissue porosity [22-24], and therefore, can directly be linked to 

measures of bone tissue quality and thus, to the mechanical properties of bone. For this 

reason we recently characterized the morphometry of mid-diaphyseal femoral cortical 

murine bone tissue on an organ and ultrastructural level and related it to bone 

mechanics [25]. In particular, we provided evidence that larger femoral mid-diaphyseal 

bone mass was counterbalanced or even outweighed by the larger extension of the 

canal network as one important ultrastructural bone phenotype, leading to increased 

porosity and eventually to decreased mechanical bone competence. 



4.2:  Macroscopic, ultrastructural & mechanical bone properties 

167 

To study the macroscopic and cannular morphometry of murine cortical bone, we 

used a mouse model for the little (lit) mutation, including two representative mouse 

strains with different bone mass (high/low) and two for distinct circulating growth 

hormone (GH) level (present/absent). Mice homozygous for the spontaneous little (lit) 

mutation (lit/lit) carry a mutation in the GH releasing hormone receptor (Ghrhr), 

resulting in undetectable circulating GH [26,27], and serum insulin-like growth factor-I 

(IGF-I) that is fixed at low, but detectable levels [28]. Because the lit mutation is 

recessive, heterozygous mice (lit/+) show normal levels of GH and IGF-I and have 

normal body weights [29,30]. Heterozygous (lit/+) mouse strains used in this study 

were C57BL/6J-Ghrhrlit/J [31] and its congenic counterpart C3.B6-Ghrhrlit/J that was 

created by backcrossing the lit mutation from the original C57BL/6J (B6) background to 

C3H/HeJ (C3H) [32]. The corresponding homozygous (lit/lit) mouse strains used in this 

study were C57BL/6J-Ghrhrlit/Ghrhrlit (B6-lit/lit) and C3.B6-Ghrhrlit/Ghrhrlit (C3.B6-lit/lit). 

B6-lit/lit and C3.B6-lit/lit seem to be good representative mouse strains for low and 

high bone mass [25] similar to their wild types B6 and C3H [33]. Because the wild-type 

mouse strains B6 and C3H showed differences in several skeletal characteristics [33,34] 

and in response to mechanical loading [35,36], we expected analogous variations in 

bone mechanics for the mouse model used in this study, that is to say for the mouse 

strain pairs B6-lit/+ & C3.B6-lit/+ and B6-lit/lit & C3.B6-lit/lit. To study these 

interactions between macroscopic, ultrastructural, and mechanical properties of 

murine bone, size effects are important. For example, bone size is generally larger in 

males compared to females and is therefore sex-specific. Because GH provides the 

main conduit for growth regulation [37,38] and the accrued bone size, there may be 

interactions with sex steroids. Consequently, the goal of this study was first to identify 

the influence of the GH/IGF-I axis on the macroscopic and ultrastructural cannular 

bone morphometry and thus, to conclude if there is an important interaction between 

sex steroids, the GH/IGF-I axis, and bone modeling. The second aim of this study was to 

provide evidence for a significant influence of the canal network on murine bone 

mechanics. 
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Materials and methods 
Animals 
In total, 12 mice each (6 female and 6 male) of the four little mouse strains B6-lit/+, 

C3.B6-lit/+, B6-lit/lit, and C3.B6-lit/lit used in this study were raised at The Jackson 

Laboratory (Bar Harbor, ME, USA). On necropsy at the age of 4 months, femora were 

dissected and were stored in ethanol for further analysis. All animal procedures were 

approved by the Jackson Laboratory’s Animal Care and Use Committee. 

Synchrotron radiation CT 
Within this study we followed a hierarchical description of the cortical bone matrix. For 

these purposes, we distinguished two levels on different length scales. On the organ or 

macroscopic level, bone was considered to be compact and was characterized by its 

radial extension and volume distribution. On the tissue level, we described the canal 

network as one prominent ultrastructural phenotype of the intracortical porosity. The 

femoral mid-diaphyses of all mice were scanned using a synchrotron radiation (SR)-

based micro-computed tomography (μCT) setup at a nominal resolution of 3.5 μm, as it 

is described elsewhere [25]. For quantitative analysis of the bone tissue on the 

macroscopic level, component labeling and morphologic operations were applied to 

the binarized data to obtain a solid representation of the mid-diaphysis. On the tissue 

level, the technique of negative imaging was applied in this study to assess the canal 

network within cortical bone, where details are given in [25]. 

3D quantitative morphometry 
For morphometry on the macroscopic level, tissue volume (TV) enclosing both 

trabecular bone within the medullary cavity and the cortical bone tissue, total bone 

volume (T.BV), total bone volume density (T.BV/TV) or apparent volume density (AVD) 

[39], cortical thickness (Ct.Th), and polar area moment (J) were assessed. On the tissue 

level, we described the overall canal network by calculating the morphometric indices 

canal volume (Ca.V), canal volume density (Ca.V/Ct.TV), number of canals (N.Ca), canal 

number density (N.Ca/Ct.TV), as well as canal spacing (Ca.Sp), where Ct.TV designates 

the cortical total volume. In addition, the canal network was spatially decomposed into 

single elements and analyzed subsequently by calculating the element-based 

morphometric indices mean canal volume (<Ca.V>), mean canal diameter (<Ca.Dm>), 
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mean canal length (<Ca.Le>), and mean canal orientation (<Ca.θ>) in relation to the 

femoral long axis. Cannular indices were computed directly in 3D without any model 

assumptions [25]. 

Biomechanical tests 
For mechanical testing, we included an additional set of 12 mice each (6 female and 6 

male) from the two mouse strains B6-lit/lit and C3.B6-lit/lit, which were homozygous 

for the lit mutation. From a previous study [25] we knew that for at least one of these 

lit/lit strains (C3.B6-lit/lit) there was evidence for a contribution of the canal network to 

bone mechanics. To confirm this relation quantitatively in a situation with 

physiological GH/IGF-I levels, the contralateral femora of all B6-lit/+ and C3.B6-lit/+ 

mice scanned by SR μCT were added to the lit/lit specimens designated for mechanical 

tests. 

Before testing, the bones were rehydrated for 24 hours in phosphate buffered 

saline (PBS). After a preload of 1 N the mouse femora were loaded to failure in anterior-

posterior direction by three-point bending, using a custom-made loading device with a 

support distance of 5 mm, which was integrated in a materials testing machine (1456; 

Zwick, Ulm, Germany). The femora were positioned so that the load was applied at 56% 

of the whole femur length (calculated from the greater trochanter), which corresponds 

to the femoral height where the SR μCT measurements were performed. During three-

point bending, the femora were lying freely and load-displacement curves were 

recorded at a crosshead speed of 0.5 mm/s [34]. Ultimate force (Fu), work to failure (U), 

and stiffness (S) were calculated from the load-displacement curve as described 

elsewhere [40]. Fu indicates the strength of the bone, whereas S reflects resistance to 

elastic deformation, and U is the required energy to fracture the bone. 

Statistical analysis 
For statistical analysis, the GNU statistical package R (Version 2.4.1, http://www.r-

project.org) was used. The SR μCT measurements comprised the two mouse strain 

pairs B6-lit/+ & C3.B6-lit/+ and B6-lit/lit & C3.B6-lit/lit. Accordingly, the experimental 

setup for each mouse pair represented a 2 x 2 factorial design, implying the two-level 

independent factors mouse strain (B6-based and C3H-based) and sex (female & male). 

A two-way ANOVA was performed individually for the lit/+ and lit/lit pairs to test for 

significances in mouse strain and sex (p < 0.05). For cannular and biomechanical 

http://www.r-project.org/
http://www.r-project.org/
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indices, where sex was an important factor (p < 0.1) according to the ANOVA, multiple 

unpaired t-tests including Bonferroni correction were conducted to locate significant 

differences (p < 0.05) between female and male mice within one strain. Moreover, 

correlation analysis was performed between all morphometric indices to test for linear 

relationships. Further, linear regression between mean values of macroscopic 

morphometric and mechanical parameters for all mouse groups (B6-lit/+ female, B6-

lit/+ male, C3.B6-lit/+ female, C3.B6-lit/+ male, and corresponding lit/lit groups) 

provided information concerning the global relation between macroscopic 

morphometry and bone mechanics. Finally, multiple linear regression models were 

built for the lit/+ strains to explain the variation in the mechanical parameters Fu, U, 

and S in terms of the morphometric indices. Models composed exclusively of 

macroscopic parameters were compared with mixed models, which incorporated 

macroscopic as well as cannular indices as explanatory variables. Model selection was 

performed step-wise by backward-elimination, going from larger to smaller models 

with lesser explanatory variables. The exclusion criteria for one specific morphometric 

parameter were based on Akaike’s An Information Criterion (AIC) [41], its standardized 

regression coefficient (β), significance, and degree of collinearity. AIC is a measure of 

goodness of fit (the smaller the better) for the estimated model that penalizes models 

with too many parameters and thus, favors smaller models, whereas β measures the 

influence of one morphometric index on the mechanical parameters. Further, the 

significance of one parameter was specified as the p-value of a t-test (pt) for it’s 

exclusion from the model, where collinearity between the different morphometric 

indices was quantified by the Variance Inflation Factor (VIF) [42], which is minimal for 

absent correlation and exponentially larger for increasing collinearity. Further, the 

global significance of one model was determined by the p-value of its F-statistic (pF). 

Explanatory variables were removed from a model in order of increasing β and 

decreasing absolute differential AIC-values, where variables with pt < 0.05 were 

retained and insignificant models (pF > 0.05) as well as final models including 

insignificant (pt > 0.05) and highly collinear (VIF > 5.0) variables were generally excluded 

for further investigations. Lastly, resulting models were ranked according to their 

adjusted coefficient of determination (R2
adj) of the multiple linear regression analysis 

and in respect of their final AIC-value, where models with highest R2
adj and lowest AIC 

were rated best. 



4.2:  Macroscopic, ultrastructural & mechanical bone properties 

171 

Results 
3D quantitative morphometry 
The macroscopic indices (organ level) for all mouse strains (B6-lit/+, C3.B6-lit/+, B6-

lit/lit, and C3.B6-lit/lit) are summarized in Tables 1 and 2. In general, bone size (T.BV and 

Ct.Th) of GH-deficient lit/lit mice was smaller compared with heterozygous mice (lit/+). 

Further, B6-based mouse strains were generally smaller (low bone mass) in body size 

than corresponding C3H-based mouse strains (high bone mass). Moreover, ANOVA for 

the two mouse strain pairs lit/+ and lit/lit (Tables 1 and 2) revealed distinct sex 

differences for heterozygous mice on the macroscopic level, whereas for homozygous 

lit/lit mice, this sex-specific asymmetry was removed (except for AVD). The cannular 

indices (ultrastructural level) are summed up in Tables 3 and 4. Canal volume density 

(Ca.V/Ct.TV) of the lit/lit strains was reduced between two and three times in 

comparison to heterozygous lit/+ animals. On the contrary, element-based mean canal 

volume (<Ca.V>) and mean canal length (<Ca.Le>) was increased for C3.B6-lit/lit versus 

C3.B6-lit/+, yet unchanged for the B6-based mouse strains. Additionally, significant sex 

differences for the cannular indices were identified both in lit/+ and lit/lit strains. 

Correlation analysis was performed for all morphometric indices, where the 

associated correlation coefficients are combined in Tables 5 and 6. For all mouse 

strains, macroscopic indices as well as most element-based cannular indices, which 

describe basic elements of the canal network, were well correlated among themselves 

(see Tables 5 and 6). Whereas for lit/+ mice, overall cannular indices (Ca.V, Ca.V/Ct.TV, 

N.Ca, N.Ca/Ct.TV, and Ca.Sp) were only correlated with bone size (T.BV and Ct.Th) for 

C3.B6-lit/+, and not for B6-lit/+ mice, this relationship was pronounced for both 

homozygous mouse strains (lit/lit). Interestingly, the sign of this correlation was 

changed for cannular densities of C3.B6-lit/lit compared with C3.B6-lit/+ mice, meaning 

that with increasing bone size, the relative extension of the canal network was reduced 

for heterozygous mice and vice versa, was enlarged for homozygous mice. An additional 

mouse strain-specific asymmetry for the lit/+ strains was discovered for the element-

based cannular indices (<Ca.V>, <Ca.Dm>, <Ca.Le>, and <Ca.θ>) of C3.B6-lit/+ mice, 

which were mostly correlated with bone size, while no linear relationship was detected 

between basic elements of the canal network and bone size for B6-lit/+ mice. By 

contrast, this strain-specific asymmetry was removed for the homozygous lit/lit strains 

and in addition, element-based cannular indices were all independent of bone size. 
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Table 3: Cannular indices of B6-lit/+ and C3.B6-lit/+ m
ice heterozygous for the lit m

utation. 
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Table 5: Correlation between macroscopic and cannular morphometry of B6-lit/+ and C3.B6-
lit/+ mice heterozygous for the lit mutation. 

  B6-lit/+ 
   

  Cann element Cann overall Macroscopic 

   

  

<Ca.θ> 
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N
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0.97 J 

M
acroscopic 
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0.31 
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0.21 

-0.36 
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0.32 Ca.V 

0.58 

-0.30 

0.32 

0.09 

-0.54 

0.96 

0.87 

---- 

0.65 

-0.44 

-0.50 
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-0.31 

-0.37 

Ca.V/ 
Ct.TV 
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0.34 

0.22 

-0.44 

0.91 
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0.63 

0.70 

-0.16 
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Statistically significant R-values are shown in bold (p < 0.05). 
Cann/ular overall and cann/ular element denote overall and element-based cannular indices. 
See captions for Tables 1 and 3 for further information concerning nomenclature of the listed 
morphometric indices. 
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Table 6: Correlation between macroscopic and cannular morphometry of B6-lit/lit and C3.B6-
lit/lit mice homozygous for the lit mutation. 
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Statistically significant R-values are shown in bold (p < 0.05). 
Cann/ular overall and cann/ular element denote overall and element-based cannular indices. 
See captions for Tables 1 and 3 for further information concerning nomenclature of the listed 
morphometric indices. 
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Biomechanics 
The mechanical parameters Fu, U, and S assessed from three-point bending are given in 

Tables 7 and 8. On the whole, they were roughly half for the GH-deficient lit/lit mouse 

pair in comparison to the heterozygous lit/+ mouse pair. For both mouse pairs, ultimate 

force (Fu) and work to failure (U) of male C3.B6-lit/lit and male C3.B6-lit/+ mice were 

increased compared with their female littermates. In contrast, sex was not a significant 

factor for B6-lit/lit and B6-lit/+ mice with respect of their mechanical parameters, 

which means that female and male animals showed comparable mechanical results. 

The outcome of the linear regression analysis between mean values of macroscopic 

morphometric and mechanical parameters for all mice strains is summarized in Table 

9, where coefficients of determination of all linear regressions are combined (adjusted 

R2
adj-values are given in addition to R2-values for means of comparison with multiple 

regression models to be presented subsequently). Here, bone size (T.BV or Ct.Th) 

explained between 84 and 98% of the global variation of bone mechanics characterized 

by Fu, U, and S (Figure 1). 
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Figure 1: Global linear regression between mean values of macroscopic morphometric and
mechanical parameters for all mouse strains (B6-lit/+, C3.B6-lit/+, B6-lit/lit, and C3.B6-lit/lit).
Bone size (T.BV or Ct.Th) explained between 84 and 98% of the global variation of bone
mechanics characterized by ultimate force (Fu), work to failure (U), and stiffness (S). 
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Values are m
ean ± SD

. 
Inter w

ithin AN
O

VA denotes interaction betw
een the factors m

ouse strain and sex. 
U

npaired t-test w
ith Bonferroni correction: b p(sex) < 0.05, c p(sex) < 0.1. 

See legend for Table 7 for inform
ation concerning nom

enclature of the listed m
echanical indices. 
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Table 9: Linear regression between mean values of macroscopic morphometric and mechanical
parameters for all mice groups (B6-lit/+ female, B6-lit/+ male, C3.B6-lit/+ female, C3.B6-lit/+
male, and corresponding lit/lit groups). 

 Parameter   TV T.BV AVD Ct.Th J 
        

Fu  -0.01 0.88 0.68 0.97 0.31 
U  0.27 0.97 0.32 0.81 0.60 R2 ad

j 

S  -0.01 0.86 0.69 0.95 0.31 
         

Fu  0.14 0.89 0.72 0.98 0.41 
U  0.37 0.97 0.41 0.84 0.66 R2  

S  0.14 0.88 0.73 0.96 0.41 
                

Numbers are given as adjusted and non-adjusted coefficients of determination (R2
adj and R2). 

R2
adj- and R2-values of statistically significant linear regressions are shown in bold (p < 0.05). 

See captions for Tables 1 and 7 for further information concerning nomenclature of the listed 
morphometric and mechanical indices. 

The linear regression results for the lit/+ mice are summed up in Tables 10 and 11. 

Comparison of linear regression in Tables 9, 10, and 11 revealed that the variation in Fu 

and S for B6-lit/+ mice could only be explained partially by one macroscopic parameter 

(0.35 ≤ R2 ≤ 0.60) and that variation could not be explained at all for work to failure (U). 

Similar to B6-lit/+, linear relationships for Fu and U of C3.B6-lit/+ mice diminished 

compared to global linear regression, yet, to a lesser degree (0.38 ≤ R 2≤ 0.91), and it was 

now stiffness (S) that remained linearly unrelated to any single macroscopic parameter. 

For one typical case, the linear regression is depicted in Figure 2. The reduced 

explanatory power of these models compared with global regression for all mouse 

strains becomes manifest when comparing Figures 1 and 2. As a next step, several 

macroscopic and cannular morphometric indices were included into multiple linear 

regression models (Tables 12 and 13), where for every mechanical parameter, models 

including exclusively macroscopic parameters and mixed models (macroscopic and 

cannular parameters) are listed. There, only significant models (pF < 0.05 and pt < 0.05) 

are shown which had higher R2
adj-values than linear relations based on one single 

macroscopic parameter and whose parameters were not highly collinear (VIF < 5). For 

mouse strains, where no significant multiple linear model could be built because of at 

least one pt > 0.05, the best model with pF < 0.05 and with no more than one 

insignificant factor (one pt > 0.05) is displayed and for comparison, the best simple 

macroscopic linear regression model is indicated according to Tables 10 and 11. 
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Table 10: Individual-based linear regression between macroscopic morphometric and
mechanical parameters for B6-lit/+ mice. 

 Parameter   TV T.BV AVD Ct.Th J 
        

Fu  -0.08 0.29 0.20 0.51 -0.01 
U  -0.01 -0.04 -0.09 -0.10 -0.01 R2 ad

j 

S  -0.03 -0.02 0.48 0.56 -0.09 
         

Fu  0.02 0.35 0.27 0.55 0.08 
U  0.08 0.06 0.01 0.00 0.08 R2  

S  0.06 0.08 0.53 0.60 0.01 
                

Numbers are given as adjusted and non-adjusted coefficients of determination (R2
adj and R2, 

respectively). 
R2

adj- and R2-values of statistically significant linear regressions are shown in bold (p < 0.05). 
See captions for Tables 1 and 7 for further information concerning nomenclature of the listed 
morphometric and mechanical indices. 

 

Table 11: Individual-based linear regression between macroscopic morphometric and
mechanical parameters for C3.B6-lit/+ mice. 

 Parameter   TV T.BV AVD Ct.Th J 
        

Fu  0.76 0.90 0.03 0.78 0.83 
U  0.38 0.31 -0.09 0.10 0.38 R2 ad

j 

S  0.10 0.07 -0.11 0.02 0.10 
         

Fu  0.79 0.91 0.13 0.80 0.84 
U  0.45 0.38 0.02 0.19 0.44 R2  

S  0.19 0.17 0.00 0.12 0.19 
                

Numbers are given as adjusted and non-adjusted coefficients of determination (R2
adj and R2, 

respectively). 
R2

adj- and R2-values of statistically significant linear regressions are shown in bold (p < 0.05). 
See captions for Tables 1 and 7 for further information concerning nomenclature of the listed 
morphometric and mechanical indices. 
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Figure 2: Individual-based macroscopic linear regression between cortical thickness (Ct.Th) and
ultimate force (Fu). Bone size (T.BV or Ct.Th) explained between 35 and 60% for B6-lit/+ mice 
and between 38 and 91% for C3.B6-lit/+ mice of the variation of bone mechanics characterized
by ultimate force (Fu), work to failure (U), and stiffness (S). Compared with global linear 
regression (Figure 1), the explanatory power of individual-based models is reduced. 
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Table 12: Multiple linear regression models for morphometric parameters against mechanical
parameters of B6-lit/+ mice. 

   R2
adj AIC VIF 1st 2nd 3rd 4th 

          
 0.543 48 2.1 + Ct.Th - AVD ª   

M 
 0.509 48 1.0 + Ct.Th    

         
 0.891 32 1.9 + Ct.Th - <Ca.Le> - <Ca.θ> + <Ca.V> 
 0.653 45 1.4 + T.BV + Ca.V/Ct.TV - <Ca.Le>  

Fu 

M & C 
 0.635 46 1.7 + Ct.Th - <Ca.θ> - <Ca.Le>  

                  
           

M  - - - - -   
         

 0.509 34 1.6 + TV + Ca.V/Ct.TV - <Ca.V>  
U 

M & C 
 0.400 36 1.6 + TV + N.Ca/Ct.TV - <Ca.V>  

                  
           

 0.576 109 1.2 + Ct.Th - T.BV ª   
M 

 0.565 109 1.0 + Ct.Th    
          

S 

M & C  0.695 106 1.0 + <Ca.Dm> - <Ca.V> + Ct.Th - <Ca.θ> 
                  

M and M & C denote models including exclusively macroscopic morphometric parameters and 
mixed models including macroscopic as well as cannular morphometric parameters, 
respectively. 
1st, 2nd, 3rd, and 4th designate explanatory variables of the multiple linear regression models in 
decreasing order of their standardized regression coefficient (β) and including their sign, where 
ª identifies insignificant explanatory variables (pt > 0.05). 
Adjusted coefficient of determination (R2

adj), Akaike’s An Information Criterion (AIC), and 
Variance Inflation Factor (VIF) of the models. 
See captions for Tables 1, 3, and 7 for information concerning nomenclature of the listed 
morphometric and mechanical indices. 
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Table 13: Multiple linear regression models for morphometric parameters against mechanical
parameters of C3.B6-lit/+ mice. 

   R2
adj AIC VIF 1st 2nd 3rd 4th 5th 

           
 0.900 40 1.4 + Ct.Th - AVD    M 
 0.896 40 1.0 + T.BV     

          
 0.950 33 1.1 + J + Ca.Sp    
 0.947 33 1.0 + T.BV + <Ca.Dm>    
 0.942 34 1.0 + T.BV + <Ca.V>    
 0.942 34 1.2 + T.BV + Ca.Sp    
 0.937 35 1.1 + TV + Ca.Sp    
 0.935 36 1.0 + J + <Ca.V>    
 0.933 36 1.0 + T.BV + <Ca.Le>    
 0.931 36 1.0 + J + <Ca.Dm>    
 0.916 38 1.4 + J - Ca.V/Ct.TV    

Fu 
M 
& 
C 

 0.906 40 1.3 + TV - Ca.V/Ct.TV    
                    
            

 0.417 41 1.4 - Ct.Th + AVD    M  0.384 41 1.0 + TV     
          

 0.905 22 4.5 - Ca.Sp - Ca.V/Ct.TV + <Ca.Dm> + N.Ca/Ct.TV + T.BV 
 0.888 24 4.6 - Ca.Sp - Ca.V/Ct.TV + <Ca.Dm> + N.Ca/Ct.TV + J 
 0.862 26 4.7 - Ca.Sp - Ca.V/Ct.TV + <Ca.Dm> + N.Ca/Ct.TV + TV 

U 
M 
& 
C 

 0.715 34 4.3 - Ca.Sp - Ca.V/Ct.TV + <Ca.Dm> + N.Ca/Ct.TV ª  
                    
            

M  - - - - -    
          

 0.718 114 3.0 + N.Ca/Ct.TV + T.BV + <Ca.Le>   
 0.623 117 2.5 + N.Ca/Ct.TV + J + <Ca.Le>   

S M 
& 
C  0.544 119 2.3 + N.Ca/Ct.TV + TV + <Ca.Le>   

                    
M and M & C denote models including exclusively macroscopic morphometric parameters and 
mixed models including macroscopic as well as cannular morphometric parameters, 
respectively. 
1st, 2nd, 3rd,4th, and 5th designate explanatory variables of the multiple linear regression models in 
decreasing order of their standardized regression coefficient (β) and including their sign, where 
ª identifies insignificant explanatory variables (pt > 0.05). 
Adjusted coefficient of determination (R2

adj), Akaike’s An Information Criterion (AIC), and 
Variance Inflation Factor (VIF) of the models. 
See captions for Tables 1, 3, and 7 for information concerning nomenclature of the listed 
morphometric and mechanical parameters. 
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To abstract the results of the multiple linear regression analysis, we note first that 

for B6-lit/+ mice, no significant multiple linear models containing solely macroscopic 

parameters could be derived. Second and in contrast to the first point, mixed models 

could always be established for both mouse strains and in case where significant 

macroscopic models existed, they also had increased R2
adj- and lowered AIC-values, 

indicating that by using mixed models the explanatory power was improved and at the 

same time, no overfitting occurred. In numbers, R2
adj-values for B6-lit/+ mice were 

increased by 75% for Fu and by 23% for S comparing the respective best macroscopic and 

mixed model, whereas for U, the increase was virtually infinity because no significant 

corresponding macroscopic model existed. For the C3.B6-lit/+ strain, this increase in 

explanatory power was reduced to 6% for Fu and to 117% for U, while now, the increase 

for S was raised virtually to infinity. Comparing Figures 3 and 2 demonstrates the 

achieved improvements in explanatory power when rating the best models including 

macroscopic parameters only and models including cannular parameters in addition. In 

summary, there were significant increases in explanatory power for mixed models 

compared to macroscopic models for all mechanical parameters in both mouse strains. 
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Figure 3: Best mixed multiple linear models including macroscopic and cannular parameters for
ultimate force (Fu) of B6-lit/+ and C3.B6-lit/+ mice, respectively. Compared with macroscopic 
linear regression (Figure 2), the explanatory power is enhanced, providing evidence for a
significant influence of the canal network on murine bone mechanics. 
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Discussion 
GH/IGF-I axis 
The first goal of this study was to identify the influence of the GH/IGF-I axis on the 

macroscopic and ultrastructural cannular bone morphometry and thus, to conclude if 

there is an important interaction between sex steroids, the GH/IGF-I axis, and bone 

modeling. Therefore, a mouse model for the little (lit) mutation was used in this study, 

which shows differences in the GH level. Mice homozygous for the lit mutation 

represent a mouse model for growth failure and particularly for dwarfism [26,31]. 

Consequently, bone size (T.BV and Ct.Th) of heterozygous lit/+ mice was larger 

compared to homozygous GH-deficient mice (lit/lit) as shown before [27,32,43]. This 

growth failure can mainly be attributed to the control pathway in which the 

components of the GH/IGF-I axis or signaling system participate [28,37,44-48]. 

Independent of the GH/IGF-I axis, B6-based mouse strains were always smaller (low 

bone mass) than C3H-based mouse strains (high bone mass). Or in other words, the 

mouse strain-specific differences induced by the bone mass axis were independent of 

the GH/IGF-I axis. In contrast, sex-specific differences in macroscopic bone 

morphometry was only present in lit/+ mice (with the exception of AVD) and thus, the 

absence of GH removed this sex-specific asymmetry. Sex has been established to be an 

important factor for skeletal development [49], bone mass [50], and bone strength [51] 

in humans, mice, and rats, respectively. At the same time, it is known that GH, which is 

secreted in a sex-specific pattern [52], is the single most important regulator of IGF-I 

production [37] and beyond, that IGF-I and IGF-II are key mediators of sex steroid 

actions [53-55]. Consequently, there may be an important interaction between sex 

steroids, the GH/IGF-I axis, and bone modeling, as noted for example by Bouxsein et al. 

[48]. However, Mohan et al. [43] suggested – based on skeletal parameters of IGF-I 

knockout (KO), IGF-II KO, and lit/lit mice assessed by dual X-ray absorptiometry (DXA) 

and peripheral quantitative CT (pQCT) – that the GH/IGF axis is not a major player in 

contributing to sex-specific effects on bone size. This implication can not be supported 

by our results, where the absence of GH/IGF-I removed the detected asymmetry in the 

lit/+ system in terms of sex-specific macroscopic morphometric parameters and thus, is 

directly indicative of the importance of the GH/IGF-I axis for bone modeling. 

On the tissue level, canal volume density (Ca.V/Ct.TV) of the lit/lit strains was 

reduced two to three times versus lit/+ strains. One hypothesis for this striking 
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decrease in cannular porosity could be that assuming that the cannular elements 

represent the living space of the vasculature and/or bone remodeling units (BMU), 

higher vascular and/or BMU densities are required for increased bone accretion in lit/+ 

mice in contrast to their smaller lit/lit littermates. An additional break in symmetry 

induced by the GH/IGF-I axis was discovered when relating the macroscopic 

parameters to the cannular indices. Whereas for both GH-deficient mouse strains (B6-

lit/lit and C3.B6-lit/lit), overall cannular parameters were significantly and positively 

related to bone size as introduced as a general scaling rule before [25], this symmetry 

no longer appeared in the lit/+ strains. Or in other words, the absence of GH removed 

the asymmetry in the strain-specific coupling of the cannular network to bone size. This 

coupling asymmetry with bone size could be detected down to the basic elements of 

the canal network, where the element-based cannular parameters were correlated 

with bone size for C3.B6-lit/+ (with the exception of <Ca.Dm>), but not for B6-lit/+ mice. 

In contrast to overall cannular indices, element-based parameters of GH-deficient lit/lit 

mice were now uncorrelated with bone size. The described asymmetries induced by the 

GH/IGF-I axis had important implications for the cannular morphometry. In the case of 

C3.B6-lit/+ mice, whose bone size was significantly sex-specific and whose cannular 

parameters were largely correlated with bone size, reduced cannular densities as well 

as enlarged <Ca.V> and <Ca.Le> for male versus female specimens were in agreement 

with the observed increased bone size (T.BV and Ct.Th). On the other hand, cannular 

morphometry of B6-lit/lit mice was unaffected by sex in line with uniform macroscopic 

parameters for female and male mice, whereas for the C3.B6-lit/lit strain, the only 

significant sex-specific macroscopic parameter (AVD) lacks an equivalent significant 

correlation with bone size and can consequently not be used to explain sex-specific 

cannular parameters. In a nutshell, significant coupling between macroscopic and 

cannular parameters is a sufficient but not necessary rationale for sex-specific cannular 

differences. 

Cannular network and bone mechanics 
The second aim of this study was to provide evidence for a significant influence of the 

canal network on murine bone mechanics. The mechanical parameters Fu, U, and S were 

approximately half for GH-deficient lit/lit mice as compared to heterozygous lit/+ mice, 

which can be attributed generally to the decreased bone size of the lit/lit versus lit/+ 

strains, as observed in this and other studies [32,43]. Further, Fu and U of male C3.B6-
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lit/+ and male C3.B6-lit/lit mice were improved compared with their female littermates, 

yet merely insignificantly for U of C3.B6-lit/+ mice (p = 0.097 after Bonferroni 

correction). In contrast, a similar sex-specific mechanical behavior was not observed for 

B6-lit/+ and B6-lit/lit mice. To abstract, the mechanical properties of the mid-

diaphyseal femoral bone were weakened for GH-deficient lit/lit mice. In addition, mid-

diaphyseal femoral mechanics was sex-specific for the congenic strains C3.B6-lit/+ and 

C3.B6-lit/lit, though not for B6-lit/+ and B6-lit/lit mice. 

To decide if there was a significant influence of the canal network on murine bone 

mechanics, linear regression models were used. Combining all the strains in one plot, 

bone size (T.BV or Ct.Th) explained between 84 and 98% of all mechanical parameters. 

This makes sense because impaired bone mechanics was associated with decreased 

bone size. On the other hand, for linear regression within the two lit/+ groups, the 

explanatory power of single macroscopic parameters declined for B6-lit/+ mice (0.35 ≤ 

R2 ≤ 0.60) and to a lesser degree also for C3.B6-lit/+ mice (0.38 ≤ R2 ≤ 0.91), or it even 

dropped virtually to zero for U (B6-lit/+) and S (C3.B6-lit/+). This brings us back to the 

introductory comments, where we pointed out that on an individual basis, bone 

mineral density (BMD) or bone mass alone accounts only partially for bone strength or 

conversely, a considerable portion in the variation of bone strength cannot be 

explained by bone density alone. This view is now confirmed by the morphometric and 

mechanical results presented here. 

Remains the question if the residual variation within the mechanical parameters 

can be attributed – at least to a certain degree – to the canal network; and if yes, to 

what extent. At this point, it must be noted that besides BMD, there are many 

determinants of bone strength [56-58], such as bone dimensions and geometry, bone 

architecture or tissue quality, where our focus here is on the canal network as one 

important phenotype assigned to the bone’s ultrastructure. For B6-lit/+ mice, the 

power of the macroscopic parameters to explain the variation in mechanical bone 

properties was increased by involving cannular parameters for multiple linear models 

(mixed models) from an R2
adj of 0.51 to 0.89 for Fu, which represents a 75% increase in 

the prediction power, and from R2
adj = 0.56 to 0.69 for S, respectively. This seems to 

confirm that there is a significant influence of the canal network on murine bone 

mechanics. This substantial enhancement for B6-lit/+ mice could be primarily 

attributed to the inclusion of element-based cannular parameters, which describe the 
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basic elements of the canal network and which are completely decoupled from bone 

size. For U, the goodness of fit improvement was virtually infinity since only mixed 

models could significantly explain the mechanical parameters. These findings 

somewhat changed when examining the C3.B6-lit/+ strain. A smaller rise of 

explanatory power was detected, from R2
adj = 0.90 to 0.95 and from R2

adj = 0.42 to 0.91 

for Fu and U, respectively. Here, it was the increase for S that was virtually infinity. The 

smaller rise in Fu for C3.B6-lit/+ versus B6-lit/+ mice is due to an already high excellence 

of the simple macroscopic models in C3.B6-lit/+ mice (R2
adj = 0.90) as opposed to B6-

lit/+ mice (R2
adj = 0.51). Given the significant scaling of the cannular parameters with 

bone size for C3.B6-lit/+ mice, these minimal macroscopic models (composed of one 

macroscopic parameter only) already inherently implied cannular contributions, which 

have improved separately the mixed models for B6-lit/+ previously. On the other hand, 

the significant correlation between macroscopic and cannular parameters for C3.B6-

lit/+ mice impeded comparable improvements of the mixed versus macroscopic 

models as stated for B6-lit/+ mice. In essence, these two dissimilar viewpoints are 

eventually two sides of the same coin, namely that the mechanical vector space (bone 

mechanics) spanned by mechanical vectors (mechanical parameters) can be mapped 

best by macroscopic and cannular vectors (morphometrical parameters) of the 

morphometrical vector space (phenotypes) if they are orthogonal (linearly 

independent) to each other. This perspective is confirmed by the finding that the 

inclusion of additional macroscopic indices to multiple linear regression models did 

never ameliorate any of these models for both strains, mainly because of the high 

collinearity among all macroscopic parameters. 

Conclusions 
To our knowledge, this is the first study investigating quantitatively the relative 

importance of the GH/IGF-I axis for the macroscopic and ultrastructural cannular bone 

morphometry and the influence of the canal network on murine bone mechanics. Bone 

size of GH-deficient lit/lit mice was found to be smaller compared with heterozygous 

lit/+ mice as shown previously by others. In opposition to the suggestion of others, we 

showed that the GH/IGF-I axis introduced an asymmetry in terms of sex-specific 

macroscopic morphometric parameters or in other words, that the absence of GH 

removed the sex-specific asymmetry present for mice with physiological circulating GH 

and IGF-I level. This supports the hypothesis that there is an important interaction 
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between sex steroids, the GH/IGF-I axis, and bone modeling. An additional break in 

symmetry induced by the GH/IGF-I axis was discovered when relating macroscopic to 

cannular parameters. Where for the GH-deficient mice strains (B6-lit/lit and C3.B6-

lit/lit), overall cannular parameters were significantly and positively related to bone size 

(scaling rule), this symmetry was explicitly broken for the lit/+ strains (B6-lit/+ and 

C3.B6-lit/+). This asymmetry induced by the GH/IGF-I axis indicated that a significant 

coupling between macroscopic and cannular parameters is a sufficient but not 

necessary rationale for sex-specific cannular differences. The mechanical parameters Fu, 

U, and S of mid-diaphyseal femoral bone were approximately half for GH-deficient lit/lit 

compared with heterozygous lit/+ mice, what can be attributed generally to their 

different bone size. In addition, mid-diaphyseal femoral mechanics was sex-specific for 

the congenic strains C3.B6-lit/lit and C3.B6-lit/+, though not for B6-lit/lit and B6-lit+ 

mice. For B6-lit/+ mice, the power of the macroscopic parameters to explain the 

variation in mechanical bone properties was increased for all mechanical parameters, 

for example by up to 75% for Fu. We consequently provided strong evidence for a 

significant influence of the canal network on murine bone mechanics. The larger 

increase in power to explain ultimate force (Fu) through macroscopic and cannular 

indices for B6-lit/+ compared with C3.B6-lit/+ mice is considered to be due to the 

observed asymmetry of cannular coupling to bone size induced by the GH/IGF-I axis, 

where cannular parameters were tightly correlated to bone size for C3.B6-lit/+, yet not 

for B6-lit/+ mice. 

We believe that the morphometric analysis of the ultrastructural phenotypes, in 

conjunction with bone mechanics, will provide new insights in the assessment of bone 

quality on all levels of bone hierarchy. In particular, we hypothesize that the prediction 

of bone mechanics can be improved in certain diseases and genetic predispositions by 

including ultrastructural bone tissue properties, such as the canal network. 
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According to the National Institutes of Health (NIH) Consensus Development Panel on 

Osteoporosis Prevention, Diagnosis, and Therapy, osteoporosis is defined as a skeletal 

disorder characterized by compromised bone strength predisposing a person to an 

increased risk of fracture [1]. Pursuant to this view, bone strength primarily reflects the 

integration of bone density and bone quality. Currently, there is no accurate measure of 

overall bone strength. Bone mineral density (BMD) is frequently used as a proxy 

measure of bone strength although bone strength is only partly explained by BMD. 

There is growing evidence that many other bone properties contribute significantly to 

skeletal integrity, which are commonly referred to as bone quality. While bone quality 

is a vague term [2], it is generally used in relation to the structural and material 

properties that influence the bone’s ability to resist fracture, independent of bone 

mass. Among those determinants for skeletal fragility, bone microarchitecture has 

been established as an important factor for bone strength [3]. Similarly, bone 

ultrastructure has also been implicated as an important contributor to bone strength. 

From this, we hypothesized that a better understanding of phenotypes linked to bone 

ultrastructure will provide new insight in the assessment of bone quality and its 

contribution to bone strength and fracture risk, and eventually that prediction of bone 

strength can be improved by including ultrastructural bone tissue properties. 

To address this hypothesis, two specific aims were proposed. First, for vascular and 

cellular imaging of bone (Chapter 3), an experimental design was developed to assess 

quantitatively ultrastructural murine bone tissue properties non-invasively in three 

dimensions (3D) by using micro- and nano-computed tomography (μCT and nCT) 

methods with resolutions on the order of a few microns and below. And second, for the 

examination of structure function relationships in murine bone (Chapter 4), two 

studies of ultrastructural phenotypes for different inbred mouse strains were 

conducted to identify and evaluate genetic predispositions of these phenotypes and 

their relevance for bone mechanics. 

For vascular and cellular imaging of bone, a synchrotron radiation (SR)-based local 

CT method in the submicron domain was developed for the non-destructive 

assessment and quantitative analysis of hard tissues, applied to bone ultrastructure. 

Compared with traditional bone imaging methods like histology and confocal laser 

scanning microscopy (CLSM), CT is a truly 3D and distortion-free technique. As a 

novelty, the devised CT method overcame present experimental limitations with 
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respect to object size, currently precluding conventional CT methods from hard tissue 

assessment in the submicron domain. In particular, we devised a local CT correction 

algorithm, which allows for the assessment of the bone ultrastructure down to the 

cellular level. More generally, our strategy is applicable to new developments towards 

nCT and therefore, provides the prerequisite for 3D investigations of intact hard tissues 

at unprecedented resolutions. 

The method discussed above for the assessment of hard tissues is based on 

negative imaging. In this context, negative imaging denotes the technique to scan hard 

tissues like bone using CT for the subsequent extraction of the enclosed porosity as a 

negative imprint. From this negative imprint, ultrastructural bone phenotypes can be 

derived, such as the cannular network and the osteocyte lacunar system. These 

ultrastructural phenotypes are potentially relevant for bone mechanics because small 

increases in porosity led to disproportionate large losses in bone strength [4]. The 

cannular network may represent the living space of the vasculature and/or bone 

remodeling units. Because recent evidence suggests a close functional relationship 

between osteogenesis and angiogenesis, as well as between bone remodeling and 

bone vascularization, the bone vasculature has also to be studied directly in addition to 

the quantitative assessment of the cannular network within bone tissue. To this end, 

two different vascular corrosion casting (VCC) protocols were implemented, identifying 

and handling a number of challenges during sample preparation. These protocols allow 

μCT measurement of murine bone and vasculature at the same time. Moreover, the 

advantage of these protocols is that isolated casts are available and thus, also scanning 

electron microscopy (SEM) is possible. In addition, we adapted SR μCT methods to 

combine them with a novel contrast modality of vascular contrast perfusion (VCP), 

where a customized contrast suspension was directly injected to the vascular system in 

vivo. In this manner, vascular replicas were imaged and quantified successfully down to 

a capillary level with simultaneous measurement of the bone tissue down to a cellular 

regime. The method was successfully applied to murine bone and the vascular 

morphometry was compared quantitatively with the morphometric results for the 

canal network obtained from negative imaging, showing good compatibility of the two 

different techniques. Compared to negative imaging, the unique advantage of VCC and 

VCP methods is that vascular replica can be studied directly, within and outside of the 

bone tissue. The major disadvantage for VCC is the involved sample preparation and for 

VCP, that the specimens can not be analyzed with SEM in addition to CT. Furthermore, 
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these quantitative 3D methods need proper validation. However, SEM – as the standard 

technique for imaging organ and tissue vasculature – is not truly 3D and therefore, a 

novel validation method or technique is required in the future. 

Bone ultrastructure has been implicated as an important contributor to bone 

strength. Therefore, the second specific aim of this thesis was the examination of 

structure function relationships in murine bone for ultrastructural phenotypes. In 

general, one feature largely disregarded in the diagnosis of bone diseases and fracture 

risk assessment is the contribution of cortical bone. Currently, risk assessment is 

focused on sites rich in trabecular bone [5]. However, cortical bone carries a 

considerable share of the total load of the skeleton and biomechanical studies 

demonstrated that the structural behavior of whole bone specimens is highly 

determined by the contribution of cortical bone [5]. According to these thoughts and in 

line with the initial hypothesis that prediction of bone strength can be improved by 

including ultrastructural bone tissue properties, cortical bone was investigated in more 

detail as an important aspect of bone quality. Murine intracortical porosity has been 

disentangled into the canal network and the osteocyte lacunar system, as two 

ultrastructural phenotypes of (murine) cortical bone. SR CT methods have been 

designed for quantification of these phenotypes, based on newly devised 

morphometric indices characterizing the canal network and the osteocyte lacunar 

system within murine bone [6]. Applying this new imaging strategy, the cortical bone 

ultrastructure and biomechanics were assessed in two genetically distinct mouse 

strains of a growth hormone deficient mouse model (little) [6]. As one result, the 

studied mouse strains seemed to be good representative mouse strains for low and 

high bone mass, similar to the behavior of their corresponding wild-type strains as 

reported earlier [7]. The first fundamental result was expressed as a scaling rule, saying 

that in the little mouse model cannular morphometry scaled with bone size and 

lacunar morphometry did not. Another principal result was the finding that the 

cannular and lacunar morphometry as well as bone mechanics were fundamentally 

different for the different mouse strains. Ultimately, there was evidence in one mouse 

strain that increased cortical mass was counterbalanced or even outweighed by a 

larger canal network, leading to increased porosity and eventually to impaired bone 

biomechanics. This is the first study ever where the ultrastructural cortical bone 

morphometry of mice was investigated quantitatively in 3D and in a fully non-

destructive fashion. As a caveat for this study, it must be mentioned that rodent bones, 
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unlike those of higher mammals, rarely undergo intra-cortical remodeling. Therefore, 

direct comparison between the canal network in mice cortices and that in human bone 

might be misleading. However, the insight gained into the ultrastructure and 

biomechanics of murine bone may provide the requisite framework for genetic studies 

in mice dedicated to a better understanding of the hierarchical structural organization 

in the cortex and its contribution to the mechanical behavior of bone. 

Among various factors implicated in the formation and maintenance of adult BMD 

and/or osteoporosis risk, insulin-like growth factor-I (IGF-I) has become very prominent 

[8]. Moreover, growth hormone (GH) is probably the single most important regulator of 

IGF-I production [9] and the GH/IGF-I axis provides the main conduit for growth 

regulation [8]. For that reason, the next goal of this thesis was to identify the relative 

importance of GH and IGF-I for the ultrastructural bone morphometry. As mentioned 

before, the ultimate aim of the thesis was to provide evidence for the hypothesis that 

prediction of bone strength can be improved by including ultrastructural bone tissue 

properties. Both targets were met in a final study on the interaction between 

macroscopic, ultrastructural, and mechanical properties of murine bone. One crucial 

finding showed that the absence of GH/IGF-I in a mouse model for the little (lit) 

mutation removed asymmetries in terms of macroscopic morphometry, cannular 

coupling to bone size, and bone mechanics, indicating the importance of the GH/IGF-I 

axis. This result is in clear opposition to the conclusion of others that the GH/IGF axis is 

not a major contributor to sex-specific effects on bone size [10]. Their conclusion was 

based on observed sex-differences of the periosteal circumference within the femoral 

mid-diaphysis of IGF knockout and GH-deficient (lit/lit) mice using peripheral 

quantitative computed tomography (pQCT). In contrast, the macroscopic 

morphometric results presented in this thesis are based on high-resolution SR μCT 

measurements. An additional symmetry breaking induced by the GH/IGF-I axis was 

discovered when relating macroscopic to cannular parameters. Whereas for GH/IGF-I 

deficient mice, overall cannular parameters were significantly and positively related to 

bone size (scaling rule), this symmetry was explicitly broken for those mice with normal 

levels of GH/IGF-I. The key result was strong evidence for a significant influence of the 

cortical canal network on murine bone mechanics. The power of the macroscopic 

morphometric parameters to explain the variation in mechanical murine bone 

properties was increased significantly by including cannular parameters in multiple 

linear regression models. Differences in the actual improvement of bone strength 
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prediction between the different mouse strains were considered to be related to the 

observed asymmetry of cannular coupling to bone size induced by the GH/IGF-I axis. To 

our knowledge, this is the first study investigating quantitatively the relative 

importance of GH and IGF-I for the ultrastructural bone morphometry and the 

influence of the canal network on murine bone mechanics. Consequently, the initial 

hypothesis that prediction of bone strength can be improved by including 

ultrastructural bone tissue properties can be affirmed. 

Future steps for phenotyping murine bone using SR μCT and nCT will include the 

validation of the presented framework for the simultaneous 3D visualization and 

quantification of murine bone and bone vasculature using SR CT and vascular replica. 

This will allow for studying structure function relationships on an ultrastructural level 

between bone tissue and bone vascularization in a 3D, quantitative, and non-

destructive manner. Eventually, this framework may reveal functional relationships 

between angiogenesis and osteogenesis, as well as between bone vascularization and 

bone remodeling. As the technique of SR CT reaches the submicron domain, an 

achievable objective for the future encompasses the quantitative assessment of 

microdamage, its initiation and propagation, to characterize another important 

determinant of bone quality and aspect of bone strength. Whereas all of this future 

work deal with the structure and function of bone as a static system, the development 

of the established ultrastructural bone phenotypes over time was not addressed so far. 

Therefore, as a next step, the development of these phenotypes may be investigated 

over time, which will give a quantitative model for bone development down to a 

cellular level. Since there is the common hypothesis that the development of bone is 

governed by mechanical stimuli [11], the assessment of ultrastructural bone properties 

may be combined with recent mouse models for mechanotransduction [12] to study 

bone adaptation in response to mechanical loading in vivo. Although the insight gained 

into the ultrastructure and biomechanics of murine bone may provide the requisite 

framework for genetic mouse studies dedicated to a better understanding of bone 

mechanics, the present knowledge may be transferred at one point to clinical practice. 

To this end, the bone ultrastructure may be investigated in human studies in terms of 

fracture risk and incidence of osteoporosis. As a vision for the future, the results of such 

human studies may be incorporated in the next consensus statement on osteoporosis 

prevention, diagnosis, and therapy, indicating ultrastructural bone properties as an 

important determinant for bone strength and skeletal integrity. 
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In conclusion, the development of an experimental design for imaging and 

quantification of the murine bone ultrastructure and the study of structure function 

relationships on different levels of murine bone hierarchy allowed a better 

understanding of bone phenotypes down to a cellular regime and finally, provided new 

insight in the assessment of bone quality and its contribution to bone strength. 
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