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cortical bone

cancellous bone

CHAPTER 1 
 

GENERAL INTRODUCTION 

 

Bone structure 
Bone is the basic material of the skeleton, which protects organs, 

ensures stature, and is essential for calcium homeostasis (Parfitt, 1987). 

Bone lives as it continues to renew itself, for instance, when 

microfractures occur. In that process called bone remodeling, the 

damaged tissue is replaced by new bone that is mineralized to a lower 

extent (Ziv et al., 1996; Meunier and Boivin, 1997). Furthermore, bone is 

capable of adapting its structure and density when magnitude or 

direction of forces acting on it changes. As a result, bone can withstand 

forces without fracturing with the least material possible (Seeman, 2008). 

Hence, bone constantly strives for its optimal architecture. 
                             

 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.1 Cortical and cancellous bone in a part of the human femur. 
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Bone can be observed in two appearances, i.e. as cortical and 

cancellous bone (Fig. 1.1). In humans, 80% of bone material is cortical 

bone such as for instance the dense, layer-wise compact shells on the 

outside of long bones and calvariae. Main function of cortical bone is 

mechanical stability. Cancellous bone is positioned between shells of 

cortical bone and has a sponge-like structure and relatively low density. 

It is composed of rod- and plate-like trabeculae and is essential for 

calcium homeostasis and mechanical shock absorption. Generally, 

cancellous bone has a high surface-to-volume ratio enabling a high rate 

of bone remodeling (Jee, 1999; Renders et al., 2007). 

Whether bone material characteristics differ between cancellous 

and cortical bone is a matter of debate. It has been stated that the higher 

cortical bone stiffness is explained completely by the higher density of 

cortical bone compared to cancellous bone (Wolff, 1892; Carter and 

Hayes, 1976; Currey, 1988; Turner et al., 1999; Keaveny et al., 2001). 

Other investigators, however, found that mineralization degree is a more 

important determinant of bone stiffness in cancellous bone than in 

cortical bone. This suggests that cancellous and cortical bone should be 

considered as two different tissues (Schaffler and Burr, 1988; Rho et al., 

1995; Stenström et al., 2000). One should be aware in this context, 

however, that it is sometimes difficult to distinguish cancellous from 

cortical bone (Silva et al., 1994). In conclusion, differences in bone 

mechanical properties may be caused by differences in bone density. 
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At the tissue level, 40 – 60% of bone is composed of mineral, 25 – 

35% of collagen, 10 – 20% of water, and approximately 8% of 

extracellular matrix constituents other than collagen (Nyman et al., 

2005). The mineralized part consists of hydroxyapatite crystals and other 

minerals. The primary mineralization of bone depends on osteoblasts, 

the bone forming cells, which orchestrate mineralization by deposition of 

a collagen matrix functioning as a web or “hole zone” (Glimcher, 1976; 

Anderson, 2003; Nyman et al., 2005; Clarke, 2008; Silver and Landis, 

2011) and by releasing high amounts of relevant ions which causes 

mineral precipitation. Primary mineralization is a fast process which 

results in bone tissue that is mineralized up to 70% of its final 

mineralization degree (Misof et al., 2003). Secondary mineralization is 

responsible for complete bone mineralization and may take years (Akkus 

et al., 2003).  

Bone that is deposited first is weak woven bone, which is 

characterized by a disorganized way in which the collagen fibrils are 

positioned. Woven bone will, in time, be replaced by lamellar bone. This 

type of bone is stronger and the layers of collagen fibrils have alternating 

orientations, similar to plywood. With age, mineral content increases 

(Skedros et al., 2004). In the present thesis, the early postnatal 

development of the mineralized part of bone from the porcine mandibular 

condyle is described and quantified in chapter 2. 
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Figure 1.2 Schematic figure of collagen molecules. The magnification shows the 

arrangement of the triple helices and the mature collagen cross-links (HP: 

hydroxylysylpyridinoline, LP: lysylpyridinoline, Pen: pentosidine). 

 

 The organic, or extracellular matrix consists of 90% of collagen 

and approximately 10% of non-collagenous proteins, such as 

osteopontin, growth factors, serum albumin, and fetuin. As main 

constituent of the extracellular matrix, type I collagen contributes up to 

30% of total bone mass (Viguet-Carrin et al., 2006a). A collagen 

molecule is composed of a triple helix consisting of two α1 helices and 

one α2 helix (Yamauchi, 1996). Interconnections, or cross-links, may be 

formed within and between these triple helices (Fig. 1.2). Pentosidine 

(Pen) is a mature collagen cross-link and is formed as a result of non-

enzymatic glycation during secondary mineralization. Pen is an 

advanced glycation end-product (AGE) and can reliably be quantified 

(Sell and Monnier, 1989). Formation of stable and mature cross-links is a 

sign of tissue maturation (Paschalis et al., 2003) and, typically for tissues 

with slow metabolism, their number increases with age (Avery and 
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Bailey, 2005; Viguet-Carrin et al., 2006a). In bone, however, age-related 

changes in the number of AGEs are limited. Compared with recently 

deposited or young bone tissue, old bone contains higher numbers of 

mature cross-links (Paschalis et al., 2004; Saito and Marumo, 2010). 

Fewer mature collagen cross-links are found in cancellous than in 

cortical bone which is probably related to the higher remodeling rate in 

the former (Eyre et al., 1988). 

Other important mature collagen cross-links found in bone are 

hydroxylysylpyridinoline (HP) and lysylpyridinoline (LP). These cross-

links are built during post-translational modification of immature types of 

cross-links (Fraser, 1998) during primary mineralization. Whereas HP is 

a common mature cross-link in many tissues, LP is specific for bone 

(Knott and Bailey, 1998). The early postnatal development of collagen, 

the number of its mature cross-links in particular, will be described and 

quantified in chapter 3. 

 As mentioned above, bone adapts to environmental changes, 

which is particularly prominent during growth and development. These 

adaptive changes result from bone modeling and bone remodeling 

(Roberts et al., 2004; Seeman, 2008). Bone modeling occurs from the 

fetal period until death and bone apposition is always part of this 

process, however, resorption may occur simultaneously, too (Clarke, 

2008). In this eventuality, apposition takes place at a location remote 

from the site of resorption (Roberts et al., 2004). Bone modeling 

therefore results in changes in size and shape of bone (Seeman, 2008).  
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In contrast, bone remodeling results from coupled bone resorption 

and apposition at the same location (Parfitt, 1995). Its main objective is 

repair by replacing bone with microfractures by new tissue. In cancellous 

bone, the rate of bone remodeling is higher than is necessary to maintain 

its mechanical properties. Apposition of new, hardly mineralized bone on 

an existing bone surface, as part of both bone modeling and bone 

remodeling, implies differences in mineralization degree. Existing, older 

tissue is characterized by a relatively high mineralization degree (Mulder 

et al., 2006, 2007b; Renders et al., 2006; Donnelly et al., 2010a; Smith et 

al., 2010) and a relatively high number of mature collagen cross-links 

(Paschalis et al., 2004).  

 

Bone stiffness and its determinants 
Mechanical characteristics of bone can be classified as pre-yield, post-

yield, and ultimate properties. The present thesis focuses on bone tissue 

stiffness, which is a pre-yield mechanical property. These kind of 

properties are assessed when bone is subjected to relatively low forces 

causing elastic bone deformation, which is a temporary tissue 

deformation followed by a complete restitution of its original size and 

shape after unloading. Stiffness is one of the most commonly studied 

pre-yield mechanical properties of bone, and is defined as the force 

necessary for a given deformation. It is called modulus of elasticity or 

Young’s modulus (E) and can be assessed at several levels. In this 

thesis the terms “micro” or “tissue” are used when the tissue of which 

bone is composed of, is described. 
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It is known that bone stiffness is principally determined by bone 

mineral density, i.e. bone density (Mosekilde, 2000; Keaveny et al., 

2001) in combination with the extent to which the bone is mineralized 

(Currey, 1969, 1984; Jäger and Fratzl, 2000). Besides bone mineral 

density, anisotropy plays a role. A highly anisotropic bone structure has 

bone elements with strong directional preference. Bone is stiffest in the 

direction in which its bone elements are aligned (Carter and Hayes, 

1977; Turner et al., 1990; Ciarelli et al., 1991).  

Whether microarchitectural parameters such as number, thickness, 

and shape of bone trabeculae or local material properties play a role in 

bone stiffness is matter of debate (Borah et al., 2000; Keaveny et al., 

2001; Mulder et al., 2007b; Donnelly et al., 2010b). It is therefore 

interesting to examine intratrabecular mineral heterogeneity (Boivin and 

Meunier, 2002; Roschger et al., 2008; Busse et al., 2009).  

 It has been suggested that collagen plays a role in bone stiffness 

(Wang et al., 2001; Burr, 2002; Wachter et al., 2002; Skedros et al., 

2004). Decreases in stiffness were observed after deproteinization 

(Stüssi and Lorenzetti, 2008) and collagen degradation (Wynnyckyj et 

al., 2009). Also, it has been shown that collagen content, collagen fiber 

orientation, and the number of cross-links are correlated with bone 

stiffness (Oxlund et al., 1995; Banse et al., 2002; Saito et al., 2006). 

Other investigations have reported that, on the contrary, experimentally 

altered numbers of HP, LP, and Pen cross-links have no influence on 

bone stiffness (Vashishth et al., 2001; Garnero et al., 2006; Viguet-Carrin 

et al., 2006b, 2008), thus making this an unsolved issue. 
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Micromechanical testing of bone tissue is rather new and 

measurements obtained from this technique are independent of the 

density of bone samples (Silva et al., 2004). Moreover, it enables 

quantification of bone tissue stiffness locally in such a way that it can be 

correlated with tissue mineral density (TMD) very accurately which is 

relevant because of the existence of a high heterogeneity in 

mineralization (Boivin and Meunier, 2002; Roschger et al., 2008; Busse 

et al., 2009). Hitherto, it is known that the correlation between the local 

TMD and the local bone tissue stiffness in compression is positive 

(Gupta et al., 2005; Tai et al., 2005; Donnelly et al., 2010b), but is highly 

variable (Hoc et al., 2006; Mulder et al., 2007a; Zebaze et al., 2011). 

Despite the local nature of micromechanical tests, it has been suggested 

that microarchitecture and the degree of anisotropy of bone may also 

influence data obtained using these techniques (Hoc et al., 2006; Mulder 

et al., 2006; Zebaze et al., 2011). Tissue stiffness of bone from the 

porcine mandibular condyle will be reported and discussed in chapters 
4, 5, and 6. 

 

The mandibular condyle 
In contrast to long bones, the mandible is a non-weight bearing bone. It 

is symmetrically shaped and consists of two hemimandibles each made 

up of a body, a ramus, and a condylar and a coronoid process. The 

mandibular condyle is a bony process essential for articulation and 

regulated mandibular movements. Condyles act as mandibular fulcrum 

during mandibular movement. Jaw opening is accompanied by condyles 

that rotate in the articular fossae and translate along the articular 

surfaces of the temporal bones. When the jaw-closing muscles contract, 
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condyles are mostly subjected to compression forces in supero-inferior 

direction (Hylander, 1975; Tanaka et al., 1994; Liu and Herring, 2000; 

van Eijden, 2000). In some specific situations such as mastication, 

unilateral contraction of the jaw-closing muscles on the balancing side 

may result in compression of the ipsilateral condyle, whereas the 

contralateral condyle may be unloaded or even distracted (Greaves, 

1980; Hylander and Crompton, 1986). Therefore, condyles may be 

subjected to dynamic loads which vary to a rather large extent in 

direction and magnitude (Herring and Liu, 2001; van Ruijven et al., 

2002). As a result, the mandibular condyle is expected to have a high 

turnover rate. 

Research on the mandibular condyle, the subject of this thesis, can 

hardly be performed on human material and thus a suitable animal 

model is necessary. Pigs have a temporomandibular joint (TMJ) 

resembling closely TMJs of higher primates (Ström et al., 1986), and is, 

therefore, considered the most suitable animal model for studying 

condylar development (Bermejo et al., 1993). Being omnivorous is not 

the only feature humans and pigs have in common as their TMJs are 

similar with respect to size, shape, and freedom of condylar movement. 

On the other hand, there are differences between human and porcine 

material, such as the somewhat higher density of porcine bone (Giesen 

and van Eijden, 2000) and the softer posterior wall of the porcine TMJ 

(Herring et al., 2002).  
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Aims and structure of this thesis 

The first aim of this thesis is to describe and quantify the mineralized and 

non-mineralized parts of bone from the porcine mandibular condyle, and to 

analyze the early postnatal development of these parts. The development 

of microarchitecture and TMD including its distribution, as quantified in 

cancellous bone from eight mandibular condyles, has been investigated in 

chapter 2. These variables were quantified using microcomputed 

tomography (microCT), which is an established method to assess 

microarchitecture and mineralization degree of bone at a high resolution 

up to six micrometers. The first hypothesis in chapter 2 was that, in line 

with the general porcine growth, the bone density, or the bone volume 

fraction, increases during the first postnatal months and subsequently 

stabilizes during further development. Second, it was hypothesized that 

the mean TMD would continue to rise during postnatal development. 

Together with mineralization degree, the developmental changes in 

collagen content and the most abundant mature collagen cross-links in 

cancellous and cortical bone tissue were quantified in chapter 3. These 

variables were assessed using high-performance liquid chromatography 

(HPLC). It was expected that “tissue age”, and thus TMD and the 

number of Pen, HP, and LP cross-links, gradually increase with age after 

adolescence. Moreover, it was hypothesized that the highest values of 

these variables can be observed in cortical bone as its bone turnover is 

considered to be lower than that of cancellous bone.  
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The second aim of this thesis was to find out how the above age-

related changes affect bone micromechanical properties, bone tissue 

stiffness in particular. For this purpose nanoindentation was used which 

is a well-established method of bone stiffness assessment at the level of 

single bone trabeculae with the main advantage that its results are 

independent of the bone volume fraction of bone samples (Silva et al., 

2004). In chapter 4, it was hypothesized that bone tissue stiffness is 

positively correlated with collagen content and the number of Pen, HP, 

and LP cross-links. In chapter 5, it was hypothesized that TMD is 

positively correlated with bone tissue stiffness. To further explore the 

effect of collagen on bone micromechanical properties, the number of 

Pen cross-links was increased in vitro using ribose incubation, followed 

by an assessment of bone tissue stiffness (chapter 6). A literature 

review on the current knowledge in bone research in relation to the 

mandibular condyle is provided in chapter 7, discussing, among others, 

results of work presented in this thesis. In the same chapter, this 

knowledge is put in a clinical context. Finally, a short summary follows 

which can be drawn from studies described in this thesis (chapter 8). 
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CHAPTER 2 
 

AGE-RELATED CHANGES IN MICROARCHITECTURE AND 

MINERALIZATION OF CANCELLOUS BONE IN THE PORCINE 

MANDIBULAR CONDYLE 

 
Abstract 
The mandibular condyle is considered a good model for developing 

cancellous bone because of its rapid growth and high rate of bone 

turnover. The aim of the present study was to analyze the simultaneous 

changes in microarchitecture and mineralization degree of cancellous 

bone during development in a three-dimensional fashion. Eight mandibular 

condyles of pigs aged 8 weeks prepartum to 108 weeks postpartum were 

scanned using microCT with an isotropic spatial resolution of 10 µm.  

The number of trabeculae decreased with age whereas the 

trabecular thickness and the intertrabecular distance increased. The bone-

surface-to-volume ratio decreased during development, possibly limiting 

the amount of bone turnover. The mean mineralization degree and 

intratrabecular differences in mineralization between surfaces and cores of 

bone elements increased during development. Trabecular surfaces were 

more highly mineralized in the older condyles compared to the younger 

ones. Together with the observed decrease in the relative size of 

trabecular surface, this finding suggests a decrease in bone remodeling 

activity with age. It was concluded that most changes in cancellous bone 

occur until the age of 40 weeks postpartum, coincident with general 

porcine growth and development. 
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Introduction 

Cancellous bone becomes denser during postnatal growth and 

development in vertebrae, tibiae, and ribs (Kneissel et al., 1997; Byers et 

al., 2000; Nafei et al., 2000a). This higher density results from an increase 

in trabecular thickness. Furthermore, it has been suggested that loading 

causes an increase in anisotropy, indicating the development of a 

dominant trabecular direction (Roschger et al., 2001; Tanck et al., 2001). 

Information about the microarchitectural development of cancellous 

bone in the mandibular condyle is scarce. It has been reported that during 

prenatal development of the porcine mandibular condyle the number of 

trabeculae decreases to seven per mm, while their thickness increases up 

to 0.05 mm (Mulder et al., 2005). A comparison of condylar architecture 

between one-year-old and four-year-old sheep showed no significant 

differences in these and other architectural parameters (Cornish et al., 

2005). The postnatal development of the cancellous bone architecture in 

the mandibular condyle however, has hitherto not been described by an 

assessment of multiple time points.  

The mandibular condyle is considered a suitable model for studying 

cancellous bone development based on its rapid growth and high rate of 

bone turnover (Teng and Herring, 1995). It is impossible to distinguish the 

processes of bone modeling and bone remodeling on the level of single 

trabeculae. Therefore, the more general term “bone turnover’’ is used 

here, which is defined as a combination of osteoblastic and osteoclastic 

activity at the trabecular surfaces. As a consequence of the high bone 

turnover rate a relatively low tissue mineral density (TMD) is expected 

(Meunier and Boivin, 1997), since TMD of newly formed bone is lower 

compared to that of older bone (Ziv et al., 1996).  
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The prenatal development of the porcine condyle has been 

described and it has been reported that the increase in TMD during 

development of the mandibular condyle is related to the simultaneous 

increase in the trabecular thickness (Mulder et al., 2005, 2006). In 

addition, substantial local differences in TMD between trabecular surfaces 

and cores have been described (Paschalis et al., 1997). However, it is 

unknown whether the observed fetal increase in TMD progresses during 

postnatal development. Furthermore, it has so far not been elucidated 

whether the intratrabecular TMD distribution changes during postnatal 

development.  
The aim of the present study was therefore to analyze and quantify 

microarchitecture and mineralization degree of cancellous bone in the 

porcine mandibular condyle during development. In line with the general 

growth of the pig, it was hypothesized that the bone volume fraction 

increases during the first postnatal months and subsequently stabilizes 

during further development. Based on the findings during prenatal 

development and assuming a constant rate of bone remodeling during 

development, it was also hypothesized that the mean TMD continues to 

rise during postnatal development.  
 

Materials and Methods  
Animals 

Eight female domestic pigs (Sus scrofa) were used. Seven pigs were 

raised at a pig farm (ASG, Lelystad, the Netherlands) associated with the 

faculty of Animal Sciences, Wageningen University, the Netherlands. 

These pigs were 0, 10, 22, 43, 58, 82, and 108 weeks old, all of them 

received the same standardized diet, and showed no signs of disease.  
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In addition, one fetal pig with an age of approximately 8 weeks prepartum 

was obtained from a slaughtered sow. Its age was estimated using growth 

curves after measuring crown-rump length (Evans and Sack, 1973). 

Approval was given by the committee for animal experimentation of the 

faculty of Animal Sciences of Wageningen University. 

 

Sample preparation 

All porcine heads were stored at - 20°C within 4 h after decease of the 

animals. The mandibles were dissected and weighed after soft tissue 

removal. The gross anatomy was quantified by the mandibular weight and 

the condylar width which was defined as the distance between the medial 

and lateral poles of the condyle (Fig. 2.1).  
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Figure 2.1 Condylar width and mandibular weight as a function of age.  
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The left condyles were separated from the mandibles by two cuts. A 

horizontal cut was made through the condylar neck, parallel to the lower 

mandibular border. Then, the condyle was removed from the ramus by a 

frontal cut, perpendicular to the first one. The limited size of the cylindrical 

microCT sample holders (diameter 20.5 mm) required additional 

sectioning of the condyles obtained from the 43, 58, 82, and 108 weeks 

old pigs. 
15%

5 mm

5 mm1 mm

 
Figure 2.2 Selection of a volume of interest (VOI). Upper left: frontal cross-section of a left 

condyle (43 weeks old), of which the median 15% of the mediolateral width is scanned. 

Upper right: medial view of the sagittal slice (left: posterior) showing selection of the four 

VOIs. Lower right: the posteroinferior VOI. Lower left: a few trabeculae in detail to show the 

intratrabecular mineral distribution. Color scale: increasing tissue mineral density (TMD) from 

blue to red.  
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MicroCT 

A microCT system (µCT 40, Scanco Medical AG, Brüttisellen, Switzerland) 

was used to quantify the net result of changes in cancellous bone 

architecture and in degree and distribution of mineralization. Bone 

samples were scanned at an isotropic spatial resolution of 10 µm and a 

peak voltage of 45 kV, resulting in an effective energy of approximately 24 

keV as previously described (Mulder et al., 2004). Four projections were 

performed for each scan angle in each slice. These projections had an 

integration time of 250 ms each and were averaged in order to improve 

the signal-to-noise ratio.  

Four cubic volumes of interest (VOI) were selected halfway the 

medial and lateral poles. Side lengths were 15% of the condylar width 

(Fig. 2.2). The VOIs were located anterosuperiorly, anteroinferiorly, 

posterosuperiorly, and posteroinferiorly and their sizes ranged from 2 mm³ 

to 200 mm³. An adaptive thresholding method was used to separate bone 

from background (Scanco Medical AG, software revision 3.2). This method 

pursues a clear distinction between 2 peaks, representing bone and 

background, in order to facilitate segmentation (Fig. 2.3). The obtained 

threshold was checked visually. A correction algorithm was used in order 

to compensate for beam hardening effects. 
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Figure 2.3 The segmentation procedure based on the 0 (*) and 43 weeks old samples. Each 

line consists of at least one peak at a low TMD (noise) and one at a high TMD (bone). 

Arrows indicate the visually checked thresholds. These curves indicate the best and worst 

curve shapes in distinguishing both peaks. Areas under the curves differ because of 

differences in VOI size.  

Bone architecture 

A direct, model-independent method was used to quantify various 

architectural parameters (Hildebrand et al., 1999) such as the bone 

volume fraction (BV/TV), trabecular number (Tb.N), trabecular thickness 

(Tb.Th), trabecular separation (Tb.Sp), connectivity density (Conn.D), and 

structure model index (SMI). In addition, the bone-surface-to-volume ratio 

(BS/BV) was obtained using a plate model (Parfitt et al., 1983). The 

degree of anisotropy (DA) was derived using the mean intercept length 

method (Mulder et al., 2006). To quantify the architectural parameters, 

morphometric software of the microCT system was used (Scanco Medical 

AG, revision 3.2). 
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Degree and distribution of mineralization of bone 

The computed X-ray attenuation in each volume element (voxel) was 

represented by a grey value in the three-dimensional reconstruction. 

Each grey value was converted into a TMD value using a calibration 

phantom (QRM GmbH, Möhrendorf, Germany) as part of the Scanco 

µCT system. Phantom contains five cylinders (diameter: 6 mm) in which 

hydroxyapatite (HA) grains are uniformly distributed in epoxy with 

densities of 0, 100, 200, 400, and 800 mg/cm³. The mean values, 

standard deviations (SD), and frequency distributions of TMD were 

calculated for each VOI. The intratrabecular distribution of TMD was 

quantified using a specifically designed algorithm (Mulder et al., 2005). 

Layers with a thickness of 7 – 8 µm were consecutively peeled off from 

the trabecular surfaces towards the cores and for each layer the mean 

TMD was calculated. This procedure was performed for a maximum of 

fifteen layers. The superficial layer was not analyzed in order to exclude 

partial volume effects.  

Statistical analysis 

The mean values of the four VOIs were calculated for all parameters. 

Second-degree polynomial regressions were found to be the best 

descriptor of the data obtained for all parameters after comparing linear 

and second-degree polynomial regression lines. Correlation coefficients 

were calculated to assess significant changes in the parameters during 

development. Variation in TMD was quantified by means of SD of the 

frequency distributions. Partial correlation coefficients were calculated to 

obtain correlations between the various parameters assessed, while 
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controlling for age. SPSS 11.5 software was used and p-values of less 

than 0.05 were considered statistically significant.  

 

Results  
Changes in microarchitecture and mineralization degree during 

development are shown in Figure 2.4. Most bone development occurred 

between 0 and 40 weeks of age. The trabecular number (Tb.N) decreased 

from 10 to approximately 3 trabeculae per mm in the adult pig (P < 0.05). 

Both the intertrabecular distance (Tb.Sp) and the trabecular thickness 

(Tb.Th) increased (P < 0.01) to 0.45 mm and 0.20 mm, respectively. The 

bone volume fraction (BV/TV), trabecular connectivity density (Conn.D), 

and the degree of anisotropy (DA) did not change significantly with age. 

The average trabecular shape converted from rod-like to plate-like, as 

revealed by a change in structure model index (SMI) from 2 to 0 (P < 

0.05). The bone-surface-to-volume ratio (BS/BV) decreased with age (P < 

0.01) from 60/mm to approximately 20/mm.  
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Figure 2.4 Architectural parameters and TMD as a function of age. Lines: second order 

polynomial fit. 

 

The mean TMD increased (P < 0.01) from approximately 500 to 850 

mg HA/cm³ during development (Fig. 2.4). In Figure 2.5, the 10 weeks 

TMD distribution was similar to the 22 weeks curve; the 82 and 108 weeks 

distributions were similar to the 58 weeks one. Variation in TMD, 

expressed by SD of the frequency distributions, did not change during 

development. Bone situated at the trabecular surfaces was clearly less 

mineralized in comparison with bone tissue situated in the cores (Fig. 2.6). 

TMD at the trabecular surfaces was higher in the oldest condyles when 

compared to those obtained from the newborn. TMD in the cores 
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increased even more with age. Consequently, intratrabecular differences 

in mineralization between surfaces and cores increased from 175 to 350 

mg HA/cm³. 

A strong positive correlation was observed between the trabecular 

thickness and the bone volume fraction, whereas a strong negative 

correlation was found between TMD and the bone-surface-to-volume ratio. 

Furthermore, the trabecular number correlated with TMD and the bone-

surface-to-volume ratio (Table 2.1). 

-4
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4

8

12

TMD (mg HA/cm³)

0 weeks
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43 weeks
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Relative occurrence (%)
12

8

4

0

Figure 2.5 Relative occurrence of TMD-values plotted in frequency distributions. Lines 

connect 50 exact histogram data points (curves are partially shown). The 10 weeks 

distribution was similar to the 22 weeks curve, the 82 and 108 weeks distributions were 

similar to the 58 weeks curve. Bars represent the mean TMD ± SD. 
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Figure 2.6 TMD as a function of the number of layers peeled off from the trabecular surfaces 

towards the cores. The 10 weeks curve was similar to the one at 22 weeks and the curves at 

82 and 108 weeks were similar to the 58 weeks curve.  

 

BV/TV Tb.N Tb.Th BS/BV TMD

BV/TV 1.000

Tb.N - 0.080 1.000

Tb.Th 0.958 ** - 0.334 1.000

BS/BV - 0.586 0.760 * - 0.701 1.000

TMD 0.470 - 0.798 * 0.603 - 0.951** 1.000
 

Table 2.1 Correlations between microarchitectural parameters and TMD. Results are 

presented as partial correlation coefficients. *: P < 0.05, **: P < 0.01. 
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Discussion  
The present study is the first investigation of the simultaneous changes in 

cancellous architecture and mineralization within the mandibular condyle 

assessing multiple time points during development. The trabecular 

thickness, trabecular number, trabecular separation, the bone-surface-to-

volume ratio, and mineralization degree changed significantly and all 

reached a plateau at the age of 40 weeks. These findings are in 

accordance with the development of the gross anatomy of the porcine 

mandible as shown by the simultaneous increase in condylar width and 

mandibular bone weight (Fig. 2.1). Moreover, the termination of most bone 

growth, as described in the present study, corresponds to the end of 

adolescence in pigs (Herring et al., 2002).  
Recently, the development of the porcine condyle between 10 weeks 

prepartum and 2 weeks postpartum has been described (Mulder et al., 

2006). Results of the present study are based on samples from animals 

aged between 8 weeks prepartum and 108 weeks postpartum and confirm 

and extend the results of the earlier study.  
Trabecular separation and number at the age of 22 weeks are 

similar to values found in a previous study in pigs of approximately 20 

weeks old (Teng and Herring, 1995), but the presently observed trabecular 

thickness at that age was about 75% of their average. This difference may 

be caused by the two-dimensional method used in that study, which might 

have overestimated the trabecular thickness because of overprojection of 

individual trabeculae. 
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The relative amount of bone surface decreased during development. 

As it has been demonstrated that the trabecular surface is related to bone 

turnover activity (Cowin, 2004), it is conceivable that the possibilities for 

bone turnover activity were highest until the age of 40 weeks postpartum. 

The condylar TMD of the youngest animals was approximately 500 mg 

HA/cm³, which is similar to previously reported findings (Mulder et al., 

2006). The mean TMD increased to approximately 850 mg HA/cm³ at the 

age of 40 weeks and reached a plateau after that age, which is in line with 

the microarchitectural changes described in the present study.  

Assuming a constant bone remodeling rate during development, it 

can be expected that the trabecular surface maintains the same low TMD, 

whereas the trabecular cores gradually change from thin and low-

mineralized structures into thick and highly mineralized ones. Therefore, it 

could be expected that the local differences in TMD between trabecular 

surfaces and cores increase during development, in turn leading to an 

increase in variation in TMD. Indeed, it was found that this intratrabecular 

difference in TMD increased from 175 to 350 mg HA/cm³ during 

development (Fig. 2.6). Variation in TMD, however, did not change 

significantly (Fig. 2.5). This discrepancy may be explained by the increase 

in trabecular thickness during development. The thick, highly mineralized 

trabecular cores influenced the mean TMD more than the thin, relatively 

low-mineralized trabecular surfaces, which resulted in a stabilization of the 

SD instead of an increase of it. TMD at the trabecular surfaces was higher 

in the older condyles than in the younger ones. This contradicts findings 

about fetal development (Mulder et al., 2005) and suggests that the bone 

remodeling rate decreases during development, which corresponds to the 

simultaneous decrease in bone-surface-to-volume ratio found in the 
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present study. However, another possible explanation for this relatively 

high TMD at the surface is that during bone turnover highly mineralized 

bone packets can be found at the trabecular surface due to resorption of 

trabeculae. This in turn leads to both low and highly mineralized bone at 

the trabecular surfaces. 

Values found for the condylar TMD are low compared to the ones for 

mandibular corpus (Maki et al., 2000; Mulder et al., 2006). As it has been 

proven that a high rate of bone turnover is associated with a low TMD 

(Boivin, 2003; Mashiba et al., 2005), data from the present study suggest 

that the mandibular condyle is subject to a higher rate of bone turnover 

than other mandibular regions do. 

In the first postnatal months, the difference in TMD between 

trabecular surfaces and cores increased. Concurrent, an increase in 

trabecular thickness and a decrease in trabecular number were 

observed, which suggests that plates are formed as a result of fusion of 

several trabeculae rather than by means of formation of new plates.  

A few remarks about the materials and methods used should be 

made. First, only one animal per age was used. However, care has been 

taken to minimize the biological interindividual variation. All pigs were 

female and, except for the fetal one, all originated from the same lineage 

and were fed the same standardized diet. The gradual and consistent 

changes observed for most parameters in addition to the correlations 

found in this study suggest that this choice can be justified. Second, 

microCT enables microarchitectural quantification of cancellous bone in a 

three-dimensional and non-destructive fashion (Rüegsegger et al., 1996; 

Odgaard, 1997). However, the threshold to be used for morphometric 

measurements using microCT is a matter of dispute. Minor threshold 



Chapter 2 
 

36 
 

changes may have a rather large effect on important architectural 

variables (Ding et al., 1999). A 0.5% higher threshold, for instance, can 

result in an underestimation of the bone volume fraction of up to 5% (Hara 

et al., 2002). However, this affected the present study only marginally. 

The possibility of errors in threshold was minimized by using a scanning 

protocol, where data was averaged from four projections at each scan 

angle in each slice. This procedure resulted in a reliable local adaptive 

threshold because of an improved contrast in grey value frequency 

distribution between the peaks representing bone and background. In 

addition, this local adaptive threshold was checked visually. Results 

obtained by using such an analysis method are considered reliable 

(Dufresne, 1998). Finally, the spatial resolution of 10 µm used in the 

present study, is relatively high in comparison to the trabecular thickness, 

considering the mean trabecular thickness of 50 µm in the youngest bone 

samples. Using a direct model a resolution of 14 µm or higher has been 

suggested to be appropriate for most morphometric parameters (Müller et 

al., 1996; Peyrin et al., 1998). However, the quantification of BS/BV can 

only be done by using the plate model which underestimates the size of 

the trabecular surface. As this model was used for the entire group, the 

underestimation was equal for all ages. 

Based on findings of the present study it can be concluded that most 

growth and development of porcine cancellous bone in the mandibular 

condyle primarily occurs before the age of 40 weeks. It was shown that 

within single trabeculae the local differences in TMD between surfaces 

and cores increase during development. Data from this study suggest that 

the bone turnover rate decreases during development. 
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CHAPTER 3 

 
AGE-RELATED CHANGES IN COLLAGEN PROPERTIES AND 

MINERALIZATION IN CANCELLOUS AND CORTICAL BONE IN THE 

PORCINE MANDIBULAR CONDYLE 

 

Abstract 
Collagen is an important constituent of bone and it has been suggested 

that changes in collagen and mineral properties of bone are interrelated 

during growth. The aim of this study was to quantify age-related changes 

in collagen properties and in tissue mineral density (TMD).  

TMD was assessed in cancellous and cortical bone samples from 

the mandibular condyle of 35 female pigs aged 0 – 100 weeks using 

microcomputed tomography. Subsequently, collagen amount and the 

number of pentosidine (Pen), hydroxylysylpyridinoline (HP), and 

lysylpyridinoline (LP) cross-links were quantified by means of high 

performance liquid chromatography. Collagen amount increased with age 

in cancellous bone. The number of Pen and LP cross-links decreased in 

cancellous and cortical bone. In contrast, the number of HP cross-links 

decreased only in cancellous bone. The sum of the number of HP and LP 

cross-links decreased with age in cancellous bone only. TMD increased in 

cancellous and cortical bone. 

In conclusion, largest changes in the number of mature collagen 

cross-links and in mineralization degree in porcine cancellous and cortical 

bone take place before the age of 40 weeks. The low number of mature 

cross-links after this age suggests that the bone turnover rate continues to 

be high. 
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Introduction 

As main constituent of the non-mineralized, organic part of the bone 

matrix, type I collagen contributes approximately 30% to total bone mass 

(Glimcher, 1976), and is involved in mediating primary bone 

mineralization (Landis and Silver, 2009). Collagen fibrils consist of 

tropocollagen triple helices with cross-links between and within these 

triple helices. Pentosidine (Pen) is the most abundant mature collagen 

cross-link in the organic bone matrix and its number increases with age 

(Pokharna and Phillips, 1998). It is an advanced glycation end product 

since it is formed as a result of non-enzymatic glycation during 

secondary mineralization (Sell and Monnier, 1989; Wang et al., 2002; 

Odetti et al., 2005; van Deemter et al., 2009). Other important mature 

collagen cross-links in bone are hydroxylysylpyridinoline (HP) and 

lysylpyridinoline (LP), which arise as a result of post-translational 

modifications of immature types of cross-links (Fraser, 1998) during 

primary mineralization. 

Bone resorption results in excretion of degradation products from 

bone tissue into urine (Delmas et al., 1991). High urinary levels of HP 

and LP cross-links occur during early postnatal development (Açil et al., 

1996; Tsukahara et al., 1996; Fraser, 1998; Mora et al., 1998; Kraenzlin 

et al., 2008) indicating extensive bone resorption. However, urinary 

analysis does not give the complete picture of bone turnover as it does 

not reflect bone apposition. Therefore, a more direct assessment of bone 

tissue is necessary in order to obtain an accurate quantification of bone 

collagen parameters during growth and development.  

The porcine mandibular condylar bone is characterized by a very 

high bone turnover rate, which appears to decrease gradually after the 
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age of 40 weeks (Chapter 2). It can therefore be presumed that this 

decrease in bone remodeling rate is accompanied by a gradual increase 

in the amount of mature bone tissue and thus in the number of Pen 

cross-links. Tissue mineral density (TMD) increases in the porcine 

mandibular condyle during fetal growth (Mulder et al., 2005). As TMD is 

negatively correlated with the bone turnover rate and since it is known 

that, at least in other skeletal regions than the mandibular condyle, 

cancellous bone remodels faster than cortical bone (Jee, 1999), it can be 

expected that TMD and the number of Pen cross-links are lower in 

cancellous than in cortical bone. The aim of this study was to examine 

the postnatal changes in condylar size, collagen content, the number of 

Pen, HP, and LP cross-links, and TMD.  

 
Materials and Methods 

Animals  

The mandibular condyles of 35 female domestic pigs (Sus scrofa) were 

used. All animals originated from the same lineage, were raised at a pig 

farm (ASG, Lelystad, the Netherlands) associated with the faculty of 

Animal Sciences, Wageningen University, the Netherlands, under 

standardized conditions. The pigs were assigned to seven age groups, 

each consisting of five animals, with the mean ages close to 0, 10, 20, 40, 

60, 80, and 100 weeks (Fig. 3.1). This age range is similar to an age range 

of 0 – 30 years in humans (Herring, 2003). Approval was obtained from 

the committee for animal experimentation of Wageningen University. 
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Figure 3.1 Condylar width as a function of age (n=35). 

 

Sample preparation 

All specimens were stored at - 20°C within 4 h postmortem before further 

processing as previously described (Chapter 2). The right mandibular 

condyles were used for analysis. The condylar width was assessed as the 

distance between the medial and lateral poles. A horizontal slice of 

approximately 5 mm thick was cut at the level of the poles under copious 

water irrigation. From each slice, two cancellous (volume range 0.3 – 

104.9 mm³) and two cortical (volume range 2.5 – 288.4 mm³) bone 

samples were obtained from the center and from the medial and lateral 

ends of the slice, respectively. Sample volumes were relative to the 

condylar size. One cortical bone sample from a 60 weeks old pig became 

unusable due to a processing error, and, therefore, 139 bone samples 

were evaluated. 
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Mineralization degree 

A microcomputed tomography system (µCT 40, Scanco Medical AG, 

Brüttisellen, Switzerland) was used to quantify TMD as previously 

described (Chapter 2). Contrasting to bone mineral density, TMD is 

independent of the bone volume fraction since it is defined as mg 

hydroxyapatite per cm³ of bone material (Mulder et al., 2004). In brief, 

bone samples were submerged in 70% ethanol and scanned at a 

resolution of 10 µm and a peak voltage of 45 kV. Each scan projection 

was performed four times and these were averaged to improve the 

signal-to-noise ratio thereby facilitating segmentation. The complete 

sample was selected as volume of interest.  
Appropriate thresholds to separate bone from background were 

obtained using an adaptive thresholding method in two samples from 

each age group as previously described (Chapter 2). Then, the average 

value was applied to all samples from that age group. The computed X-

ray attenuation in each volume element (voxel) was represented by a 

grey value in the three-dimensional reconstruction. The two most 

superficial voxel layers were excluded from analysis to avoid 

underestimation of TMD as these layers are biased by partial volume 

effects. 

Each grey value was then converted into a TMD value using 

reference measurements of a calibration phantom, containing five 

cylinders (diameter: 6 mm) in which hydroxyapatite (HA) grains were 

uniformly distributed in epoxy resin with concentrations of 0, 100, 200, 

400, and 800 mg/cm³ (QRM GmbH, Möhrendorf, Germany). 
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Collagen properties 

Following microCT scanning, bone samples were processed with high 

performance liquid chromatography (HPLC) in order to quantify collagen 

content and the number of cross-links. In brief, bone samples were 

hydrolyzed in HCl at 110°C and vacuum-dried. The hydrolysate was then 

dissolved in a solution containing 10 nmol pyridoxine/ml water and 2.4 

mmol homoarginine/ml water as internal standards. Reversed-phase 

chromatography was performed for amino acids and cross-links 

assessment as previously described (Bank et al., 1996, 1997). 

The numbers of Pen, HP, and LP cross-links were assessed and 

divided by the number of collagen molecules, as measured by the amount 

of hydroxyproline present, resulting in the average number of Pen, HP, 

and LP cross-links per collagen molecule.  
 

Statistical analysis 

Some bone samples proved to be too small for reliable collagen content 

assessment or had contamination of cross-link peaks by fluorescent 

signals partly overlapping the peaks in the HPLC chromatograms and 

were therefore excluded from analysis. The number of bone samples per 

group and the number of specimens from which these were derived are 

shown in Table 3.1. Data of two samples derived from the same bone type 

within each condyle were averaged for all parameters.  
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cancellous bone cortical bone

collagen 
content

HP or  LP Pen collagen 
content

HP or  LP Pen

0 weeks 6 (n=3) 6 (n=3) 8 (n=4) 6 (n=3) 6 (n=3) 6 (n=3)

10 weeks 10 (n=5) 10 (n=5) 10 (n=5) 8 (n=4) 9 (n=5) 9 (n=5)

20 weeks 10 (n=5) 10 (n=5) 8 (n=4) 9 (n=5) 10 (n=5) 9 (n=5)

40 weeks 10 (n=5) 10 (n=5) 10 (n=5) 9 (n=5) 7 (n=4) 7 (n=4)

60 weeks 8 (n=4) 10 (n=5) 10 (n=5) 7 (n=4) 9 (n=5) 9 (n=5)

80 weeks 8 (n=4) 10 (n=5) 10 (n=5) 9 (n=5) 10 (n=5) 10 (n=5)

100 weeks 8 (n=4) 10 (n=5) 10 (n=5) 9 (n=5) 8 (n=4) 10 (n=5)

total 60 (n=30) 66 (n=33) 66 (n=33) 57 (n=31) 60 (n=31) 60 (n=32)

 
Table 3.1 Number of samples used for analysis per bone type and age group.  

HP: hydroxylysylpyridinoline, LP: lysylpyridinoline, Pen: pentosidine.  

Parentheses: number of specimens used. 

 

Regression analysis produced Pearson’s correlation coefficients 

revealing age-related changes in the parameters assessed. By means of 

best fit, second-degree polynomial regression was found to be the best 

descriptor of the data obtained and equivalent trend lines were drawn for 

data presentation. SPSS 15.0 for Windows (SPSS Inc., Chicago, IL, USA) 

was used for statistical analysis. P-values of less than 0.05 were 

considered statistically significant.  
 

 
 
 
 



Chapter 3 
 

44 
 

Results  

The condylar width increased with age from 6 to 44 mm (Fig. 3.1). 

Collagen content increased with age in cancellous bone from 0.19 to 0.26 

mg of collagen per mg of bone (P < 0.05), but it remained unchanged in 

cortical bone at approximately 0.20 mg of collagen per mg of bone (Table 

3.2). 

0 weeks 10 weeks 20 weeks 40 weeks 60 weeks 80 weeks 100 weeks

cancellous bone 19.2 (3.6) 15.2 (3.4) 11.2 (5.8) 21.1 (5.8) 23.1 (7.7) 15.6 (4.8) 26.0 (9.7)

cortical bone 19.4 (1.8) 20.3 (5.0) 23.0 (8.2) 23.0 (8.0) 16.6 (3.8) 20.1 (5.3) 19.1 (4.7)

 
Table 3.2 Collagen content, expressed as mg (SD) of collagen per mg of dry bone weight. 

 

The number of Pen cross-links (Fig. 3.2A) decreased in cancellous 

and cortical bone (P < 0.001), whereas the sum of the number of HP and 

LP cross-links (Fig. 3.2B) decreased in cancellous bone only (P < 0.05). 

The number of HP cross-links (Fig. 3.2C) decreased in cancellous bone 

only (P < 0.05). The number of LP cross-links (Fig. 3.2D) decreased with 

age in cancellous (P < 0.01) and cortical (P < 0.001) bone and reached a 

plateau at the age of 40 weeks. TMD increased in cancellous (P < 0.001) 

and cortical bone (P < 0.001) and reached a plateau at the age of 40 

weeks (Fig. 3.3). 
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Figure 3.2 Numbers of A) Pen, B) HP + LP, C) HP, and D) LP cross-links, respectively, per 

collagen molecule as a function of age. Pen: pentosidine, HP: hydroxylysylpyridinoline, LP: 

lysylpyridinoline.      : cancellous bone.     : cortical bone. *: P < 0.05, **: P < 0.01, ***: P < 

0.001.  
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Figure 3.3 Tissue mineral density (TMD) in cancellous and cortical bone, expressed as mg 

hydroxyapatite (HA) per cm³ bone tissue, as a function of age. ***: P < 0.001. 
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Discussion 

In this study, concurrent changes in collagen content, the number of Pen, 

HP, and LP cross-links, and TMD of cancellous and cortical bone were 

analyzed within the same bone samples for the first time. In addition, 

multiple time points during postnatal development were assessed. As 

most bone growth in the porcine mandibular condyle occurs during the 

first 40 weeks (Fig. 3.1), it was expected that the amount of bone 

apposition is highest during the first postnatal weeks and that after the 

age of 40 weeks the rate of bone modeling and bone remodeling, and 

therefore the amount of bone apposition, gradually decreases. It was 

presumed that these changes in the amount of bone apposition would 

result in a decrease in the number of HP, LP, and Pen cross-links. 

Moreover, it was expected that the number of Pen cross-links increases 

during secondary mineralization in maturing bone after the age of 40 

weeks, particularly in cortical bone. Additionally, it was expected that 

TMD of cortical bone is higher than that of cancellous bone and that 

TMD increases during the first 40 weeks and stabilizes thereafter in 

cancellous and cortical bone. 

The abovementioned expectation that the number of Pen, HP, and 

LP cross-links per collagen molecule decreases during growth and 

development and is followed by an increase after the age of 40 weeks 

proved to be partially true. Indeed, an age-related decrease in the 

mature cross-links was present, which, however, was not followed by a 

subsequent increase. 

Current knowledge on changes in the number of mature cross-links 

during early postnatal growth is rather limited. For instance, in rat 

mandibles an increase in HP was detected after quantification of HP per 
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mg of dry bone (Shikata et al., 1985). In human bone, an increase in HP 

was found which, however, was not statistically significant (Eyre et al., 

1988). Furthermore, a higher number of HP cross-links was found in 

bone from 72 weeks old chickens compared to bone from 7 weeks old 

ones (Rath et al., 1999). More information is available on changes in 

cross-links during aging. For instance, a decrease in LP cross-links has 

been reported for human bone (Nyman et al., 2006). Other studies, 

however, found no age-related changes in HP and/or LP (Eyre et al., 

1988; Oxlund et al., 1996; Bailey et al., 1999; Zioupos et al., 1999; Wang 

et al., 2002; Nyman et al., 2007) or an increase in Pen cross-links (Wang 

et al., 2002; Nyman et al., 2007). None of the abovementioned papers, 

however, has addressed specifically potential changes in HP, LP, and 

Pen cross-links at multiple time points during early postnatal growth, and 

age-related changes within a short time span might hence have been 

overlooked.  

Results of the present study are in accord with studies stating that 

a high bone turnover rate results in a decrease in the number of HP and 

LP cross-links in bone (Glimcher, 1976; Landis et al., 1986; Knott and 

Bailey, 1998; Jee, 2001; Nyman et al., 2006). The porcine mandibular 

condyle increases in size during the growth period of the first 40 

postnatal weeks (Fig. 3.1), during which the extent of bone apposition 

exceeds that of bone resorption. In this context, the steep decrease in 

the number of mature cross-links as observed in the present study is in 

agreement with reports on excretion of high numbers of mature cross-

links in urine during early postnatal growth (Shaw et al., 1995; Açil et al., 

1996; Tsukahara et al., 1996; Mora et al., 1998; Kraenzlin et al., 2008).  
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In the present study, the largest changes in LP cross-links took 

place between the ages of zero and twenty weeks, which is the period 

during which most bone modeling, or growth, occurs (Fig. 3.1). At 20 

weeks of age, a functional change from suckling to biting takes place, 

which most likely changes the bone-loading pattern and causes a higher 

rate of bone turnover (Teng and Herring, 1995).  

The fivefold decrease in the number of Pen cross-links in 

cancellous bone with increasing age, as found in this study, is 

noteworthy as these cross-links are known to accumulate with age in 

other tissues, such as, for instance, the intervertebral disc, eye, and 

cortical bone (Pokharna and Phillips, 1998; Wang et al., 2002; Nyman et 

al., 2007; van Deemter et al., 2009). High numbers of Pen cross-links are 

related to aging, osteoporosis, and renal failure. Pen cross-links are 

known to be an advanced glycation end product of which the ‘‘passive” 

formation depends on the amount and type of sugars present (Sell and 

Monnier, 1989; Grandhee and Monnier, 1991). The continuous age-

related decrease in all of the mature cross-links was unexpected and 

suggests that the bone turnover rate in the porcine mandibular condyle 

remains high with advancing age and prevents accumulation of Pen 

cross-links. Moreover, samples obtained from newborn specimens 

appeared to have an unexpectedly high number of this type of cross-

links. Although controversial, this high number of Pen cross-links might 

be the consequence of a high bone turnover rate. In a newborn, mRNA 

is generally abundantly present and might be broken down in large 

quantities in tissues with a high turnover rate, resulting in release of high 

amounts of ribose, inducing creation of Pen cross-links by means of the 
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Maillard reaction (Sell and Monnier, 1989; Grandhee and Monnier, 

1991). 

The absence of an increase in the number of Pen cross-links, 

which was expected to occur particularly in cortical bone after the age of 

40 weeks, suggests that even in the cortical condylar bone a 

continuously high rate of bone remodeling is present, which prevents 

accumulation of Pen cross-links. This explanation is in agreement with 

findings of a slightly lower TMD in cortical bone samples than in 

cancellous ones. This finding, however, was unexpected too, since 

cancellous bone is known to remodel faster than cortical bone in other 

skeletal regions (Jee, 1999).  

 The value of 0.26 mg of collagen per mg of dry bone weight, which 

was calculated for the samples obtained from the 100 weeks old animals, 

is in agreement with literature reporting that organic matrix contributes to 

approximately 30% of total bone weight, 90% of which is collagen 

(Glimcher, 1976). TMD increased during growth and reached a plateau, as 

hypothesized, around the age of 40 weeks, which corresponds to the end 

of adolescence (Teng and Herring, 1995). This finding confirms and 

extends our previous report on increases in TMD during postnatal growth 

(Chapter 2).  
On the basis of the findings of the present study it can be concluded 

that the largest changes in the mature collagen cross-links and 

mineralization in cancellous and cortical bone in the mandibular condyle 

take place before the age of 40 weeks. The low number of mature cross-

links in the porcine mandibular condyle suggests that the bone turnover 

rate in this bone structure remains high after adolescence. 

 



Chapter 3 
 

50 
 

 
 

 

 

 

 

 

 
 
 
 
 
 

 
 
 
 
 
 
 
 

 
 
 
 
 



                             Correlation between collagen and bone tissue stiffness 
 

51 
 

CHAPTER 4 
 

THE RELATIONSHIP BETWEEN COLLAGEN CROSS-LINKS AND 

BONE TISSUE STIFFNESS IN THE PORCINE MANDIBULAR 

CONDYLE 

 
Abstract  
The aim of this study was to correlate mineralization degree, collagen 

content, and its cross-links to bone tissue stiffness.  

 A total of 50 cancellous and cortical bone samples were derived from 

the right mandibular condyles of five young and five adult female pigs. 

Tissue mineral density (TMD) was assessed using microcomputed 

tomography. High-performance liquid chromatography was used to quantify 

collagen content and the number of hydroxylysylpyridinoline (HP), 

lysylpyridinoline (LP), and pentosidine (Pen) cross-links. Bone tissue 

stiffness was assessed using nanoindentation. Multiple linear regressions 

were used to correlate collagen properties and bone tissue stiffness, with 

TMD as first predictor. 

Whereas cancellous bone tissue stiffness did not differ between 

the three directions of nanoindentation, or between the two age groups, 

cortical bone tissue stiffness was higher in the adult tissue. After 

correction for TMD, the cross-links studied did not increase the explained 

variance. In the young group, however, LP significantly improved the 

explained variance in bone tissue stiffness. Half of bone tissue stiffness 

variation was explained by TMD and the number of LP cross-links and 

thus they cannot be considered the sole determinants of bone tissue 

stiffness. 
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Introduction 

Bone tissue consists of mineralized matrix, mainly hydroxyapatite (HA), 

and non-mineralized matrix, predominantly fibers. Both components are 

important determinants of the mechanical properties of bone (Turner et 

al., 1990; Borah et al., 2000; Burr, 2002; Follet et al., 2004).  

The compressive strength of bone is determined largely by tissue 

mineral density (TMD) that increases bone stiffness (van der Linden et 

al., 2001; van Ruijven et al., 2007). However, an invaluable role in the 

bone’s ductility and flexibility (Oxlund et al., 1995; Hernandez et al., 

2005) – in other words, in its toughness (Wang et al., 2001; Garnero et 

al., 2006) and fracture-resistance (Zioupos et al., 1999) – may be played 

by the presence of collagen fibers. So far, however, contradictory results 

are published on the relationship between collagen content and the 

mechanical properties of bone (Nafei et al., 2000a; Ding et al., 2002). 

Collagen molecules consist of three polypeptide strands connected 

by cross-links. Although it has been suggested that the individual 

collagen structure is ‘‘stiffened” by an increase in the number of cross-

links (Avery and Bailey, 2006), which thus increases overall bone tissue 

stiffness, literature on this topic is inconsistent. Some studies found that 

the number of cross-links is correlated with bone stiffness (Rath et al., 

1999; Banse et al., 2002); other investigators found that it is not (Zioupos 

et al., 1999; Vashishth et al., 2001). Two frequently studied enzymatic 

cross-links in bone are hydroxylysylpyridinoline (HP) and lysylpyridinoline 

(LP), also referred to as pyridinoline and deoxypyridinoline (Knott and 

Bailey, 1998). Non-enzymatic cross-linking occurs by advanced glycation 

end products (AGEs). Although pentosidine (Pen) is just one of the many 

AGEs, Pen measurement is a common quantification method in bone as 
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it can be quantified accurately (Saito et al., 1997) and as it is considered 

a marker for accumulation of other non-enzymatic glycation products 

(Bank et al., 1998). 

Each of the abovementioned studies reporting on the relationship 

between collagen cross-links and bone mechanical properties used 

mechanical tests at macroscopic level. Their results depended greatly on 

the bone volume fraction of bone samples, which makes it difficult to test 

the hypothesis that bone tissue stiffness is influenced by the presence of 

collagen cross-links. In contrast, results from nanoindentation are 

independent of the bone volume fraction (Silva et al., 2004), enabling the 

examination of the correlations between collagen cross-links and bone 

tissue stiffness without bone volume fraction-related interference. 

The aims of this study were therefore to examine tissue stiffness of 

cancellous and cortical bone using nanoindentation and to assess the 

relative contribution to bone tissue stiffness of TMD, collagen, and the 

number of HP, LP, and Pen cross-links. It was hypothesized that bone 

tissue stiffness is correlated with collagen content and the number of 

cross-links studied. To increase the variation in collagen parameters, we 

used cancellous and cortical bone samples of two different ages. 

 

Materials and Methods 
The mandibular condyles of ten female domestic pigs (Sus scrofa) were 

used. All animals originated from the same lineage, had been raised 

under identical, standardized conditions at a pig farm associated with the 

faculty of Animal Sciences at Wageningen University in the Netherlands, 

and showed no signs of disease. They were divided into two groups of 

five animals: a young group (average age of 9.4 ± 0.4 weeks) and an 
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adult group (average age of 102.6 ± 5.0 weeks). Power calculations were 

performed in PASS software based on data from previous work (Chapter 

3). These calculations resolved that total sample sizes of 7 and 9 were 

needed to test the reported differences and variations in TMD and the 

number of HP, LP, and Pen cross-links, respectively, on the basis of a 

power (1 - ß) of 0.9. 

 Approval was obtained from the committee for animal 

experimentation at the faculty of Animal Sciences of Wageningen 

University. The pigs’ heads were obtained and stored at - 20°C within  

4 h postmortem before further processing. 

 Fifty bone samples were prepared in a way similar to that 

described in our earlier procedure (Chapter 3). In brief, using a water-

cooled microsaw, we cut a horizontal bone slice approximately 5 mm 

thick at the level of the medial and lateral poles. One cubic shaped 

cancellous bone sample was derived from the center of each condyle 

and one cortical bone sample was obtained from each lateral pole. Each 

of these samples were prepared for nanoindentation by means of 

dehydration in 70, 90, and 100% ethanol, and embedded in 

polymethylmethacrylate. To expose bone microstructure on the superior, 

anterior, and lateral sides, the embedded samples were cut across three 

planes. Finally, under deionized water, samples were ground with 

successively finer grades of abrasive paper (grit sizes 400, 600, and 

1200), and polished using a microcloth and an aluminum polishing 

solution (particle size 0.05 μm) followed by copious irrigation with 

deionized water.  

For collagen assays we used two small samples of cancellous 

bone and one sample of cortical bone, respectively, which were all 
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derived from areas directly adjacent to the sample prepared for 

nanoindentation. 

 Bone tissue stiffness was measured using load-controlled 

nanoindentation tests (Nano Indenter XP, MTS Systems Co., Oak Ridge, 

TN, USA) with a Berkovich indenter tip, as described in detail elsewhere 

(Mulder et al., 2007a). Nanoindentation was performed in three directions 

(supero-inferior, antero-posterior and latero-medial) by the selection of five 

bone elements at each of the three studied bone sample sides, not 

necessarily indenting the bone elements perpendicular to their main 

orientation as a result of the regional structural variation in three-

dimensional orientation of bone elements in the mandibular condyle. Each 

bone element (approximately 110 μm in width) was indented at its center 

(Fig. 4.1). In total, 300 indents were made (10 animals x 2 bone samples 

per animal x 3 directions per bone sample x 5 indents per direction). 
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Figure 4.1 A frontal view of one of the porcine condyles from which samples of cancellous 

bone and cortical bone were obtained. Asterisks: samples used to assess TMD and bone 

tissue stiffness (shown in detail). The other samples were used for collagen assays. TMD 

increases from blue to red. 
 

 The load protocol comprised two conditioning steps. At the start of 

the third unloading, the Oliver and Pharr method was used to assess 

tissue stiffness (Oliver and Pharr, 1992). The maximum load was 8 mN, 

before final unloading at a rate of 0.08 mN/s. The corresponding 

maximum indentation depth was approximately one micrometer. The 

contact stiffness S, which is the slope of the initial portion of the final 

unloading curve, and the contact area Ac were used to assess the 

reduced modulus (Er) of the sample-indenter combination. The Poisson’s 

ratio of the Berkovich diamond indenter was 0.07; its Young’s modulus 
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was 1140 GPa. The Poisson’s ratio of bone was assumed to be 0.3 

which is generally accepted as reasonable but not unambiguously 

established (Ashman et al., 1984; Guo and Goldstein, 2000). 

TMD was quantified using a microcomputed tomography system  

(µCT 40, Scanco Medical AG, Brüttisellen, Switzerland) as previously 

described (Chapter 2). Bone samples were scanned at a resolution of 10 

µm and a peak voltage of 45 kV (effective energy: 24 keV). Four 

projections, each with an integration time of 250 ms, were performed for 

each scan angle in each slice. To improve the signal-to-noise ratio, the 

projections were averaged.  

Volumes of interest as large as the complete sample were defined 

in order to analyze TMD at the same level as the collagen properties. 

Bone was distinguished and separated from background using the same 

threshold for samples from the same age group. The computed X-ray 

attenuation in each voxel was represented by a grey value in the three-

dimensional reconstruction, which was converted into a TMD value using 

reference measurements of a calibration phantom (QRM GmbH, 

Möhrendorf, Germany) containing hydroxyapatite grains in 

concentrations of 0, 100, 200, 400, and 800 mg/cm³. 

 Collagen content and the numbers of HP, LP, and Pen cross-links 

were assayed using high-performance liquid chromatography as described 

in detail elsewhere (Bank et al., 1996). Briefly, the complete bone samples 

were hydrolyzed at 110°C in HCl and vacuum dried. The hydrolysate was 

then dissolved in 10 nmol pyridoxine/ml water and 2.4 mmol 

homoarginine/ml water as internal standards. Reversed-phase 

chromatography was performed. Collagen content was expressed as 

milligrams of collagen per milligram of dry bone tissue. The numbers of 
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HP, LP, and Pen cross-links were counted and divided by the absolute 

amount of collagen, resulting in the average numbers of HP, LP, or Pen 

cross-links per triple helix of collagen. Statistical analysis was performed 

as follows: Preliminary testing by one-way ANOVA showed no statistically 

significant differences in tissue stiffness between the three directions of 

indentation, which were therefore pooled and averaged. We also pooled 

and averaged data on the collagen parameters from the two samples of 

cancellous bone. Because of aberrations in the HPLC peak of 

hydroxyproline, collagen content data from one young cancellous sample 

and from one adult cortical bone sample were excluded from further 

analysis.  

 Independent samples t-tests were performed in order to establish 

whether there were significant differences between the two age groups. 

Differences between cancellous and cortical bone samples were tested 

for statistical significance using paired samples t-tests. Correlations 

between bone tissue stiffness and TMD and collagen parameters were 

calculated using Pearson’s correlation coefficients (r). The coefficient of 

determination (R²) between bone tissue stiffness and collagen 

parameters was calculated using multiple regression analysis with TMD 

as the first predictor. All tests were carried out using SPSS 15.0 for 

Windows (SPSS Inc., Chicago, IL, USA); p-values of less than 0.05 were 

considered statistically significant. 
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Results 
Figure 4.2 shows the values of Young’s modulus reflecting bone tissue 

stiffness. Cortical bone tissue stiffness was higher in the adult group than 

in the young group (P < 0.05). There were no statistically significant 

differences in bone tissue stiffness between cancellous and cortical bone 

within either age group. 
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Figure 4.2 Bone tissue stiffness (mean ± SD) measured using nanoindentation at the cores 

of bone elements. Asterisk: higher cortical bone tissue stiffness in the adult group than in the 

young group (P < 0.05). 
 

 In cancellous bone, the average TMD in the adult group was  

1004 ± 41 mg HA/cm³, which was higher (P < 0.001) than in the young 

group (533 ± 46 mg HA/cm³). In addition, in cortical bone, the bone was 

more highly mineralized (P < 0.001) in the adult group (925 ± 35 mg 

HA/cm³) than in the young group (593 ± 37 mg HA/cm³). In the adult 

group, the cancellous bone was more highly mineralized (P < 0.05) than 

the cortical bone. 
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Table 4.1 shows a summary of collagen content and the number of 

cross-links. In samples from the young animals, the number of Pen 

cross-links was higher in both cancellous and cortical bone (P < 0.05). 

The number of HP and LP cross-links did not differ significantly either 

between the young and adult animals or between cancellous and cortical 

bone samples. Comparison of cancellous and cortical bone from the 

adult animals showed that the number of Pen cross-links was higher in 

cortical bone (P < 0.05). 

     

cancellous bone                       cortical bone

young (SD) adult (SD) young (SD) adult (SD)

collagen content (mg/mg of dry bone) 0.15 (0.03) 0.26 (0.10) 0.21 (0.13) 0.20 (0.06)

HP (nr. of cross-links/triple helix) 0.09 (0.05) 0.05 (0.02) 0.08 (0.05) 0.09 (0.04)

LP (nr. of cross-links/triple helix) 0.03 (0.02) 0.01 (0.00) 0.03 (0.03) 0.01 (0.00)

Pen (nr. of cross-links/triple helix) 0.39 (0.25)* 0.04 (0.02)*,˚ 0.52 (0.28)* 0.12 (0.05)*,˚
 

 
Table 4.1 Composition of the examined bone samples. Significant differences (P < 0.05) 
between * young and adult animals and between o cancellous and cortical bone.  
HP: hydroxylysylpyridinoline, LP: lysylpyridinoline, Pen: pentosidine. 
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Figure 4.3 In the young and the adult group separately, no significant correlations were 

detected between the mean bone tissue stiffness and (A) TMD and (B) the number of LP 

cross-links. HA: hydroxyapatite.    : young,    : adult. Y-axes are similar. 

 

Correlation analyses showed that TMD was positively correlated with 

bone tissue stiffness (r: 0.72, P < 0.01, n=10). However, when correlation 

analyses were carried out separately for the two age groups, there was no 

significant correlation in the young group (r: 0.51, NS, n=5) or in the  

adult group (r: 0.00, NS, n=5), (Fig. 4.3A). Collagen content and the 

number of HP and Pen cross-links were not correlated statistically 

significantly with bone tissue stiffness. In contrast, the number of LP cross-

links was negatively correlated with bone tissue stiffness  

(r: - 0.480, P < 0.05, n=10). However, when correlation analyses were 

carried out for both age groups separately, no significant correlation was 

found in the young (r: - 0.11) or in the adult (r: 0.08) group (Fig. 4.3B). 

For TMD alone, the coefficient of determination of bone tissue 

stiffness was 51%. After correction for TMD, collagen cross-links did not 

increase the explained variance. In the young group, however, LP 

significantly improved the explained variance in bone tissue stiffness; the 

coefficient of determination increased by 40% in the young group  
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(P < 0.05), while in the adult group no statistically significant change 

(7%) was found. 

 

Discussion 
This study had two aims: to examine tissue stiffness of cancellous and 

cortical bone and to assess the relative contribution that TMD, amount of 

collagen, and the number of HP, LP, and Pen cross-links make to bone 

tissue stiffness. Nanoindentation was used because its results are 

independent of the bone volume fraction of the samples (Silva et al., 

2004).  

 As dehydrated and embedded bone may have a higher Young’s 

modulus than wet bone tissue has (Hengsberger et al., 2002), any 

results obtained using nanoindentation should be interpreted with caution 

(Donnelly et al., 2006). Because the stiffness of dehydrated and 

embedded bone is linearly related to that of wet bone, and as it can be 

expected that all dehydrated and embedded samples underwent this rise 

in bone tissue stiffness, it is nevertheless safe to correlate bone tissue 

stiffness with collagen parameters (Mittra et al., 2006). 
  In this study, it was chosen to indent bone elements of 110 µm in 

width only in order to make a clear comparison in tissue stiffness 

between bone from young and adult specimens, between the three 

indentation directions, and between cancellous and cortical bone. 

Possibly, this choice narrowed the TMD range. But as bone from two age 

groups was used, a relatively large range in TMD values was obtained. 

Large age-related changes in TMD and collagen values in similar, 

healthy, porcine mandibular condyles have previously been discussed 

(Chapter 3). Therefore, it cannot be expected that this approach did 
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affect the assessment of the relative contribution of TMD, amount of 

collagen, and the number of HP, LP, and Pen cross-links to bone tissue 

stiffness, which was the objective of this study. 

It should be noted that the current values of bone elements of the 

same size are not representative for bone tissue stiffness in the porcine 

mandibular condyle. Inclusion of a wide range of trabecular widths would 

have resulted in representative Young’s moduli for the porcine 

mandibular condyle. But, as the mandibular condyle differs from other 

bone structures with regard to factors such as loading and the rate of 

bone turnover, it still would not have been possible to compare bone 

tissue stiffness with that in other bone structures. 

  Tissue stiffness of cortical bone was higher in bone samples from 

adult animals than from young ones which is in agreement with Mulder et 

al. (2007a), stating that bone tissue stiffness may increase with age.  

  As bone tissue stiffness has been reported to differ between 

cancellous and cortical bone (Zysset et al., 1999), it is remarkable that 

bone tissue stiffness did not differ in this study. Generally, cancellous 

bone is known to remodel faster than cortical bone (Jee, 1999), resulting 

in a relatively low TMD in cancellous bone. As the mean TMD is known 

to be an important determinant of bone tissue stiffness, one would 

expect the TMD and bone tissue stiffness to be lower in cancellous bone. 

In our study, however, TMD in the adult group was somewhat higher in 

cancellous bone than in cortical bone. This suggests that there is a 

continuously high rate of bone remodeling not only in the cancellous part 

of the bone in the mandibular condyle, but also in the cortical part. As our 

indentation protocol comprised selection of bone elements with a width 

of 110 μm, it is also possible that our test method masked differences 
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between cancellous and cortical bone. If so, the differences between 

cancellous and cortical bone that have been reported in literature may 

have been due to differences in the thickness of the bone elements 

studied. 

  As bone tissue stiffness did not differ significantly between the 

three directions of indentation, our data were averaged for further 

analysis. The lack of elastic anisotropy revealed by these data may have 

been caused by the multiple loading directions of the mandibular 

condyle, which might produced a more isotropic bone structure than in 

other bones. Another cause might be differences in bone tissue stiffness 

between or within single bone elements which, irrespective of indentation 

direction, are known to be caused by the heterogeneous intratrabecular 

distribution of bone mineral (Zysset et al., 1999). 
 At r: 0.72, R²: 0.51, half of bone tissue stiffness variance was 

explained by TMD alone, which is consistent with Zysset et al. (1999). 

However, bone tissue stiffness was measured locally at various sites, 

whereas the mean TMD values were obtained from the complete bone 

sample. Correlation of two variables originally assessed at different 

levels might lead to an underestimation of this correlation. On the other 

hand, as Mulder et al. (2007b) have shown that, when the local mineral 

distribution is disregarded as done in this study, the correlation between 

TMD and bone tissue stiffness might be overestimated. 

 In our study, collagen content was not statistically significantly 

correlated with bone tissue stiffness. This is consistent with findings of 

Viguet-Carrin et al. (2008) in a study involving young bovine femurs. 

Similarly, our finding of a negative correlation between the number of LP 

cross-links and bone tissue stiffness confirms earlier reports by Banse et 
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al. (2002). However, as the number of LP cross-links is strongly 

negatively correlated with TMD (Wassen et al., 2000), the negative 

correlation between the number of LP cross-links and bone tissue 

stiffness might be caused by co-variation. 

 Addition of the number of cross-links to the multiple regression 

analysis did not significantly increase the coefficient of determination of 

bone tissue stiffness of 51.5%. In young bone, the coefficient of 

determination increased by 40% after the addition of the parameter LP to 

the multiple regression analysis, whereas such a significant increase was 

not found in the adult bone. This suggests that possible differences in 

bone tissue stiffness as a result of changes in collagen properties can be 

best studied in bone samples with a relatively low TMD or in 

demineralized bone samples. However, in order to meet the second aim 

of this study, we did not perform demineralization as this might have led 

to a higher coefficient of determination between collagen parameters and 

bone tissue stiffness. Lastly, it should be mentioned that the cross-links 

studied are just some of the many collagen cross-links in bone tissue. 

For instance, pyrroles are situated on the same location as LP cross-

links (Hanson and Eyre, 1996) and are characterized as major types of 

trivalent cross-links (Saito and Marumo, 2010).  

In conclusion, under the experimental conditions of our study, a 

relatively low percentage of variance in bone tissue stiffness was 

explained by both TMD and the cross-links studied, suggesting that 

these parameters are not the sole determinants of this mechanical 

property of bone tissue.  
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CHAPTER 5 
 

THE CORRELATION BETWEEN MINERALIZATION DEGREE AND 

BONE TISSUE STIFFNESS IN THE PORCINE  

MANDIBULAR CONDYLE 

 
Abstract 
The aim of this study was to correlate local tissue mineral density (TMD) 

with bone tissue stiffness. It was hypothesized that these variables are 

positively correlated. Cancellous and cortical bone samples were derived 

from ten mandibular condyles taken from five young and five adult female 

pigs. Bone tissue stiffness was assessed in three directions using 

nanoindentation. At each of three tested sides five indents were made 

over the width of five single bone elements, resulting in a total number of 

1500 indents. MicroCT was used to assess the local TMD at the indented 

sites.  
 TMD and bone tissue stiffness were higher in bone from the adult 

animals than from the young ones, but did not differ between cancellous 

and cortical bone. In the adult group, TMD and bone tissue stiffness were 

higher in the centers than at the surfaces of bone elements. The mean 

TMD, thus ignoring local mineral distribution, had a coefficient of 

determination (R²) with the mean bone tissue stiffness of 0.55, whereas 

the correlation between local bone tissue stiffness and concomitant TMD 

appeared to be weak (R²: 0.07). It was concluded that mineralization 

degree plays a larger role in bone tissue stiffness in cancellous than in 

cortical bone. Our data suggest that TMD is not a decisive determinant of 

the local bone tissue stiffness. 
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Introduction 

Bone stiffness and its determinants are well studied subjects. Bone 

stiffness has often been tested by compression, especially in cancellous 

bone. This kind of mechanical testing at the macroscopic level has led to 

the knowledge that the bone volume fraction is an important determinant 

of bone stiffness (Carter and Hayes, 1976; Currey, 1984) with coefficients 

of determination between 60 and 80% (Giesen et al., 2001; Teo et al., 

2006; Nazarian et al., 2008). However, stiffness varies considerably in 

bone samples with similar densities (Keaveny et al., 2001) suggesting 

that, apart from the bone volume fraction, other variables are important. 

Composition and architecture of the mineralized part of bone play a 

principal role in bone mechanical properties (Currey, 1984; Hernandez et 

al., 2001; van der Linden et al., 2001; van Ruijven et al., 2007). Tissue 

mineral density (TMD) is expressed as mg hydroxyapatite (HA) per cubic 

cm of bone tissue (Bouxsein et al., 2010) and is highly correlated with 

bone stiffness as well (Currey, 1988). Yet again large variations in bone 

stiffness have been observed between bone samples with similar bone 

volume fraction and TMD (Follet et al., 2004; Teo et al., 2006). This 

implies that bone stiffness at the macroscopic level is not solely 

determined by the bone volume fraction, or 1 - porosity%, and mineral 

content. Likely candidates are the bone’s anisotropy (Augat et al., 1998; 

Giesen et al., 2001; Keaveny et al., 2001), the trabecular shape or 

thickness (Ding et al., 2002; Mittra et al., 2005), collagen fiber direction 

(Martin, 1991), and collagen cross-linking (Burr, 2002; Fratzl et al., 

2004).  
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In contrast to compression testing at the macroscopic level the 

results obtained at the microscopic level, e.g. by using nanoindentation, 

are independent of the bone volume fraction (Silva et al., 2004). This 

very local testing modality has resulted in the knowledge that significant 

differences in bone tissue stiffness exist between cancellous and cortical 

bone, between anatomical structures, between and within single 

trabeculae (Rho et al., 1999; Zysset et al., 1999; Hoffler et al., 2000), and 

between indentation directions (Rho et al., 1997; Roy et al., 1999; 

Swadener et al., 2001; Fan et al., 2002; Franzoso and Zysset, 2009), the 

latter showing the anisotropic nature of bone.  

 However, the relationship between TMD in individual bone elements 

and local bone tissue stiffness has not been unambiguously established 

(Hoc et al., 2006; Miller et al., 2007; Mulder et al., 2007a, 2008; Smith et 

al., 2010; Zebaze et al., 2011). In contrast to these previous studies, we 

report on the relationship between TMD and bone tissue stiffness as 

studied in both cancellous and cortical bone and which has been 

performed in three directions. More knowledge on the correlation between 

these two variables is crucial for a better comprehension of the 

mechanical behavior of bone at the macroscopic level (Turner et al., 1990; 

van der Linden et al., 2001; Bourne et al., 2004; Follet et al., 2004) and to 

understand the mechanical effect of TMD heterogeneity thereupon. The 

main goal of this study was therefore to examine the correlation between 

local TMD and bone tissue stiffness assessed at the same location. It was 

hypothesized that TMD shows a strong positive correlation with bone 

tissue stiffness. To increase variation in TMD, we used cancellous and 

cortical bone samples of two different ages. 
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Materials and Methods 
Sample collection 

The mandibular condyles of ten female domestic pigs (Sus scrofa) were 

used. All animals originated from the same lineage, had been raised 

under standardized conditions at a farm associated with the faculty of 

Animal Sciences at Wageningen University, the Netherlands, and did not 

show any signs of disease. They were divided into two groups of five 

animals: a young group (average age of 9.4 ± 0.4 weeks) and an adult 

group (average age of 102.6 ± 5.0 weeks). Approval was obtained from 

the committee for animal experimentation at the faculty of Animal 

Sciences of Wageningen University. Heads were stored at - 20°C within 

4 h postmortem. 
 

Sample preparation 

Bone samples were prepared similar to a procedure previously described 

(Chapter 3). In brief, one cube of cancellous bone of approximately 

5x5x5 mm was derived from the center of each condyle and one cortical 

bone sample of approximately 2x5x5 mm from each lateral condylar pole 

(Fig. 5.1). All samples were prepared for nanoindentation by embedding 

them in polymethylmethacrylate after dehydration in a sequence of 70, 

90, and 100% ethanol. Bone microstructure at the superior, anterior, and 

lateral sides was exposed by grinding with successively finer grades of 

abrasive paper, grit sizes 400, 600, and 1200, under deionized water. 

Finally, samples were polished using a microcloth and an aluminum 

polishing solution (particle size: 0.05 μm) followed by copious irrigation 

with deionized water.  
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Figure 5.1 A porcine mandibular condyle from which cancellous and cortical bone samples 

were derived. Magnification: cancellous bone sample. Second magnification: TMD and bone 

tissue stiffness assessed at five locations in single bone element. Local TMD increases from 

blue to red. 

 

Micromechanical testing 

Bone tissue stiffness was measured on dry samples using load-controlled 

nanoindentation tests (Nano Indenter XP, MTS Systems Co., Oak Ridge, 

TN, USA) with a maximum load of 8 mN and a corresponding indentation 

depth of approximately 1 μm using a Berkovich diamond indenter tip, as 

previously described in detail (Mulder et al., 2007a). Nanoindentation was 

performed in three directions (supero-inferior, antero-posterior, and latero-

medial). Five bone elements, all lamellar bone, were selected at each of 

the three studied bone sample sides. These bone elements were 

approximately 130 μm wide between their borders, in cancellous bone, or 

between haversian canals, in cortical bone. Moreover, the selected bone 

elements had a maximum size of 250 μm in the depth of the sample to 

avoid indentations in large cortical plates, which would have impaired the 

comparison between cancellous and cortical bone tissue stiffnesses.  
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Spanning the width of each bone element, five locations with 

approximately 30 μm between them were selected for indentation. The 

first and fifth locations were situated near the surface of the bone element 

at a distance of approximately 5 μm from the border. The third location 

was therefore located in the center of the bone element (Fig. 5.1). In total, 

1500 indents were made (10 animals x 2 bone samples per animal x 3 

directions per bone sample x 5 bone elements per direction x 5 indents 

per bone element).  

 The load protocol comprised two conditioning steps (Mulder et al., 

2007a). At the start of the third unloading cycle, the Oliver and Pharr 

method was used to assess the reduced E-modulus as a measure for 

bone tissue stiffness (Oliver and Pharr, 1992). The Poisson’s ratio of the 

Berkovich diamond indenter was 0.07, its Young’s modulus was 1140 

GPa. The Poisson’s ratio of bone was assumed to be 0.3 (Ashman et al., 

1984; Guo and Goldstein, 2000). 

 

Tissue mineral density assessment 

A microcomputed tomography system (µCT 40, Scanco Medical AG, 

Brüttisellen, Switzerland) was used to scan bone samples at a resolution 

of 10 µm and a peak voltage of 45 kV (effective energy: 24 keV). Four 

projections with integration times of 250 ms each were performed for 

each scan angle in each slice and were averaged in order to improve the 

signal-to-noise ratio. Beam hardening effects were minimized using a 

correction algorithm. Bone was distinguished and separated from 

background with the same threshold for all samples from the same age 

group. Registered coordinates of the indentation sites at the three bone 

sample sides were used to retrace the exact indentation locations in the 
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scan which was made before nanoindentation. Subsequently, local TMD 

was assessed at all those locations. The computed X-ray attenuation in 

each voxel was represented by a grey value in the three-dimensional 

reconstruction, which was converted into a TMD value using reference 

measurements of a calibration phantom (QRM GmbH, Möhrendorf, 

Germany) containing hydroxyapatite grains in concentrations of 0, 100, 

200, 400, and 800 mg/cm³.  

Statistical analysis         

Statistical analysis was performed as follows: Bone tissue stiffness and 

TMD data were tested for normality using Kolmogorov-Smirnov tests, 

showing a normal distribution in both the young and adult bone 

(cancellous and cortical bone together). A skew distribution, however, 

was observed in cancellous and cortical bone as a result of obvious 

differences in results between the young and adult group. Therefore, 

differences between the young and adult group were statistically 

assessed using independent samples t-tests and differences between 

cancellous and cortical bone samples were tested for statistical 

significance using Wilcoxon Signed Ranks tests. ANOVA and Bonferroni 

post-hoc tests were used to assess whether differences in TMD and 

bone tissue stiffness between the three directions of nanoindentation 

(pooled for the five locations within single bone elements) and between 

the five nanoindentation locations within single bone elements (pooled 

for the three directions of nanoindentation), were statistically significant 

or not. The correlation between the mean TMD and the mean bone 

tissue stiffness (n=10) and between each individual TMD value and the 

accompanying bone tissue stiffness (n=1500) were calculated using 
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linear regression, represented by Pearson’s correlation coefficient (r) and 

the coefficient of determination (R²). The difference between cancellous 

and cortical regression lines was tested using an imported macro in 

Microsoft Excel (Onofri, 2006). All other tests were performed using 

SPSS 15.0 for Windows (SPSS Inc., Chicago, IL, USA). P-values of less 

than 0.05 were considered statistically significant. 

Results 
In the adult group, TMD was approximately 50% higher than in the young 

animals (P < 0.01), whereas no differences were observed between 

cancellous and cortical bone (Fig. 5.2A). Bone tissue stiffness was higher 

in the adult animals (P < 0.01, Fig. 5.2B) than in the young ones. 

TMD and bone tissue stiffness results between the three test 

directions are depicted in Figure 5.3, including results from the post-hoc 

tests. For reasons of completeness, all data values have been included in 

Table 5.1. In short, differences in TMD were observed in cortical bone 

from the young group (P < 0.001) and in cancellous bone from the adult 

group (P < 0.05). Bone tissue stiffness differed between the three test 

directions in cancellous bone from the young group (P < 0.01). Pooling the 

data from the young and adult group showed corresponding differences in 

both TMD and bone tissue stiffness between the three indentation 

directions in cortical bone. 
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Figure 5.2 Values of A) TMD and B) bone tissue stiffness, or E-modulus, comparing young 

and adult bone and cancellous and cortical bone, respectively. Error bars: SD.  

**: P < 0.01, NS: not statistically significant.  
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Figure 5.3 TMD (mg HA/cm³ of bone) and E-modulus, or bone tissue stiffness (GPa). Tests 

are performed between the three directions. *: P < 0.05, **: P < 0.01, ***: P < 0.001, NS: not 

statistically significant. Small rectangles: cortical, larger ones: cancellous bone. 
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Group TMD (SD) E-modulus (SD)

young cancellous superior 653.8 (73.1) 13.9 (5.5)

young cancellous anterior 617.3 (62.8) 8.3 (5.3)

young cancellous lateral 658.1 (102.1) 10.6 (4.9)

young cortical superior 592.4 (177.3) 7.5 (3.0)

young cortical anterior 784.0 (197.5) 11.0 (4.0)

young cortical lateral 792.8 (132.6) 10.1 (3.5)

adult cancellous superior 982.9 (122.5) 16.9 (7.5)

adult cancellous anterior 890.6 (107.0) 16.2 (5.2)

adult cancellous lateral 927.0 (89.1) 18.4 (5.8)

adult cortical superior 962.8 (146.6) 14.1 (3.4)

adult cortical anterior 995.6 (164.6) 14.0 (4.8)

adult cortical lateral 943.3 (195.1) 12.4 (3.9)

young and adult cancellous superior 788.4 (188.9) 15.2 (6.5)

young and adult cancellous anterior 768.3 (163.9) 12.7 (6.5)

young and adult cancellous lateral 773.3 (165.0) 13.9 (6.5)

young and adult cortical superior 715.9 (242.3) 9.7 (4.4)

young and adult cortical anterior 945.4 (194.1) 13.3 (4.8)

young and adult cortical lateral 896.6 (190.6) 11.7 (3.9)
 

 

Table 5.1 The mean TMD (mg HA/cm³ of bone) and E-modulus (GPa). 

   

  In the adult samples, both TMD (P < 0.001) and bone tissue 

stiffness (P < 0.05) differed between the five intratrabecular locations 

(similar for cancellous and cortical bone) from the adult animals only 

(Table 5.2). Contrasting with the young samples, TMD (P < 0.01) and 

bone tissue stiffness (P < 0.05) were higher in the center than at the 

surface of bone elements in the adult ones. In the young animals, a 

similar but insignificant trend was observed with “differences” in TMD 

and bone tissue stiffness up to 7% and 25%, respectively. 
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1 2 3 4 5

young mean TMD 653 668 700 670 665 NS

mean E-modulus 9.8 10.6 10.5 11.2 9.6 NS

adult mean TMD 929 1003** 1010** 955 881 ***

mean E-modulus 12.1 15.4 15.5* 15.7* 14.2 *
 

Table 5.2 The mean TMD (mg HA/cm³ of bone) and E-modulus (GPa) at the 5 indentation 

locations. 1+5: surface, 3: core. Last column: ANOVA result, asterisks: significantly different 

from the values in bold (post-hoc), *: P < 0.05, **: P < 0.01, ***: P < 0.001. NS: not 

statistically significant. 

  The mean TMD and the mean bone tissue stiffness per animal 

were significantly correlated (r: 0.74, R²: 0.55, p < 0.05, Fig. 5.4A). The 

correlation between each individual TMD value and the concomitant 

bone tissue stiffness, however, appeared to be weak but statistically 

significant with r: 0.26, R²: 0.07, P < 0.001, n=1500 (Fig. 5.4B). Separate 

analysis of this correlation for the three directions of nanoindentation 

showed consistent results (range r: 0.14 – 0.36, R²: 0.02 – 0.013). Figure 

5.4C shows the correlations between each individual TMD value and the 

accompanying bone tissue stiffness for cancellous (function: Etissue= 2.55 

+ 0.015 x TMD, n=750) and cortical bone (function: Etissue= 6.89 + 0.006 

x TMD, n=750). Both intercept (P < 0.001) and slope (P < 0.05) differed 

between the two regression lines. Separate analysis of these correlations 

for the three directions of nanoindentation showed consistent results 

(range of slopes: cancellous bone 0.010 – 0.021, cortical bone 0.001 – 

0.007). 
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Figure 5.4 The correlations between (A) the mean TMD and the mean bone tissue stiffness 

per individual (n=10) and between (B) the local TMD and the accompanying bone tissue 

stiffness for each individual indent (triangles). C: data from B, separately presented for 

cancellous (cross, dashed line) and cortical bone (circle, solid line). All X-axes have similar 

values. E: E-modulus. 

 

Discussion 
The aim of this study was to correlate mineralization degree with bone 

tissue stiffness, which were analyzed using high-resolution techniques at 

exactly the same location in samples of cancellous and cortical bone 

from the mandibular condyles of pigs of two different ages. To the best of 

our knowledge, this is the first study reporting on the relationship 

between TMD and bone tissue stiffness as studied in both cancellous 

and cortical bone from animals of different ages and in which 

experiments are performed in three directions. 

   The correlation between the mean TMD and the mean bone tissue 

stiffness (Fig. 5.4A), thereby disregarding the mineral distribution, did 

show a fairly high correlation (r: 0.74, R²: 0.55, n=10), which was 

hypothesized. When the correlation was assessed on a voxel by voxel 

basis however, it proved to be weak (r: 0.26, R²: 0.07, n=1500, Fig. 

5.4B). This result suggests that TMD is not a crucial determinant of bone 

tissue stiffness, which is in agreement with a report of Zebaze et al. 

(2011), but contrasts the work of, among others, Tai et al. (2005).  



                    Correlation between mineralization and bone tissue stiffness 
 

79 
 

The last mentioned authors found a high positive correlation between 

mineralization degree and bone tissue stiffness. The correlation data 

from this study underpin the conclusion by Mulder et al. (2007b) that, if 

the local mineral distribution is disregarded, the correlation between TMD 

and bone tissue stiffness might be overestimated. 

As hypothesized, bone from the adult group had higher TMD and 

bone tissue stiffness than bone from the young group (P < 0.01), which is 

in agreement with recent literature (Donnelly et al., 2010a; Chapter 4), 

however other investigators did not observe significant age-related 

changes in bone tissue stiffness (Zysset et al., 1998; Hoffler et al., 2000; 

Mulder et al., 2008). 

Although bone tissue stiffness has been reported to be lower in 

cancellous than in cortical bone (Rho et al., 1999; Zysset et al., 1999; 

Hoffler et al., 2000), no such difference between cancellous and cortical 

bone were observed in this study. Generally, cancellous bone is known 

to have a higher turnover rate than cortical bone (Jee, 1999), resulting in 

relatively low TMD in cancellous bone. As TMD is known to be an 

important determinant of bone tissue stiffness, one would expect TMD 

and bone tissue stiffness both to be lower in cancellous bone. However, 

as our nanoindentation protocol comprised the limited selection of bone 

elements with a width of 130 μm only, our test method might have 

masked differences depending on the width of the bone element tested, 

a variable that was not controlled in previous studies. Another 

explanation is that possible differences in bone tissue stiffness between 

cancellous and cortical bone are covered by the heterogeneous mineral 

distribution as a result of the high intra-individual variation existing in 
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bone mineralization (Rho et al., 1997, 1999, 2001; Roy et al., 1999; 

Zysset et al., 1999; Xu et al., 2003; Follet et al., 2004; Hernandez, 2008).  

Whether bone material characteristics differ between cancellous 

and cortical bone is a matter of debate. Some authors stated that the 

higher bone stiffness of cortical bone at the macroscopic level is 

explained completely by the higher bone volume fraction of cortical bone 

in comparison with cancellous bone (Wolff, 1892; Carter and Hayes, 

1976; Currey, 1988). In contrast, Schaffler and Burr (1988) found a high 

correlation between the bone volume fraction and bone stiffness at the 

macroscopic level in cortical but not in cancellous bone. They therefore 

stated that cancellous and cortical bone should be considered as two 

different tissues and suggested that stiffness of cancellous bone might 

be more influenced by mineralization degree than cortical bone. The 

micromechanical data obtained in this study are independent of the 

sample’s bone volume fraction (Silva et al., 2004) and underpin this 

suggestion as the regression line of cancellous bone has a steeper slope 

than the one representing cortical bone (Fig. 5.4C, P < 0.05). 

 Differences in TMD and bone tissue stiffness between the five 

locations within the bone elements were observed in bone from the adult 

animals only. In that group, both variables showed higher values in the 

center than at the surface of the bone elements (Table 5.2). This could be 

expected as bone turnover takes place at the surface which results locally 

in younger and thus less mineralized bone tissue than in the core of bone 

elements. Probably, in the young group the smaller difference in ‘‘bone 

tissue age” between the surface and core resulted in the absence of 

significant differences in bone tissue stiffness between the five locations 

within the bone elements. Corresponding local differences in 
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mineralization and/or bone tissue stiffness between the surface and core 

of bone elements have been demonstrated (Paschalis et al., 1997; 

Hernandez et al., 2001; van der Linden, 2001; Mulder et al., 2006; 

Roschger et al., 2008; Chapter 2), resulting in a lower bone tissue stiffness 

at the surfaces than in the cores of bone elements (Mulder et al., 2007a; 

Brennan et al., 2009). 

In this study, differences in bone tissue stiffness were observed 

between the three indentation directions (Fig. 5.3) which is in agreement 

with literature concerning other anatomical structures than the 

mandibular condyle (Rho et al., 1997, 1999; Roy et al., 1999; Swadener 

et al., 2001; Fan et al., 2002; Franzoso and Zysset, 2009). Also in TMD, 

significant differences were observed between the three nanoindentation 

directions. These differences in TMD showed no consistent pattern, such 

as for instance a consistently higher TMD in supero-inferior direction 

compared to the other two. This absence of consistent differences in 

TMD between the three directions might be an effect of the 

multidirectional loading pattern of the mandibular condyle. 

As the correlation between mineralization degree and bone tissue 

stiffness was weak, other variables likely play a role. We expect that the 

bone’s structural anisotropy at the microscopic level such as mineral 

crystal direction might play a role, but careful testing this hypothesis is 

impossible with the design of this study. Other potential relevant 

variables might be collagen fiber orientation or the number of collagen 

cross-links.  

Some remarks on the methodology of this study need to be made. 

First, dehydrated and embedded bone may have a 20% higher Young’s 

modulus than wet bone tissue (Hengsberger et al., 2002). The obtained 
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values should therefore be decreased approximately 15% to obtain a 

realistic bone tissue stiffness value in the porcine mandibular condyle. 

Moreover, any absolute data obtained using nanoindentation should be 

interpreted with caution (Donnelly et al., 2006). It is nevertheless safe to 

correlate bone tissue stiffness with TMD as this rise in bone tissue 

stiffness was a general one. Second, statistics have been performed 

considering all local measurements as independent data because of the 

local nature of the high-resolution techniques used in this study. The 

observed differences in bone tissue stiffness and TMD between the five 

locations within single bone elements justify this approach.  

Most importantly, our data suggest that the local mineralization 

degree is not a decisive determinant of the local bone tissue stiffness. In 

addition, mineralization degree plays a larger role in bone tissue stiffness 

in cancellous than in cortical bone. TMD and bone tissue stiffness do not 

differ between cancellous and cortical bone from the porcine mandibular 

condyle. These two variables are however higher in bone from adult 

animals than from young ones, and higher in the cores of bone elements 

than at their surfaces in bone from adult animals but not in young ones.
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CHAPTER 6 
 
HIGHER NUMBER OF PENTOSIDINE CROSS-LINKS AFTER RIBOSE 

TREATMENT DOES NOT ALTER TISSUE STIFFNESS  

OF CANCELLOUS BONE 

 

Abstract  
The role of mature collagen cross-links in the micromechanical 

properties of cancellous bone is unknown. The aim of this study was to 

examine the effect of non-enzymatic glycation on cancellous bone tissue 

stiffness. 

 From eleven pigs, 75 mandibular condylar bone samples were 

derived, and assigned to experimental or control groups. Experimental 

handling included incubation in phosphate buffered saline alone or with  

0.2 M ribose at 37°C for 15 days and subsequent superficial 

demineralization of a number of samples using 8% EDTA. After 

experimental handling, HPLC was used to assess collagen content and 

the number of pentosidine (Pen), hydroxylysylpyridinoline (HP), and 

lysylpyridinoline (LP) cross-links. Tissue stiffness was examined by 

means of nanoindentation. 

 Ribose treatment caused an up to 300-fold increase in the number 

of Pen cross-links compared to non-ribose-incubated controls, but did 

not change the number of HP and LP cross-links. This increase in the 

number of Pen cross-links did not affect tissue stiffness of the 

demineralized and non-demineralized bone samples, suggesting that 

Pen cross-links do not play a significant role in bone stiffness.
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Introduction 
Bone tissue is composed of mineral, mainly hydroxyapatite, and 

extracellular matrix, containing predominantly collagen fibers which 

consist of three polypeptide chains (Knott and Bailey, 1998) connected 

by cross-links. An important mature cross-link is pentosidine (Pen) which 

is an advanced glycation end product (AGE) formed as a result of non-

enzymatic glycation (Sell and Monnier, 1989). Other important mature 

collagen cross-links in bone extracellular matrix are 

hydroxylysylpyridinoline (HP) and lysylpyridinoline (LP), which originate 

post-translationally from immature types of cross-links during primary 

mineralization (Fraser, 1998). Both mineral and collagen change their 

content and architecture as tissue develops and matures. The bone 

volume fraction increases (Kneissel et al., 1997; Byers et al., 2000; Nafei 

et al., 2000a) and trabeculae thicken, decrease in number, and become 

mineralized to a higher degree (Mulder et al., 2005, 2006; Chapter 2). 

Collagen-related changes comprise an increase (Shikata et al., 1985; 

Rath et al., 1999; Wang et al., 2002; Nyman et al., 2006; Dong et al., 

2011) or a decrease (Hernandez et al., 2005; Nyman et al., 2006; 

Chapter 3) in the number of Pen, HP, and/or LP cross-links. 

 The number of cross-links might be affected by disease. For 

instance, patients suffering from diabetes have high levels of Pen cross-

links in their bones. The causal relationship between these high levels of 

cross-links and the patient’s impaired mechanical properties of bone 

tissue has, however, not been elucidated (Saito and Marumo, 2010). 

Bone mechanical properties can be assessed at different levels. At the 

macroscopic level, mechanical tests are performed on complete bone 

trabeculae or on larger structural units such as cubic or cylindrical 
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shaped bone samples. Tests at the microscopic level aim to examine 

material or tissue properties of bone, and such micromechanical tests 

are executed very locally. Bone mineral, bone collagen, and bone 

mechanics-related variables can all vary with age or with the rate of bone 

turnover and have often been correlated. This has been done mainly by 

assessing mechanical variables at the macroscopic level, such as 

stiffness (Carter and Hayes, 1976; Currey, 1984; Giesen et al., 2001; 

Hernandez et al., 2001; van der Linden et al., 2001; van Ruijven et al., 

2007; Nazarian et al., 2008), ductility, toughness, and fracture resistance 

(Oxlund et al., 1995; Zioupos et al., 1999; Wang et al., 2001, 2002; 

Hernandez et al., 2005) or at the microscopic level, such as tissue 

stiffness or microhardness (Hoc et al., 2006; Miller et al., 2007; Mulder et 

al., 2007a, 2008; Smith et al., 2010; Zebaze et al., 2011; Chapter 4). 

 However, the above studies are mainly descriptive and lack an 

experimental approach. An experimental study design offers the 

opportunity to avoid and control potential co-variation. Experimental 

studies show, for instance, that bone demineralization affects the 

mechanical properties both at the macroscopic (Rao et al., 1993; 

Lewandrowski et al., 1998; Catanese et al., 1999) and at the microscopic 

level (Tai et al., 2005; Balooch et al., 2008). It has been suggested that 

collagen might influence bone tissue stiffness, albeit to a limited extent 

(Turner, 2006). An experimental verification of this influence is, however, 

lacking. In contrast to HP and LP cross-links, the number of Pen cross-

links can reliably be changed in vitro. Non-enzymatic glycation of bone 

by means of ribose incubation results in an increase in the number of 

AGEs. This increase in the number of AGEs results in a collagen 

structure which is ‘‘stiffer” without a concomitant increase in the stiffness 
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at the macroscopic level (Vashishth et al., 2001). An increase in the 

number of Pen cross-links, which is not accompanied by changes in 

mineralization degree, does not result in higher bone stiffness either 

(Garnero et al., 2006). Experimental manipulation causing an up to 

threefold increase in the number of AGEs changes fracture resistance 

but not stiffness of cancellous bone (Tang et al., 2007, 2009). Taken 

together, data from this limited number of experimental studies are 

consistent with the concept that toughness, tensile strength, or post-yield 

properties of bone are influenced by collagen constituents whereas bone 

tissue stiffness depends mainly on its mineralized compartment.  

 In these experimental investigations, however, the mechanical 

properties of bone have been characterized at the macroscopic level, 

and at that scale, stiffness of bone is affected by the bone’s architectural 

features such as its density or its anisotropic nature as well (Augat et al., 

1998; Giesen et al., 2001; Keaveny et al., 2001; Ding et al., 2002). 

Conversely, measurements from micromechanical loading devices, 

because of its local nature, are independent of the bone volume fraction 

(Silva et al., 2004). Nanoindentation is a micromechanical testing 

modality which might increase the likelihood of revealing potential 

mechanical effects of changes in the number of Pen cross-links in bone 

tissue. Hitherto only one experimental investigation has addressed the 

relationship between the micromechanical properties and collagen cross-

links (Viguet-Carrin et al., 2008) reporting no influence of changes in the 

number of Pen cross-links in non-demineralized cortical bone on its 

micromechanical properties. It is currently unknown whether the number 

of Pen cross-links affects cancellous bone. It appears reasonable, 

however, that demineralization impairs the mineral influence on bone 
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tissue stiffness, which might elucidate the micromechanical role of Pen 

cross-links, if present at all.  

 The aim of this study was, therefore, to examine the effect of non-

enzymatic glycation on tissue stiffness of demineralized and non-

demineralized cancellous bone. We hypothesize that an increase in the 

number of Pen cross-links might result in higher bone tissue stiffness. 

We further hypothesize that this effect might be more distinct in 

demineralized than in non-demineralized cancellous bone. 

 

Materials and Methods 

Bone samples 

The mandibular condyles of five young (age of 9.4 ± 0.4 weeks) and six 

adult (age of 61.7 ± 20.7 weeks) female domestic pigs (Sus scrofa) were 

used. All animals originated from the same lineage, were raised under 

standardized conditions at a farm associated with the faculty of Animal 

Sciences at Wageningen University in the Netherlands, and showed no 

signs of disease. Approval was obtained from the committee for animal 

experimentation at the faculty of Animal Sciences of Wageningen 

University. The pigs’ heads were obtained and stored at - 20°C within  

4 h post mortem before further processing. 

 Seventy-five bone samples were prepared as previously described 

(Chapter 3). In brief, a horizontal bone slice approximately 5 mm thick 

was cut at the level of the medial and lateral poles of the mandibular 

condyles using a deionized water-cooled microsaw. Three and 10 

rectangular cancellous bone samples were derived from each condyle 

from the young and adult animals, respectively. All bone samples were 

stored at - 20°C.  
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A: young controls

B: controls

C: young PBS

D: PBS

E: PBS+RIB

μCT
PBS

HPLC

μCT

NANOPBS+RIB

 
Figure 6.1 Study design. PBS: phosphate buffered saline, RIB: ribose, μCT: microcomputed 

tomography, HPLC: high performance liquid chromatography (dashed arrows), and NANO: 

nanoindentation (solid arrows). Incubations in groups F and G (not shown) were similar to 

those in groups D and E, respectively, but were followed by demineralization. 

 

Study design 

Study design is shown schematically in Figure 6.1, in which groups F 

and G are not shown for reasons of clarity (see figure legend). The 

samples derived from the young animals were assigned to groups A and 

C, whereas those from the older animals were assigned to groups B and 

experimental groups D–G. Group C consisted of two neighboring bone 

samples from each condyle, of which the first sample was used for 

collagen assessment and the second one for micromechanical testing. 

Groups A and B served as controls.  

 

Incubation 

Similar to group C, groups B and D–G consisted of two neighboring bone 

samples from each adult animal, of which the first sample was used for 

collagen assessment and the second one for mechanical testing. All 

samples in groups C–G were incubated at 37°C, pH 7.4 for 15 days as 

follows. Incubation solutions were refreshed five times per week and 
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0.02% sodium azide (Sigma-Aldrich Chemie B.V., Zwijndrecht, the 

Netherlands) and protease inhibitors (Roche Diagnostics Nederland 

B.V., Almere, the Netherlands) were added to prevent degradation. 

Groups C and D were incubated in 0.1 M phosphate buffered saline 

(PBS), whereas the incubation solution of group E consisted of 0.1 M 

PBS and 0.2 M ribose to increase the number of Pen cross-links using 

non-enzymatic glycation. 

 

Demineralization 

Groups F and G received the same incubations as groups D and E, 

respectively, which was followed by demineralization in 8% 

ethylenediaminetetraacetic acid (EDTA) for 2 hours at 37°C. Figure 6.2 

shows histological and microCT appearance of a ribose-incubated and 

demineralized sample from group G. 
 

 
 
Figure 6.2 Superior view on layers of a ribose-treated and demineralized sample visualized by 

μCT and histology (Richardson staining: methylene blue). Left and middle: at a depth of 

approximately 20 μm. Right: superficial layer which has been demineralized. 
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Microcomputed tomography 

All bone samples were scanned using a microcomputed tomography 

system (µCT 40, Scanco Medical AG, Brüttisellen, Switzerland) before 

and after experimental handling in order to quantify microarchitecture, as 

expressed by the bone volume fraction, trabecular thickness, 

intertrabecular distance, and the degree of anisotropy. Scanning was 

performed at a resolution of 10 µm and a peak voltage of 45 kV (effective 

energy: 24 keV). Four projections, each with an integration time of 250 

ms, were performed for each scan angle in each slice. Subsequently, 

projections were averaged to improve the signal-to-noise ratio. Before 

experimental handling, the complete bone samples were examined in 

order to compare the neighboring bone samples used for collagen 

assays and mechanical testing. To check whether the incubations did 

affect bone microarchitecture, samples were compared before and after 

experimental handling by selecting volumes of interest of the complete 

superior surface with a depth of 400 µm. 

Tissue mineral density (TMD), expressed as mg hydroxyapatite 

(HA) per cm3 of bone tissue, was assessed as follows. All indented sites 

were retraced in the scans made before nanoindentation by using the 

registered indent coordinates. Subsequently, the local TMD was 

assessed by selecting a volume of interest of 25x25x30 μm at each 

indentation site. The mean TMD per sample was calculated by averaging 

the local TMD values as quantified at each indentation location.  

Bone was distinguished and separated from background using 

adaptive thresholding (Chapter 2). Microarchitecture and TMD of each 

sample from the same condyle were examined using the same 

thresholds, with the exception of demineralized bone samples that were 
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analyzed using a lower threshold. The computed X-ray attenuation in 

each voxel was represented by a grey value in the three-dimensional 

reconstruction which was converted into a TMD value on the basis of 

reference measurements on a calibration phantom (QRM GmbH, 

Möhrendorf, Germany) containing hydroxyapatite grains in 

concentrations of 0, 100, 200, 400, and 800 mg/cm³. 

 

High performance liquid chromatography 

Collagen content and the number of HP, LP, and Pen cross-links were 

assayed using high-performance liquid chromatography as described in 

detail elsewhere (Bank et al., 1996). Briefly, bone samples were 

hydrolyzed at 110°C in HCl and vacuum-dried. The hydrolysate was 

dissolved in 10 mM pyridoxine and 2.4 M homoarginine as internal 

standards. Reversed-phase chromatography was performed. Collagen 

content was quantified as a percentage of dry bone tissue weight. The 

numbers of Pen, HP, and LP cross-links were counted and divided by 

the absolute number of collagen molecules, resulting in the average 

numbers of HP, LP, or Pen cross-links per collagen molecule.  

 

Nanoindentation 

Tissue stiffness, or E-modulus, was measured by means of load-

controlled nanoindentation tests (Nano Indenter XP, MTS Systems Co., 

Oak Ridge, TN, USA) with a Berkovich indenter tip. All 35 samples to be 

used for mechanical testing were vacuum-dehydrated overnight and 

embedded in polymethylmethacrylate (PMMA). To expose bone 

microstructure the embedded samples were cut and ground with 

successively finer grades of abrasive paper, grit sizes 400, 600, and 
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1200, under deionized water. Subsequently, samples were polished 

using a microcloth and an aluminum polishing solution, particle size 0.05 

μm, followed by copious irrigation with deionized water.  

Mechanical testing was performed in supero-inferior direction, 

whereby a minimum of three single bone trabeculae, approximately 110 

μm in width, were indented in each bone sample. Spanning the width of 

each bone trabecula, four locations, spaced equally at approximately 33 

μm, were selected for indentation using the device microscope. The first 

and the fourth location were situated approximately five μm from the 

trabecular edge. The second and the third location were hence situated 

near the center of the trabecula. Of the 900 indents, 12.5% were not 

executed successfully, most likely caused by minor tissue irregularities 

such as osteonal lines or osteocyte lacunae. Another 10.5% of 

nanoindentation data was excluded as E-moduli ranged from 2.7 – 3.3 

GPa, which is tissue stiffness range of the embedding material. If one or 

more indents were excluded, correctly executed neighboring indents 

were excluded, too, as a safety measure ensuring that only reliable data 

were used. This procedure resulted in analysis of 452 indents, producing 

indents in a minimum of three trabeculae with 12 successful indents in 

each of the 35 samples subjected to micromechanical testing. 

The loading protocol included two conditioning steps consisting of 

loading up to a maximum indentation force of 8 mN and a subsequent 

unloading down to 10% of the maximum force. This was done to 

minimize the effect of irreversible deformation on the tissue stiffness 

measurements. After reloading up to 8 mN, the third unloading that was 

performed at a rate of 0.08 mN/s, was used to assess and calculate 

bone tissue stiffness according to the method of Oliver and Pharr (1992). 
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The maximum indentation depth corresponding to the maximum force of 

8 mN measured from 0.4 – 4.8 μm in non-demineralized samples 

whereas it ranged from 0.7 – 19.0 μm in demineralized samples. Contact 

stiffness, which is the slope of the initial segment of the final unloading 

curve, and contact area were used to assess the reduced modulus of the 

sample-indenter combination. The Poisson’s ratio of the Berkovich 

diamond indenter was 0.07 and its modulus was 1140 GPa. The 

Poisson’s ratio of bone was assumed to be 0.3 (Ashman et al., 1984; 

Guo and Goldstein, 2000). 

 

Statistical analysis 

Power calculations were done in G-Power 3.1 software (Faul et al., 

2007) based on data obtained in a pilot study. On the basis of power 1 - 

ß of 0.9 and error probability α of 0.05 these calculations required 

sample size of four to test for differences in the number of Pen cross-

links. Normality tests confirmed that data from the current study showed 

normal distribution in the parameters TMD and bone tissue stiffness in all 

experimental groups, and had skew distribution of the microarchitecture 

and collagen parameters in some of the groups. 

 To confirm sample homogeneity within the experimental groups 

before experimental handling, microarchitectural parameters were 

compared using Friedman tests. Within each group, the 

microarchitecture of both neighboring samples from each condyle, as 

used for collagen assessment and mechanical testing, was compared 

using Wilcoxon Signed Ranks Tests. 

 Differences in collagen parameters between the young and adult 

control samples were tested using Mann-Whitney U tests and 
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independent samples t-tests. Differences in microarchitecture because of 

PBS and/or ribose treatments were tested by means of Wilcoxon Signed 

Ranks Tests. Paired samples t-tests and Wilcoxon Signed Ranks Tests 

were used to examine differences in collagen variables between groups 

A and C, and B and D, respectively. 

 Friedman tests were employed to compare collagen parameters 

between the experimental groups D, E, F, and G. Paired samples t-tests 

were subsequently used to compare the numbers of Pen cross-links in 

the experimental groups with and without ribose treatment and between 

the experimental groups and controls. Paired samples t-tests were used 

to test for differences in TMD and tissue stiffness between the 

experimental groups with and without ribose treatment and between the 

experimental groups and controls. 

 All statistical tests were carried out using SPSS 15.0 for Windows 

(SPSS Inc., Chicago, IL, USA) whereby p-values smaller than 0.05 were 

considered statistically significant and were followed by a Bonferroni-

Holm correction. 

 

Results 

Bone samples before experimental handling 

As a confirmation of sample homogeneity before experimental handling 

no significant differences in microarchitecture were found when 

comparison was made between the experimental groups or between the 

neighboring samples used for collagen assessment and mechanical 

testing.  
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Young vs. adult control samples 

A higher number of Pen cross-links (P < 0.01) was found in young 

control samples as compared with the adult control samples. No age-

related differences were observed in collagen content or in the number of 

HP and LP cross-links (Table 6.1).  

 

parameter 
group 

% collagen HP/collagen 
molecule

LP/collagen 
molecule

Pen/collagen 
molecule

TMD

A young controls 20.8 ± 2.8 0.28 ± 0.111 0.02 ± 0.02 0.004 ± 0.0032,3 NA
B controls 18.7 ± 2.4 0.24 ± 0.07 0.03 ± 0.01 0.000 ± 0.0002 903 ± 20
C young PBS 23.8 ± 2.1 0.65 ± 0.151 0.03 ± 0.01 0.012 ± 0.0053 522 ± 55
D PBS 18.5 ± 5.9 0.40 ± 0.12 0.03 ± 0.01 0.000 ± 0.000 878 ± 19

 
Table 6.1 Collagen parameters and TMD among groups A–D. Collagen content: % of dry 

bone sample weight, HP: hydroxylysylpyridinoline, LP: lysylpyridinoline, and Pen: pentosidine 

cross-links per collagen molecule, TMD: tissue mineral density (mg HA/cm³ of bone), PBS: 

phosphate buffered saline. NA: not assessed. Tested for differences between A and B, A and 

C, and B and D. 1: P < 0.001, 2,3: P < 0.01. 
 

Effects of experiments on microarchitecture, collagen, and TMD 

PBS and/or ribose treatments did not affect microarchitecture of the bone 

samples assessed. Results concerning collagen parameters and TMD of 

groups A, B, C, and D are shown in Table 6.1. In bone samples from the 

young animals, PBS treatment resulted in a two- and three-fold increase 

in the number of HP (P < 0.001) and Pen (P < 0.01) cross-links, 

respectively. No changes were found in collagen content or in the 

number of LP cross-links. No such PBS-induced differences in the 

number of Pen, HP, and LP cross-links were observed in the adult group. 

All subsequent analyses were performed using group D as control group. 
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Figure 6.3 Collagen parameters of the experimental groups (D–G). A: collagen content (% of 

dry bone weight), B: number of Pen cross-links per collagen molecule, C: number of HP cross-

links per collagen molecule, and D: number of LP cross-links per collagen molecule. +/-: part of 

experimental handling, or not. Tested for differences between D and E, D and F, D and G, and 

F and G. ***: P < 0.001.  

 

Compared to controls (D), samples incubated with ribose (E and G) 

showed an almost 200-fold and 300-fold increase in Pen cross-links in 

the non-demineralized (P < 0.001) and the demineralized (P < 0.001) 

bone samples, respectively (Fig. 6.3B). The absence of a difference in 

the number of Pen cross-links between groups D and F indicated that 

EDTA did not affect the number of Pen cross-links. Following ribose 

treatment and demineralization, samples from group G had a higher 
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number of Pen cross-links (P < 0.001) than their non-ribose-incubated 

counterparts (group F). No significant differences in the other collagen 

parameters studied (Figs. 6.3A, C, and D) and TMD were observed 

between the experimental groups with and without ribose treatment or 

between these groups and controls (Table 6.2). 

 

group 
parameter 

D E F G

TMD (mg HA/cm3) 878 ± 19 904 ± 58 709 ± 33 685 ± 76 NS
 

 
Table 6.2 TMD among the experimental groups (D–G). TMD: tissue mineral density, D: PBS 

(controls), E: PBS + ribose, F: PBS + demineralization, G: PBS + ribose + demineralization. 

NS: not statistically significant. 

 

Effects of experimental handling on bone tissue stiffness 

Bone tissue stiffness (Fig. 6.4) differed between the demineralized 

samples and controls, either the ribose-incubated samples (1.89 ± 0.98 

GPa vs. 16.9 ± 5.1 GPa, P < 0.001) or the non-ribose-treated ones (1.54 

± 0.57 GPa vs. 12.9 ± 1.6 GPa, P < 0.001). However, no difference in 

bone tissue stiffness was found between the experimental groups with 

and without ribose treatment, irrespective whether samples had been 

demineralized or not. 
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Figure 6.4 Bone tissue stiffness of the experimental groups (D–G). Tested for differences 

between groups D and E, D and F, D and G, and F and G. ***: P < 0.001. Statistically 

significant differences in bone tissue stiffness were found between the superficially 

demineralized samples and controls, but not between ribosylated samples and their non-

ribosylated counterparts or controls. 

 

Discussion 
The aim of this study was to examine putative effects of non-enzymatic 

glycation on the stiffness of demineralized and non-demineralized 

cancellous bone from the porcine mandibular condyle. It was 

hypothesized that an increase in the number of Pen cross-links might 

result in higher bone tissue stiffness. It was furthermore hypothesized 

that the use of demineralized cancellous bone samples would improve 

the ability to elucidate any potential role of Pen cross-links. 
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Despite an up to 300-fold increase in the number of Pen cross-links 

as a result of ribose incubation, under the conditions of the present study 

the bone tissue did not become stiffer. This result is in agreement with 

findings reported by Viguet-Carrin et al. (2008) for cortical bone. Even in 

the superficially demineralized samples no higher tissue stiffness could 

be detected after ribosylation. For that reason, it is proposed that Pen 

cross-links do not play a significant role in bone tissue stiffness. 

 In samples obtained from the young animals, incubation with PBS 

resulted in more Pen and HP cross-links compared to controls (groups A 

and C), whereas this was not the case in the samples derived from the 

adult ones (Table 6.1). Although Viguet-Carrin et al. (2008) found no 

such changes in the number of cross-links after 15 days of experimental 

incubation in PBS, equal changes were revealed by Garnero et al. (2006) 

in fetal bone specimens after 60 days of incubation. The latter authors 

suggested that the increase in the number of HP and LP cross-links 

might have resulted from spontaneous conversion of the immature cross-

links dehydrohydroxylysinohydroxynorleucine and dehydrohydroxylysino-

norleucine, which are the major enzymatic cross-links in fetal and 

newborn tissues, into HP and LP, respectively. In their study, PBS alone 

caused a 50-fold increase in the number of Pen cross-links, which was 

attributed to the reaction of endogenous carbohydrates with amino 

groups of the bone collagen. Another possible explanation is that the 

ions present in PBS might be responsible for this rise in cross-links. 

Hitherto, no reports of ion-related increases in the number of collagen 

cross-links have been published in literature. 

 Surprisingly, demineralization appeared to have no effect on TMD, 

which was expected to decline according to previously published work  
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(Tai et al., 2005; Balooch et al., 2008). Probably, the very superficial and 

layer-wise demineralization as accomplished by EDTA was responsible for 

this. Despite the relatively high resolution of microCT, it was impossible to 

quantify TMD reliably when selecting the demineralized surface only. The 

necessity to select some non-demineralized bone, too, probably caused 

this lack of difference between the demineralized and non-demineralized 

groups. For two reasons it appears very likely that complete 

demineralization definitely occurred at the surface. First, tissue stiffness 

values in the demineralized samples corresponded closely with tissue 

stiffness values for single, non-mineralized, collagen microfibrils as 

predicted by means of modeling (Gautieri et al., 2011). Second, as shown 

in Figure 6.2, contrary to deeper layers of bone, histology confirmed 

demineralization of the superficial layers. 

 As our laboratory has an extensive experience in studying the 

mandibular condyle, this bone structure was used to study the effects of 

non-enzymatic glycation on tissue stiffness. Although the mandibular 

condyle differs from other bone structures in developmental and 

functional aspects (Chapter 3), it is reasonable to expect that the effects 

of non-enzymatic glycation would be similar to those on cancellous bone 

from other anatomical origins. 

Although during physiological aging an increase in the number of 

Pen cross-links is considered to occur (Wang et al., 2002; Nyman et al., 

2007; Dong et al., 2011), in the present investigation a higher number of 

Pen cross-links was found in the young (group A) rather than in the adult 

(group B) control samples. This parallels previously reported findings in 

the porcine mandibular condyle, and most likely is a reflection of the high 

turnover rate in this bone structure (Chapter 2). In fact, this observation 
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prompted an inclusion of young tissue in the present study. It was 

assumed that samples from group G, after ribose treatment and 

demineralization, would more or less resemble samples from the young 

group, which however did not occur. Such eventuality would have 

enabled a comparison of bone tissue stiffness in these young control 

samples with samples which would resemble the young ones as a result 

of an experimental in vitro ‘‘rejuvenation”. To achieve this, incubations 

with ribose and demineralization using EDTA should be performed for a 

shorter duration than done in this study. 

In conclusion, we found in the present study that ribose-induced 

non-enzymatic glycation causes an up to 300-fold increase in the 

number of Pen cross-links. This increase in cross-links, however, does 

not alter tissue stiffness of cancellous bone, neither in demineralized or 

non-demineralized bone. Our findings suggest that non-enzymatic 

collagen cross-links do not play a significant role in the compressive 

stiffness of bone. 
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CHAPTER 7 
 

THE MICROSTRUCTURAL AND BIOMECHANICAL DEVELOPMENT 

OF THE MANDIBULAR CONDYLE: A REVIEW 

 
Abstract  
Bone constantly strives for an optimal architecture. The mandibular 

condyle, which is subjected to various mechanical loads forcing it to be 

highly adaptive, has a unique structure and a relatively high bone 

turnover rate. Despite the eminent clinical relevance of the mandibular 

condyle, literature on its structural and biomechanical development and 

on the mechanical role of its mineralized and non-mineralized bone 

components is scarce. 

This review aims to blend information derived from fundamental 

bone research with the current knowledge about the mandibular condyle 

relevant to clinical dentistry. A brief introduction to basic bone mechanics 

will be followed by a synopsis of growth and development of the human 

mandibular condyle. Subsequently, the correlation between the structural 

and biomechanical properties of bone in general and of the mandibular 

condyle in particular will be discussed. Finally, these considerations will 

be put in a clinical context. 
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Introduction 
Bone is the basic material of the skeleton which protects organs, ensures 

the stature, and is essential for calcium homeostasis (Parfitt, 1987). 

Bone lives as it continues to renew itself, for instance, when after 

microfractures the damaged tissue is replaced by new bone (Ziv et al., 

1996; Meunier and Boivin, 1997). Furthermore, bone is capable of 

adapting its structure and density when the magnitude and direction of 

forces acting on it change. As a result, bone can withstand forces without 

fracturing with the least material possible (Seeman, 2008). Hence, bone 

constantly strives for its optimal architecture. 

 The mandible is a non-weight bearing bone of the craniofacial 

skeleton, which depends on its mechanical environment in keeping 

function and shape. Loss of mandibular teeth, for instance, results in 

substantial bone loss (Kingsmill, 1999; Giesen et al., 2003). The 

mandibular condyle is, at the same moment and over time, subjected to 

a variety of mechanical loads (Herring and Liu, 2001) which compel the 

condyle to be highly adaptive. Despite the eminent clinical relevance of 

the mandibular condyle, literature on the development of its structural 

and mechanical properties and on the biomechanical role of its 

mineralized and non-mineralized components is rather scarce. The aim 

of the present review of structural and biomechanical development of the 

mandibular condyle is to blend the information derived from fundamental 

bone research with the current knowledge relevant to clinical dentistry. 

The first section of this review will deal with the relevant 

mechanical definitions and basic knowledge of the anatomy and 

development of bone in general and of the mandibular condyle in 

particular. In the second section, the current knowledge of growth and 
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development of the mandibular condyle will be described. Section three 

will discuss the effects of developmental changes on the mechanical 

properties of bone in general, and of mandibular condylar bone in 

particular. Finally, in section four, the clinical relevance of this knowledge 

will be considered. 

 

Mechanical definitions 

Mechanical properties of bone are studied by assessing a variety of 

parameters. Stress is the amount of internal forces or resistance in a 

material when external forces act on it. The unit of stress is N/m² or 

pascal (Pa). Strain is the amount of deformation relative to the original 

size. As strain is defined as the ratio between two similar measurement 

units, e.g. mm, it is a dimensionless variable (Love, 1927). Stress and 

strain portray different mechanical states of bone (Cowin, 2001), 

classified as pre-yield, post-yield, and ultimate properties (Fig. 7.1). 

 Pre-yield mechanical properties are assessed when bone is 

subjected to relatively low forces causing elastic bone deformation, 

which is a temporary tissue deformation followed by a complete 

restitution of its original size and shape after unloading. Stiffness, or 

modulus of elasticity or Young’s modulus (E), is one of the most 

commonly studied pre-yield mechanical properties of bone, and is 

defined as the force necessary to cause a given deformation. It is 

assessed by quantifying the slope of the stress-strain curve and its unit 

equals, therefore, the unit of stress. Bone hardness is positively related 

to its stiffness (Zamfirova et al., 2003). 

Post-yield properties are obtained when bone is deformed beyond 

its yield point, which is defined as the border between elastic and plastic 
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deformation. Hence, the tissue is loaded more than it can withstand 

without a permanent deformation. Examples of mechanical parameters 

are yield stress and strain. Bone toughness, or work-to-fracture, is 

defined as the energy absorbed by a given volume of bone tissue during 

plastic deformation before fracturing. This parameter is examined by 

measuring the area under the stress-strain curve, and the corresponding 

measurement unit is Joules/mm³ (Cowin, 2001). Finally, ultimate 

properties are studied at the moment of fracture by assessing strength 

and work-to-fracture of bone. Bone strength equals the ultimate stress. 
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Figure 7.1 Smoothened stress-strain curve. White: pre-yield; gray: post-yield; transition: yield 

point; ultimate yield: fracture. E: E- or Young’s modulus based on slope of stress-strain 

curve. Area under the curve: toughness or work-to-fracture (J/m2/3). 

 

 

 

 



                                                  Review 
 

107 
 

Bone anatomy           

Bone consists of 40 – 60% of mineral, 25 – 35% of collagen, 10 – 20% of 

water, approximately 5% of extracellular matrix constituents other than 

collagen, and about 3% of lipids (Nyman et al., 2005). The mineralized 

part consists of hydroxyapatite crystals and other minerals, and the 

organic extracellular matrix is mainly made up of collagen. Figure 1.2 

shows a collagen molecule composed of a triple helix, two α1 helices 

and one α2 helix (Yamauchi, 1996). Interconnections, or cross-links, may 

be formed within and between the collagen molecules. Pentosidine (Pen) 

is a mature cross-link which is formed by means of non-enzymatic 

glycation. Pen is an advanced glycation end product (AGE) and can 

reliably be quantified (Sell and Monnier, 1989). Other important mature 

collagen cross-links found in bone are hydroxylysylpyridinoline (HP) and 

lysylpyridinoline (LP). These cross-links are formed during post-

translational modification of immature types of cross-links (Fraser, 1998). 

Formation of stable and mature cross-links is a sign of tissue maturation 

(Paschalis et al., 2003) and, typically for tissues with a slow metabolism, 

their number increases with age (Avery and Bailey, 2005; Viguet-Carrin 

et al., 2006a). In bone, however, age-related changes in the number of 

AGEs are more limited. Compared with recently deposited or young 

tissue, old bone tissue contains higher numbers of mature cross-links 

(Paschalis et al., 2004; Saito and Marumo, 2010). Fewer mature 

collagen cross-links are found in cancellous than in cortical bone which is 

probably related to the higher remodeling rate in the former (Eyre et al., 

1988). 
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Bone modeling and bone remodeling      

Bone adapts to environmental changes, which is particularly apparent 

during growth and development. These adaptive changes result from 

bone modeling and bone remodeling (Roberts, 2004; Seeman et al., 

2008). Bone modeling occurs from the fetal period until death and bone 

apposition is always part of this process, however, resorption may occur 

simultaneously, too (Clarke, 2008). In this eventuality apposition takes 

place at a location remote from the site of resorption (Roberts et al., 

2004). Bone modeling results, therefore, in changes in size and shape of 

bone (Seeman, 2008). In contrast, bone remodeling results from coupled 

bone resorption and apposition at the same location (Parfitt, 1995). Its 

main objective is repair by replacing bone with microfractures by new 

tissue. The bone remodeling rate tends to decrease during life (Bailey et 

al., 1999; Chapter 2).          

  Although a rather semantic problem, in dental literature the term 

bone remodeling is frequently used incorrectly to describe the process of 

bone modeling or even all changes in gross bone shape (Roberts et al., 

2004). This misconception probably originates from the unique shape 

and growth pattern of the mandible as mandibular growth is clearly a 

combination of bone apposition and resorption. As these processes act 

at different parts of the same bone, mandibular growth should be defined 

more correctly as bone modeling, resulting in a larger structure with a 

somewhat different shape. Mandibular growth is shown schematically in 

Figure 7.2. It should be kept in mind that the two-dimensional nature of 

this figure is an oversimplification of the complex three-dimensional 

mandibular growth process (Enlow, 1963; Krarup et al., 2005).  
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Irrespective of differences between bone modeling and bone 

remodeling, both processes act at bone surface, laying down new tissue 

at the surface and thereby keeping the oldest tissue underneath. The 

latter is characterized by a relatively high mineralization degree (Mulder 

et al., 2006, 2007a; Renders et al., 2006; Donnelly et al., 2010a; Smith et 

al., 2010; Chapter 4) and high numbers of mature collagen cross-links 

(Paschalis et al., 2004; Chapter 4). 
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Figure 7.2 Mandibular growth (modified from Björk and Skieller, 1983). Left: the mandible of 

a healthy individual at the age of 4, 11, and 21 years, superimposed on the anterior cranial 

base; center: the same mandible superimposed on implants, thereby independent of 

translation and thus representing actual mandibular growth; right: the same superimposition 

of the mandible at the age of 11 and 21, whereby a distinction is made between bone 

modeling (+: bone apposition, -: bone resorption) and bone remodeling (+/-: bone resorption, 

followed by apposition). 
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Growth and development of the mandibular condyle  
Macroscopic level 

The last developing mandibular part is the condylar process (Kjaer, 

1978) which emerges as secondary cartilage from the mandibular body 

towards the future location of the condyle and ossifies thereafter 

(Baume, 1962; Perry et al., 1985; Berraquero et al., 1995). In the porcine 

condyle, the direction of newly formed bone trabeculae suggests that 

condylar growth takes place in supero-posterior direction (Mulder et al., 

2006). It has been a long-lasting dispute whether the condyle acts as a 

primary mandibular growth center (Charles, 1925) or whether condylar 

growth embodies environment-related adaptation and has no genetically 

determined role in overall growth of the mandible (Moss and Rankow, 

1968). Studies employing partial condylectomies or condylar 

transplantations have been carried out without resolving this dispute 

(Meikle et al., 1973). 

 During childhood, no cortical shell is found on the superior side of 

the human mandibular condyle (Carlsson and Oberg, 1974) suggesting 

that growth takes place in that direction (Teng and Herring, 1995, 1996). 

Later in development, condylar growth continues mostly in the superior 

and to some extent in the dorsal direction, but occasionally it may be 

directed ventrally (Björk and Skieller, 1983; Baumrind et al., 1992; 

Buschang and Gandini, 2002). Mandibular condyles grow until the end of 

adolescence (Ishibashi et al., 1995; Chapter 2). After the age of 40, the 

onset of osteoarthrosis may be detected (Takenoshita, 1982a; Ishibashi 

et al., 1995). 
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Tissue level 

The architectural development at the tissue level resembles the 

concurrent growth-related changes in gross anatomy. Bone trabeculae of 

the porcine mandibular condyle decrease in number and increase in 

thickness during prenatal development (Mulder et al., 2005). This 

process continues after birth until the end of adolescence, causing an 

increase in the bone volume fraction. Concomitantly, the trabecular 

shape changes from plate-like to rod-like and the degree of anisotropy 

declines (Chapter 2). Similar growth-related changes and, additionally, 

an increase in bone mineralization are known to occur also in human 

condyles (Takenoshita, 1982a). It has been shown that mineralization 

degree of trabecular bone in the porcine mandibular condyle increases 

with age, and it is likely that the coincident trabecular thickening, as 

described above, plays an important role in this, causing a lower surface-

to-volume ratio and protecting more bone for turnover which normally 

acts at bone surfaces only (Mulder et al., 2005; Chapter 2). The parallel 

increase in mineralization degree in the cores of the condylar trabeculae 

and the ongoing bone turnover at the surfaces result in locally higher and 

lower degrees of mineralization, respectively, and consequently bone 

becomes heterogeneous with regard to its mineral content (Mulder et al., 

2006, 2007b; Renders et al., 2006; Smith et al., 2010; Chapters 2 and 5). 

 In the process of physiological aging, mineralization degree of 

bone increases as its bone modeling rate decreases. Patients suffering 

from osteoporosis demonstrate an increase in the mean mineralization 

degree as bone is resorbed without a matching apposition of new, lowly 

mineralized tissue. In the mandibular condyle, however, mineralization 
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degree is not enhanced with aging (Renders et al., 2006) which is 

probably related to its continuously high bone remodeling rate. 

 Literature on compositional changes in bone extracellular matrix 

during growth is rather scarce. It has been studied in the rat mandible 

(Shikata et al., 1985), the human femur (Eyre al., 1988), the chicken tibia 

(Rath et al., 1999), and the porcine mandibular condyle (Chapter 3). In 

these investigations no age-related alterations of collagen content have 

been found. In three of these studies, the number of HP cross-links has 

been reported to increase with age, whereas their number appeared to 

remain stable in cortical bone and to decrease in cancellous bone of the 

porcine mandibular condyle. The number of LP cross-links rises during 

growth in weight-bearing bones, remains stable in the rat mandible 

(Shikata et al., 1985), and declines in the porcine mandibular condyle 

(Chapter 3). Assessment of age-related changes until adulthood in the 

number of Pen cross-links in the porcine mandibular condyle revealed a 

decreasing number (Chapter 3), suggesting again an exceptionally high 

rate of bone turnover in the mandibular condyle. 

Potential effects of aging on collagen content and the number of 

mature cross-links have been extensively studied in human bone, but not 

in the mandibular condyle. Contradictory reports exist of aging-related 

decline of collagen content (Currey, 2003) or of an absence of such a 

relationship (Wang et al., 2002). The number of Pen cross-links was 

shown to rise in aging bone (Wang et al., 2002; Nyman et al., 2006), 

which however, was not confirmed elsewhere (Hernandez et al., 2005). 

Whether the numbers of HP and LP cross-links are affected by aging, is 

a matter of debate, too. Decreases in HP and/or LP were reported in 

aging vertebrae and femurs (Hernandez et al., 2005; Nyman et al., 2006) 
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which, however, were contradicted by the findings of several other 

investigations (Eyre et al., 1988; Oxlund et al., 1996; Zioupos and 

Currey, 1998; Bailey et al., 1999; Zioupos et al., 1999; Wang et al., 

2002).  

A plausible explanation of the discrepancies between these 

findings might be high intra- and interindividual variation of collagen 

cross-linking. Future research concentrating on one, more homogeneous 

bone structure that is easily accessible and obtainable for a wide age 

range instead of studying different bones such as tibiae, femurs, 

mandibular condyles, or vertebrae might be more helpful in clarifying this 

issue.  

Taken together, the development of the mandibular condyle until 

the end of adolescence is, in essence, characterized by its enlargement, 

by a rise of the degree and heterogeneity of bone mineralization, and a 

decline of the bone surface-to-volume ratio. These changes are 

accompanied by a reduction of the number of bone trabeculae with a 

concomitant trabecular thickening and a transition from rod-like to 

predominantly plate-like trabecular shape, a decrease in the degree of 

anisotropy, and a decrease in the number of HP, LP, and Pen cross-

links. After adolescence, these attributes of condylar bone stabilize. 

Bone of the aging condyle, however, is characterized by a decrease in 

mineralization heterogeneity. The effects on the biomechanics of the 

mandibular condyle of the above age-related changes will be discussed 

in the next section of this review. 
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Biomechanical consequences of developmental changes  
Mechanical properties of bone are a measure of its capability to resist 

deformation and fracture. Bone strength is determined by the mineralized 

part of bone, its extracellular matrix, and its shape (Fratzl et al., 2004). 

Although factors influencing mechanical bone properties have been 

extensively studied, and a large body of information is available, further 

research is warranted because there is a substantial variance of 

mechanical characteristics of bone that cannot be explained completely 

on the basis of current knowledge. 

 

The role of the mineralized bone component in bone mechanical 

properties 

Numerous studies have shown correlations between variables related to 

the mineralized component of bone and its macromechanical parameters 

(Table 7.1). The bone volume fraction is the strongest determinant of 

bone stiffness (Mosekilde, 2000). In addition, bone anisotropy plays a 

significant role as bone is stiffest in the direction in which its elements 

are aligned (Carter and Hayes, 1977; Turner et al., 1990; Ciarelli et al., 

1991; Linde, 1994; Odgaard et al., 1997; Augat et al., 1998; Kabel et al., 

1999b; Ulrich et al., 1999; Giesen et al., 2001; Keaveny et al., 2001; van 

Ruijven et al., 2003; van Eijden et al., 2004). Some experimental data 

(Table 7.1A; van Ruijven et al., 2005; Stauber et al., 2006) point to the 

effect of micro-architectural features such as the number, thickness, and 

shape of bone trabeculae on bone stiffness. On the contrary, other work 

suggests that neither bone microarchitecture nor its local material 

properties play a role in bone stiffness (Keaveny et al., 2001; Donnelly et 

al., 2010b). 
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structural parameter mechanical parameter correlation references

Apparent density Ultimate stress/strength +, 0.80 – 0.92 McCalden et al., 1997; Leahy et al., 2010 

Stiffness +, 0.40 – 0.96 Rho et al., 1995; Teng and Herring, 1996; Kabel et 

al., 1999a; Nafei et al., 2000a; Giesen et al., 2001; 

Ding et al., 2002; Leahy et al., 2010

Yield stress +, 0.81 Leahy et al., 2010

Bone volume fraction Ultimate stress +, 0.69 – 0.86 Borah et al., 2000; Mittra et al., 2008

Stiffness +, 0.39 – 0.94 Ulrich et al., 1999; Borah et al., 2000; Nafei et al., 

2000b; Banse et al., 2002; Ding et al., 2002; 

Pothuaud et al., 2002; Follet et al., 2004; Mittra et 

al., 2005, Teo et al., 2006; Mittra et al., 2008

Yield stress +, 0.76 Mittra et al., 2008

Structure Model Index Stiffness -, 0.37 – 0.49 Ding et al., 2002; Mittra et al., 2005, 2008

Yield stress -, 0.71 Mittra et al., 2008

Ultimate stress -, 0.71 Mittra et al., 2008

Degree of anisotropy Stiffness -, 0.33 Ding et al., 2002

Trabecular thickness Stiffness +, 0.31 – 0.76 Nafei et al., 2000b; Ding et al., 2002; Mulder et al., 

2007b

Bending stiffness +, 0.4 Stenström et al., 2000

Trabecular number Stiffness -, 0.61 Mulder et al., 2007b

Trabecular separation Stiffness +, 0.37 – 0.64 Mittra et al., 2005; Mulder et al., 2007b

Bone mineral content Ultimate stress +, 0.85 Borah et al., 2000

Stiffness +, 0.65 – 0.80 Hvid et al., 1985; Borah et al., 2000; Nafei et al., 

2000a

Ultimate strength +, 0.85 Hvid et al., 1985

Tissue mineral density Stiffness +, 0.20 – 0.85 Follet et al., 2004; Garnero et al., 2006; Mulder et 

al., 2007b; Viguet-Carrin et al., 2008

Ultimate strength +, 0.69 Follet et al., 2004

Bone mineral density Stiffness +, 0.90 Kopperdahl et al., 2002

Bone mineral content Ultimate stress +, 0.85 Borah et al., 2002

 

Table 7.1A The role of the mineralized part of bone in the macromechanical properties of 

cancellous bone. Correlation: +: positive correlation coefficient, -: negative correlation 

coefficient, followed by the (range in) coefficients of determination (R²). 
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structural parameter mechanical parameter correlation references

Density Stiffness +, 0.37 – 0.77 Rho et al., 1995

CFO Bending stiffness +, <0.36 Martin and Boardman, 1993

Haversian porosity Bending stiffness +, 0.36 Martin and Boardman, 1993

Bone Mineral Density Bending stiffness +, 0.57 Stenström et al., 2000

Yield strain +, 0.4 Wachter et al., 2002

Stiffness +, 0.2 – 0.5 Garnero et al., 2006; Viguet-Carrin et al., 2008

Table 7.1B The role of the mineralized part of bone in the macromechanical properties of 

cortical bone. Correlation: +: positive correlation coefficient, -: negative correlation coefficient, 

followed by the (range in) coefficients of determination (R²). 

Bone stiffness is positively related to its mineralization degree, too 

(Currey, 1969, 1984; Jäger and Fratzl, 2000; Hernandez et al., 2001; 

Fratzl et al., 2004). A sharp rise of the mean mineralization degree of 

bone, however, as it might occur during aging (Wang et al., 2000), has 

adverse effects on the mechanical properties. Compared with healthy 

individuals, most patients suffering from osteoporosis have a lower bone 

volume fraction and higher mineralization degree as apposition of new, 

lowly mineralized tissue in their bones is limited (Nicholson et al., 1997). 

The higher the mineralization degree turns, the more brittle, and thus the 

more susceptible to fracture bone becomes (Currey, 1969, 1984; Currey 

et al., 1996). 

Intratrabecular variance in mineralization degree, in other words 

mineral heterogeneity, might be relevant for bone mechanical properties, 

too (Boivin and Meunier, 2002; Roschger et al., 2008; Busse et al., 

2009). A lower mineralization degree at the trabecular surfaces than in 

the cores might be mechanically beneficial by enabling bone elements to 

bend under load, and reducing fracture risk (Boivin and Meunier, 2002; 
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Roschger et al., 2008; Busse et al., 2009). Finite element modeling 

(FEM) is a research method used to simulate biomechanical handling 

whereby mechanical properties such as stress and strain are estimated 

on the basis of assumptions which are set down in the model 

(Zienkiewicz, 1967). FEM has been employed to study the effects of 

mineral heterogeneity on bone stiffness. In an FEM model with an 

assumed physiological mineral distribution bone stiffness was higher 

than in the model with a more homogeneous mineral distribution, which 

was more prominent when an exponential correlation between the local 

mineralization degree and bone stiffness was introduced (van der Linden 

et al., 2001). Other FEM studies, however, found lower stiffness in bone 

with an assumed heterogeneous mineral distribution and a 

corresponding variation in local material properties (Jaasma et al., 2002; 

Mulder et al., 2007b; Renders et al., 2008). Further experimental studies 

are required to clarify this issue. 

  

The role of collagen in the mechanical properties of bone 

In contrast to the mineralized part of bone, the amount of collagen is 

positively correlated with toughness, to tensile strength when tested 

parallel to the main collagen fiber orientation, to compressive and 

bending strength when tested perpendicular to the main collagen fiber 

orientation, and to post-yield properties of bone (Ascenzi and Bonucci, 

1967, 1968; Martin and Ishida, 1989; Martin and Boardman, 1993; Nafei 

et al., 2000a; Currey, 2003; Fratzl et al., 2004; Nyman et al., 2005; 

Skedros et al., 2006; Turner, 2006; Ramasamy and Akkus, 2007). The 

more parallel the collagen fibers are aligned, the larger are potential 

bone microfractures in the direction of predominant collagen fiber 
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orientation (Nyman et al., 2005). Although it is assumed that the number 

of Pen cross-links in bone is too low to have a significant impact on its 

mechanical properties (Knott and Bailey, 1998), experimentally induced 

high numbers of Pen and LP cross-links have been shown to detriment 

bone toughness and post-yield properties, and to affect bone damage 

and fracture morphology under excessive mechanical load (Zioupos et 

al., 1999; Vashishth et al., 2001; Hernandez et al., 2005; Viguet-Carrin et 

al., 2006b; Tang et al., 2007, 2009; Tang and Vashishth, 2010). 

 The potential influence of collagen content and fiber orientation on 

bone stiffness is incompletely understood. On one hand, several 

investigations have suggested that this influence is important (Burr, 

2002; Wachter et al., 2002; Skedros et al., 2004; Turner, 2006). On the 

other hand, it has been deduced on the basis of the law of mixtures that 

collagen cannot explain more than 1% of variance in bone stiffness, and 

it has been shown experimentally that stiffness is not affected by 

collagen denaturation (Wang et al., 2001). Other studies reported 

reduced bone stiffness after collagen degradation and deproteinization 

(Stüssi and Lorenzetti, 2008; Wynnyckyj et al., 2009). In addition, it has 

been reported that age-related changes of collagen content, fiber 

orientation, and the number of HP, LP, and Pen cross-links correlate with 

bone stiffness measurements (Martin and Boardman, 1993; Oxlund et 

al., 1996; Nafei et al., 2000a; Banse et al., 2002; Saito et al., 2006). 

Other investigations have shown, however, that experimentally induced 

changes in the numbers of HP, LP, and Pen cross-links do not affect 

bone stiffness (Vashishth et al., 2001; Wang et al., 2002; Garnero et al., 

2006; Viguet-Carrin et al., 2006b, 2008).  
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Taken together, it appears from the current literature, that collagen 

may be considered an important determinant of the mechanical 

properties of bone such as its toughness, its tensile strength when tested 

parallel to the main collagen fiber orientation, its compressive or bending 

strength when tested perpendicular to the main collagen fiber orientation, 

and its post-yield properties, but not, however, of its stiffness. 

 

The role of the mineralized bone component in the micromechanical 

properties of bone 

In contemporary research, micromechanical properties of bone can be 

studied at the level of single bone trabeculae. It has been found by 

means of highly accurate and non-destructive methods, such as for 

instance atomic force microscopy and nanoindentation, that 

measurements obtained from micromechanical testing are independent 

of the bone volume fraction (Silva et al., 2004). The correlation between 

the local mineralization degree and the local bone tissue stiffness is 

positive (Gupta et al., 2005; Tai et al., 2005; Donnelly et al., 2010a), but 

is highly variable with coefficients of determination ranging from 0.07 – 

0.94 (Hoc et al., 2006; Mulder et al., 2007a, 2008; Smith et al., 2010; 

Bala et al., 2011; Zebaze et al., 2011; Chapters 4 and 5). The local 

mineralization degree affects fracture risk (Busse et al., 2009) and bone 

microhardness as it explains 28 – 36% of the latter (Boivin et al., 2008; 

Zebaze et al., 2011). The very local nature of micromechanical tests 

suggests that the preferential direction of trabecular structure is rather 

irrelevant for data derived by these methods. Measurements, however, 

show that the anisotropy of bone may be an important factor influencing 

the micromechanical bone properties, too (Hoc et al., 2006; Zebaze et 
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al., 2011; Chapter 5). In addition, it is thought that other 

microarchitectural features, such as for instance trabecular thickness, 

contribute to the local bone tissue stiffness. It should, however, be 

noticed that thicker trabeculae have an on average higher mineralization 

degree because of their large, highly mineralized cores (Mulder et al., 

2006; Chapter 2). In conclusion, the mineralized component is an 

important, but not sole determinant of bone micromechanical properties.  

 

The role of collagen in the micromechanical properties of bone 

In contrast to its influence on the gross mechanical properties, collagen 

fiber orientation has a marked influence on the micromechanical 

properties of bone in compression (Rho et al., 1998, 2001; Ramasamy 

and Akkus, 2007; Boivin et al., 2008). Bala et al. (2011) found that the 

degree of collagen maturity was positively related to bone hardness 

measurements. Collagen cross-links, however, probably have a 

negligible, if any, role in the micromechanical properties of bone (Viguet-

Carrin et al., 2008; Chapters 4 and 6). 

 

Biomechanical consequences of developmental changes of the 

mandibular condyle 

As knowledge is lacking, the age-related changes in condylar 

mechanical properties are interpreted on the basis of the relationship 

between microstructural and biomechanical properties of bone in general 

and on the age-related changes in condylar structure and contents as 

summarized in the previous section of this review. In most instances, 

however, this interpretation awaits experimental confirmation. Until the 

end of adolescence, bone strength increases because of the 
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enlargement and the concurrent increase in mineralization degree. The 

stiffness of condylar bone is raised by the increase in mineralization 

degree, the decrease in the degree of anisotropy, and the transition from 

a rod-like to a plate-like trabecular shape. These trabecular shape 

changes and the reduction of the number of HP, LP, and Pen cross-links 

may enhance the post-yield and ultimate stress characteristics of 

condylar bone. It has been confirmed in the porcine mandibular condyle 

that tissue stiffness of condylar bone rises as its mineralization degree 

increases (Chapter 4). Similar rises in microhardness can be expected 

on the basis of the linear correlation between bone tissue stiffness and 

microhardness. An extremely high increase in mineralization degree is, 

however, unlikely, and an unfavorable development of brittleness and 

bone toughness, therefore, does not occur. In essence, until 

adolescence, the most important mechanical properties of the 

mandibular condyle improve, and during adulthood, its biomechanical 

properties appear optimal. Potential mechanical effects of condylar 

changes which might occur during aging are currently unknown. 

 
Clinical relevance 

There is an eminent importance of condylar growth and adaptation in 

various clinical conditions. In this chapter the microstructural and 

biomechanical development of the mandibular condyle as described 

above will be considered from the clinical prospective. 

In case of facial fractures, the mandible is affected most, whereby 

condylar and subcondylar fractures are the most common mandibular 

fracture types (Marker et al., 2000; Glazer et al., 2011). Considering the 

development of mechanical or functional properties of the mandibular 
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condyle as discussed above, it would appear more likely that condylar 

fractures would occur before or during adolescence as long as condylar 

bone has poorer mechanical properties. Notwithstanding the optimal 

mechanical properties of condylar bone, as discussed above, condylar 

fractures are more prevalent in adulthood (Marker et al., 2000; Glazer et 

al., 2011) when they are typically caused by high impacts in traffic 

accidents, interpersonal violence, and falls.  

Abnormal condylar growth and mandibular asymmetry have been 

extensively reviewed by Pirttiniemi et al. (2009). Most frequently 

mandibular asymmetry is related to condylar fractures sustained in 

childhood. These fractures, especially when they affect children under 

three years of age (Baumann, et al., 2004), cause limited mandibular 

translation movement on the affected side, which is defined as functional 

ankylosis (Proffit et al., 1980). Long-term effects of fractures as a result 

of trauma are, however, rare as the affected condyle develops 

compensatory growth (Lund, 1974). In clinical setting, attempts are made 

to augment this growth by using functional appliances, and thereby to 

reduce the development of asymmetry. If forward mandibular translation 

on the affected side is completely inhibited, surgical intervention and 

physical therapy are recommended. In some instances healing events 

following condylar fracture in childhood include a complete resorption 

and a subsequent regeneration of the fractured condylar fragment (Proffit 

et al., 2003). Currently our understanding of the potential microstructural 

and biomechanical adjustments during healing of condylar fractures is 

very limited, and further studies are required. 
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Another cause of mandibular asymmetry is increased mandibular 

growth resulting from a primary growth disorder (Pirttiniemi et al., 2009). 

Hemimandibular hyperplasia causes an enlargement of the condyle, the 

ramus, and the body of the mandible including the alveolar process 

without an accompanying marked chin deviation. While articular cartilage 

and subchondral bone are separated in the healthy condyle, in 

hemimandibular hyperplasia no distinction can be made histologically 

between these tissues (Pirttiniemi et al., 2009). In addition, 

microstructure of subchondral bone in hemimandibular hyperplasia 

appears nearly isotropic (Luder, 2001). Hemimandibular elongation is 

another abnormal growth condition which induces lengthening of the 

mandibular condyle, ramus, and body and causes chin deviation. In this 

condition, no abnormalities are detected histologically within the condyle 

(Pirttiniemi et al., 2009). Currently, the etiology of increased mandibular 

growth and, specifically, the immediate role of the condyle in it, are 

unknown. No information is available regarding potential microstructural 

or biomechanical changes in affected condylar bone. Despite difficulties 

in exact diagnosis and lack of knowledge of possible treatment sequelae, 

high or partial condylectomy is considered an effective treatment 

procedure in cases of progressive asymmetric mandibular growth 

(Saridin et al., 2010). 

Juvenile rheumatoid arthritis with TMJ involvement is the third 

possible cause of mandibular asymmetry (Pirttiniemi et al., 2009). 

Although both TMJs are usually affected, in most patients the destructive 

process tends to advance faster on one side leading to asymmetrical 

mandibular growth. Consequently, condylar resorption affects 

mandibular growth resulting in mandibular retroposition and posterior 
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rotation as well as in smaller ramus and overall reduced mandibular 

dimensions. The destruction process is normally irreversible, it can, 

however, be limited by therapeutic use of methotrexate (Ince et al., 

2000). Functional appliances or early surgical interventions are 

contraindicated in these patients as application of force to affected TMJ 

is likely to accelerate condylar degeneration (Proffit et al., 2003). Apart 

from the above resorption events, no information is available from 

contemporary literature on the effects of juvenile rheumatoid arthritis on 

condylar microstructure and biomechanics. 

Use and guidance of mandibular growth is a standard procedure in 

orthodontic treatment of Class II and III malocclusions aiming at 

harmonization of maxillo-mandibular base relationship by means of 

anterior mandibular growth advancement and maxillary advancement 

with mandibular growth retardation, respectively. The biological rationale 

and clinical possibilities of mandibular growth guidance have been 

thoroughly discussed by Meikle (2007). He concluded on the basis of an 

exhaustive review of data from contemporary clinical studies, that the 

use of functional appliances results in a small but statistically significant 

increase of mandibular length. Moreover, it appears from these studies 

that functional appliances constructed on the principles of “jumping the 

bite”, such as the Herbst appliance and twin-block, are more effective in 

modifying mandibular growth than passive appliances, such as the 

Andresen activator and its variants (Meikle, 2007). The higher 

effectiveness might be the combined result of remodeling of both condyle 

and fossa (Baltromejus et al., 2002). The potential role of condylar 

growth in mandibular growth advancement achieved by functional 

anterior displacement of the mandible has been a long-standing debate 
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in orthodontic literature. On one hand, it has been thought and 

vehemently defended that clinical manipulation of mandibular size and 

shape is impossible (Brodie, 1941). On the other hand, early 

experimental studies (Breitner, 1940; McNamara and Carlson, 1979) 

showed the opposite in studies on rhesus monkey. It was described 

more recently that altered mechanical loading of the mandibular condyle 

or experimentally induced condylar growth have rather limited or no 

effects on microarchitecture of condylar bone in rabbits, rats, and mice 

(Pirttiniemi et al., 1993; Tuominen et al., 1994; Chen et al., 2009). 

Furthermore, it was found that most of condylar bone growth in sheep 

occurs in the postero-superior part of the condyle where the youngest 

bone is situated (Ma et al., 2006). Recently, bone resorption was 

observed in the anterior part of a rat condyle following posteriorly 

directed experimental mandibular displacement which was interpreted by 

the authors as a result of the unloading of that part of the condyle 

(Kuroda et al., 2011). Taken together, the above studies strongly suggest 

that the mandibular condyle is highly adaptive and that its growth 

direction and magnitude can, at least to some extent, be modified. 

In orthognathic surgery, when following a bilateral sagittal split 

osteotomy the mandibular body is moved into a new maxillo-mandibular 

relationship, meticulous attention is paid during the operation to keeping 

the condyle-fossa relationship unchanged (Gerressen et al., 2006). 

Avoiding measurable condylar displacement, in particular in lateral 

direction, is necessary for prevention of unphysiological or traumatic 

loading of the adult condyle which is thought to have limited capacity of 

bone remodeling and functional adaptation. Complete condylar 

resorption following orthognathic surgery as an extreme unwanted 



Chapter 7 
 

126 
 

postoperative event is known to occur in some cases (Tucker and Proffit, 

1991). Irrespective of the immediate postoperative healing events, some 

degree of long-term functional adaptation of the TMJ is likely to occur, 

because changes of masticatory functional performance last several 

years following orthognathic surgery before measurable improvements 

are established (Magalhães et al., 2010). It is conceivable that this long-

term postoperative development is accompanied by microstructural and 

biomechanical changes in condylar bone, which should be elucidated in 

future investigations. 

Occlusal changes following tooth extractions, restorative, or 

orthodontic treatment may influence the condyle-fossa relationship and 

cause condylar displacement, which may in turn result in changes in 

lower face height. Irrespective of the etiological role of occlusion in the 

development of craniomandibular disorders, which is extensively 

reviewed in several standard textbooks, it is known that different types of 

occluso-morphologic conditions trigger off different grades of TMJ 

adaptation (DeBoever and Carlsson, 1994). 

Extensive unilateral tooth extractions and the corresponding loss of 

occlusal support may, for instance, result in a postero-superior 

repositioning of the ipsilateral condyle and a coinciding movement of the 

contralateral condyle in antero-inferior direction (Springer et al., 2002), 

subjecting the condyles to the development of higher compressive and 

tensile forces, respectively. More condylar growth might occur on the 

contralateral side where the condyle is mainly subjected to tensile forces. 

This view is supported also by findings of other investigations (Herring 

and Liu, 2001; von den Hoff and Delatte, 2008). Minor occlusal changes 

induced by experimental insertion of rubber bands between teeth lead to 
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qualitatively similar, although less conspicuous, condylar changes as 

above such as thickening of the intermediate cellular zone in rat condylar 

cartilage (Sun et al., 2009) and development of local bone lesions on the 

posterior and superior surfaces of condylar bone (Jiao et al., 2011). 

In conclusion, on the basis of basic research and clinical studies, it 

can be concluded that the mandibular condyle is highly reactive and 

adaptive to changing mechanical conditions. However, more research is 

required to provide detailed knowledge of the exact microstructural and 

biomechanical mechanisms of physiological adaptation and pathological 

derangement of the mandibular condyle. 
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SUMMARY AND CONCLUSIONS 

 

The research work presented in this thesis was directed at examining the 

effects of the developmental changes in bone of the porcine mandibular 

on its micromechanical properties. As the events of normal early 

postnatal growth and development of bone from the porcine mandibular 

condyle are largely unknown, the first aim of the project was to describe 

and quantify the developmental changes of microstructure and 

composition of porcine condylar bone. This was followed by the 

investigation of the effects of these developmental changes on the 

micromechanical properties of condylar bone. The period of condylar 

development under investigation reached a maximum at 100 weeks of 

age, which is considered equivalent to 30 years of age in humans. 

 Chapter 2 of this thesis describes the development of 

microarchitecture and tissue mineral density (TMD) including its 

distribution, as it was analyzed in cancellous compartment of condylar 

bone. It was found that, corresponding to the course of porcine general 

and mandibular growth, most of the microarchitectural parameters 

studied change during the first postnatal months and stabilize thereafter 

during development. A relatively low mean TMD was revealed, and large 

local differences in TMD were found to exist within single bone 

trabeculae. These intratrabecular differences in TMD became more 

pronounced during development, which was caused by a higher rise of 

mineralization degree within the trabecular cores compared with the 

surfaces. It was concluded that growth and development of the porcine 

mandibular condyle largely takes place before the age of 40 weeks 

which is thought to be the end of adolescence. The relatively low 
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mineralization degrees as observed in this study suggest that the porcine 

mandibular condyle has a high rate of bone turnover which tends to 

decrease during later development. 

 In the study reported in chapter 3, the developmental changes of 

TMD, collagen content, and the number of the most abundant mature 

collagen cross-links in cancellous and cortical condylar bone were 

assessed. It was hypothesized on the basis of the results of the study 

described in chapter 2, that the number of mature collagen cross-links 

increases with tissue maturation after the age of 40 weeks. This 

hypothesis was disproved because the most prominent changes in TMD 

and the number of mature collagen cross-links (Pen, HP, and LP) were 

detected before the age of 40 weeks. 

The second part of the thesis deals with the effects of the above 

compositional changes on the micromechanical properties of porcine 

condylar bone. In chapter 4, stiffness of cancellous and cortical bone 

tissue was assessed in three directions and correlated with the number 

of Pen, HP, and LP cross-links. It was found that 51% of variance in 

bone tissue stiffness was explained by the mean TMD. After correction 

for the mean TMD, the collagen cross-links studied did not significantly 

increase the explained variance in the mean bone tissue stiffness. These 

data suggest that the contribution of collagen cross-links to stiffness of 

bone tissue is rather limited. 

In chapter 5, TMD and bone tissue stiffness were examined locally 

at 5 points over the width of single trabeculae. The measurements 

exhibited considerable local differences in TMD and bone tissue 

stiffness. It was found that 55% of the variance in the mean bone tissue 

stiffness was explained by the mean TMD, whereas only 7% of the 
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variance in all individual stiffness measurements was explained by the 

local TMD values. These data suggest, in contrast to previously held 

contentions, that the local mineralization degree is not a decisive 

determinant of the local bone tissue stiffness. 

The aim of the work reported in chapter 6 was to explore the role 

of collagen in the micromechanical properties of porcine cancellous 

condylar bone. The number of Pen cross-links was experimentally 

increased in vitro by means of ribose incubation, followed by an 

assessment of bone tissue stiffness. It was hypothesized that a higher 

number of Pen cross-links would lead to higher bone tissue stiffness, and 

that the latter would be more prominent in superficially demineralized 

bone compared with non-demineralized bone. It was found that ribose 

treatment caused an up to 300-fold increase in the number of cross-links 

compared to controls. This increase in Pen cross-links, however, did not 

affect bone tissue stiffness. Data from this experimental study suggest 

that collagen cross-links play no significant role in bone stiffness. 

Chapter 7 reviews the information available from fundamental 

research on basic bone mechanics, describes growth and development 

of the human mandibular condyle, and discusses the correlation between 

structural and biomechanical properties of bone in general and of the 

mandibular condyle in particular, and puts this knowledge in a clinical 

perspective. Results of the work presented in this thesis are discussed in 

this chapter. It was concluded that the mandibular condyle is highly 

adaptive to changing mechanical conditions, and that further research is 

required to provide detailed understanding of exact microstructural and 

biomechanical mechanisms of physiological adaptation and pathological 

derangement of the mandibular condyle. 
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Results reported in this thesis add up to the following conclusions: 

• the substantial mineral heterogeneity, low TMD, and low number of 

mature cross-links suggest that the porcine mandibular condyle has a 

high bone turnover rate; 

• the porcine mandibular condyle likely has a high rate of bone 

remodeling, which appears to remain high after adolescence; 

• mechanical properties of the mandibular condyle improve during 

adolescence and are optimal during adulthood; 

• the local mineralization degree might not be a decisive determinant of 

the local bone tissue stiffness as was believed hitherto; 

• the heterogeneity in mineralization degree is of importance when 

correlating mineralization degree with bone mechanical properties; 

• the role of bone collagen and its cross-links in the mechanical 

properties of bone might not be as large as suggested in literature; 

• data presented in this thesis are in accordance with the current idea 

that collagen influences toughness and tensile strength of bone, but not 

its compressive mechanical properties; 

• the mandibular condyle is highly reactive to changes in its mechanical 

environment. 
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SAMENVATTING EN CONCLUSIES 

 

Het onderzoek dat ten grondslag ligt aan dit proefschrift richtte zich op 

de ontwikkeling van bot uit het kaakkopje van het varken tussen 

geboorte en vroege volwassenheid en het effect hiervan op de sterkte 

van het bot op microniveau. Het eerste doel was om de normale 

ontwikkeling van structuur en samenstelling van het bot uit het kaakkopje 

te beschrijven en te kwantificeren omdat deze tot voor kort grotendeels 

onbekend waren. Het tweede doel was om te onderzoeken of deze 

leeftijdsgerelateerde veranderingen de micromechanische 

eigenschappen van het bot bepalen.   

In hoofdstuk 2 wordt de ontwikkeling van enerzijds de 

microarchitectuur en anderzijds de mineralisatiegraad en haar locale 

verdeling in trabeculair bot beschreven. De microarchitectuur van het bot 

bleek het meest te groeien en te ontwikkelen vóór de leeftijd van 40 

weken. Deze leeftijd komt overeen met het einde van de adolescentie bij 

varkens. De ontwikkeling van de onderzochte variabelen volgde het 

algemene groeipatroon van het lichaam en van de onderkaak. Binnen de 

afzonderlijke botbalkjes werd een grote spreiding in de 

mineralisatiegraad gevonden met een lagere mineralisatiegraad aan het 

oppervlak dan in het midden van de botbalkjes. Deze heterogeniteit 

bleek toe te nemen met de leeftijd. Dit leidde tot de conclusie dat de 

meeste groei en ontwikkeling in het kaakkopje van het varken plaatsvindt 

vóór het einde van de adolescentie. De mineralisatiegraad en haar locale 

variatie, zoals beschreven in dit hoofdstuk, suggereren dat het 

varkenskaakkopje een hoge mate van botombouw heeft, die gedurende 

de ontwikkeling afneemt.  
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   Hoofdstuk 3 beschrijft de leeftijdsgerelateerde veranderingen in 

de hoeveelheid collageen en haar stabiele dwarsverbindingen, of cross-

links, in zowel trabeculair als corticaal bot. Mede gebaseerd op 

resultaten uit hoofdstuk 2 was de hypothese dat het aantal stabiele 

cross-links toeneemt na de adolescentie. Deze hypothese bleek niet 

correct te zijn. De grootste veranderingen in het aantal stabiele cross-

links bleken zich voor te doen vóór het einde van de adolescentie. De, 

ook op hogere leeftijd, relatief lage hoeveelheid cross-links doet 

vermoeden dat het bot zich blijft ombouwen. 

Het tweede doel van het onderzoek was de bepaling van de 

micromechanische effecten van de hierboven beschreven, met leeftijd 

variërende, veranderingen. Het verband tussen het aantal stabiele cross-

links, zoals pentosidine, hydroxylysylpyridinoline en lysylpyridinoline, en 

de weefselstijfheid van trabeculair en corticaal bot wordt beschreven in 

hoofdstuk 4. Uit het onderzoek bleek dat 51% van de variantie in 

gemiddelde botweefselstijfheid wordt verklaard door de gemiddelde 

mineralisatiegraad. Na correctie voor deze variabele bleken de 

bestudeerde cross-links de verklaarde variantie in botweefselstijfheid niet 

te verbeteren. De conclusie was dan ook dat de invloed van de bewuste 

cross-links op de botweefselstijfheid zeer klein, zo niet afwezig, is. 

 In hoofdstuk 5 wordt beschreven hoe zowel de mineralisatiegraad 

als de botweefselstijfheid zeer locaal werden gemeten, te weten op 5 

locaties over de breedte van afzonderlijke botbalkjes met een 

gemiddelde doorsnede van iets meer dan 0,1 mm. Opnieuw werden 

grote locale variaties gemeten in zowel mineralisatiegraad als 

botweefselstijfheid. De gemiddelde mineralisatiegraad bleek 55% van de 

variantie in de gemiddelde botweefselstijfheid te verklaren. Wanneer 
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echter alle individuele datapunten in ogenschouw werden genomen, 

bleek de locale mineralisatiegraad slechts 7% van de variantie in 

botweefselstijfheid te verklaren. Dit suggereert dat de locale 

mineralisatiegraad minder belangrijk is voor de botweefselstijfheid dan 

tot nu toe was aangenomen. Om het effect van collageen op de 

micromechanische eigenschappen van bot grondiger te bestuderen, 

werd in een experimentele opzet geprobeerd het aantal pentosidine 

cross-links in trabeculair bot uit het kaakkopje te verhogen met behulp 

van ribose (hoofdstuk 6). Daarna werd gekeken wat het effect hiervan is 

op de botweefselstijfheid. De hypothese was dat een hoger aantal 

pentosidine cross-links tot een hogere botweefselstijfheid zou leiden en 

dat dit effect groter zou zijn in gedemineraliseerde botsamples dan in 

niet-gedemineraliseerde stukjes bot. De botsamples die behandeld 

waren met ribose bleken 200 tot 300 keer meer pentosidine cross-links 

te hebben dan de controlegroep. Dit hoger aantal pentosidine cross-links 

veranderde echter de botweefselstijfheid niet. De data uit deze 

experimentele studie suggereren dat cross-links binnen en tussen 

collageenmoleculen geen grote rol spelen in de stijfheid van bot. 

 Hoofdstuk 7 bevat een review waarin de huidige kennis met 

betrekking tot bot is beschreven en waarin, naast resultaten van 

anderen, de resultaten uit voorgaande hoofdstukken zijn bediscussieerd. 

In het hetzelfde hoofdstuk is de beschikbare kennis in een klinische 

context geplaatst. Er werd geconcludeerd dat er behoefte is aan meer 

translationeel onderzoek naar gevolgen van ziekte en tandheelkundige 

ingrepen op de microarchitectuur en micromechanische eigenschappen 

van het kaakkopje. Ook blijkt er een gebrek aan kennis te bestaan met 

betrekking tot veroudering en de effecten van collageen op botsterkte. 
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 Aan de in dit proefschrift beschreven resultaten kunnen de 

volgende conclusies worden verbonden: 

• het kaakkopje van het varken heeft een hoge mate van botombouw, die 

aanhoudt na de adolescentie; 

• een hoge mate van botombouw houdt verband met een laag aantal 

stabiele cross-links en een lage mineralisatiegraad met een aanzienlijke 

heterogeniteit; 

• de mechanische eigenschappen van het kaakkopje verbeteren 

gedurende de adolescentie en zijn optimaal gedurende de 

volwassenheid;  

• de locale mineralisatiegraad lijkt geen cruciale rol te spelen in de 

botweefselstijfheid, hetgeen tot nu wel werd aangenomen; 

• de heterogeniteit in mineralisatiegraad is een belangrijke parameter 

wanneer het belang van de mineralisatiegraad voor de mechanische 

eigenschappen van bot bestudeerd wordt; 

• de invloed van collageen en haar cross-links op de micromechanische 

eigenschappen van bot lijkt niet zo te groot te zijn als eerder in de 

literatuur gesuggereerd is; 

• de resultaten in dit proefschrift zijn in lijn met de recente stelling dat 

collageen relevant is voor de taaiheid en treksterkte van bot, maar niet 

voor het opvangen van drukkrachten op het bot; 

• het kaakkopje past zich aan bij veranderende belastingen. 
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	Materials and Methods
	Bone tissue stiffness was measured using load-controlled nanoindentation tests (Nano Indenter XP, MTS Systems Co., Oak Ridge, TN, USA) with a Berkovich indenter tip, as described in detail elsewhere (Mulder et al., 2007a). Nanoindentation was perform...
	Figure 4.1 A frontal view of one of the porcine condyles from which samples of cancellous bone and cortical bone were obtained. Asterisks: samples used to assess TMD and bone tissue stiffness (shown in detail). The other samples were used for collagen...
	TMD was quantified using a microcomputed tomography system
	(µCT 40, Scanco Medical AG, Brüttisellen, Switzerland) as previously described (Chapter 2). Bone samples were scanned at a resolution of 10 µm and a peak voltage of 45 kV (effective energy: 24 keV). Four projections, each with an integration time of 2...
	Volumes of interest as large as the complete sample were defined in order to analyze TMD at the same level as the collagen properties. Bone was distinguished and separated from background using the same threshold for samples from the same age group. T...
	Collagen content and the numbers of HP, LP, and Pen cross-links were assayed using high-performance liquid chromatography as described in detail elsewhere (Bank et al., 1996). Briefly, the complete bone samples were hydrolyzed at 110 C in HCl and vac...
	Figure 4.2 shows the values of Young’s modulus reflecting bone tissue stiffness. Cortical bone tissue stiffness was higher in the adult group than in the young group (P < 0.05). There were no statistically significant differences in bone tissue stiffn...
	In cancellous bone, the average TMD in the adult group was
	1004 ± 41 mg HA/cm³, which was higher (P < 0.001) than in the young group (533 ± 46 mg HA/cm³). In addition, in cortical bone, the bone was more highly mineralized (P < 0.001) in the adult group (925 ± 35 mg HA/cm³) than in the young group (593 ± 37 m...
	Table 4.1 shows a summary of collagen content and the number of cross-links. In samples from the young animals, the number of Pen cross-links was higher in both cancellous and cortical bone (P < 0.05). The number of HP and LP cross-links did not diffe...
	Table 4.1 Composition of the examined bone samples. Significant differences (P < 0.05) between * young and adult animals and between o cancellous and cortical bone.
	HP: hydroxylysylpyridinoline, LP: lysylpyridinoline, Pen: pentosidine.
	Figure 4.3 In the young and the adult group separately, no significant correlations were detected between the mean bone tissue stiffness and (A) TMD and (B) the number of LP cross-links. HA: hydroxyapatite.    : young,    : adult. Y-axes are similar.
	Correlation analyses showed that TMD was positively correlated with bone tissue stiffness (r: 0.72, P < 0.01, n=10). However, when correlation analyses were carried out separately for the two age groups, there was no significant correlation in the you...
	adult group (r: 0.00, NS, n=5), (Fig. 4.3A). Collagen content and the number of HP and Pen cross-links were not correlated statistically significantly with bone tissue stiffness. In contrast, the number of LP cross-links was negatively correlated with...
	(r: - 0.480, P < 0.05, n=10). However, when correlation analyses were carried out for both age groups separately, no significant correlation was found in the young (r: - 0.11) or in the adult (r: 0.08) group (Fig. 4.3B).
	For TMD alone, the coefficient of determination of bone tissue stiffness was 51%. After correction for TMD, collagen cross-links did not increase the explained variance. In the young group, however, LP significantly improved the explained variance in ...
	(P < 0.05), while in the adult group no statistically significant change (7%) was found.
	Discussion
	This study had two aims: to examine tissue stiffness of cancellous and cortical bone and to assess the relative contribution that TMD, amount of collagen, and the number of HP, LP, and Pen cross-links make to bone tissue stiffness. Nanoindentation was...
	As dehydrated and embedded bone may have a higher Young’s modulus than wet bone tissue has (Hengsberger et al., 2002), any results obtained using nanoindentation should be interpreted with caution (Donnelly et al., 2006). Because the stiffness of deh...
	In this study, it was chosen to indent bone elements of 110 µm in width only in order to make a clear comparison in tissue stiffness between bone from young and adult specimens, between the three indentation directions, and between cancellous and co...
	It should be noted that the current values of bone elements of the same size are not representative for bone tissue stiffness in the porcine mandibular condyle. Inclusion of a wide range of trabecular widths would have resulted in representative Young...
	Tissue stiffness of cortical bone was higher in bone samples from adult animals than from young ones which is in agreement with Mulder et al. (2007a), stating that bone tissue stiffness may increase with age.
	At r: 0.72, R²: 0.51, half of bone tissue stiffness variance was explained by TMD alone, which is consistent with Zysset et al. (1999). However, bone tissue stiffness was measured locally at various sites, whereas the mean TMD values were obtained fr...
	In our study, collagen content was not statistically significantly correlated with bone tissue stiffness. This is consistent with findings of Viguet-Carrin et al. (2008) in a study involving young bovine femurs. Similarly, our finding of a negative c...
	Addition of the number of cross-links to the multiple regression analysis did not significantly increase the coefficient of determination of bone tissue stiffness of 51.5%. In young bone, the coefficient of determination increased by 40% after the ad...
	In conclusion, under the experimental conditions of our study, a relatively low percentage of variance in bone tissue stiffness was explained by both TMD and the cross-links studied, suggesting that these parameters are not the sole determinants of th...
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	Abstract
	The aim of this study was to correlate local tissue mineral density (TMD) with bone tissue stiffness. It was hypothesized that these variables are positively correlated. Cancellous and cortical bone samples were derived from ten mandibular condyles ta...
	TMD and bone tissue stiffness were higher in bone from the adult animals than from the young ones, but did not differ between cancellous and cortical bone. In the adult group, TMD and bone tissue stiffness were higher in the centers than at the surfa...
	Introduction
	Bone stiffness and its determinants are well studied subjects. Bone stiffness has often been tested by compression, especially in cancellous bone. This kind of mechanical testing at the macroscopic level has led to the knowledge that the bone volume f...
	Composition and architecture of the mineralized part of bone play a principal role in bone mechanical properties (Currey, 1984; Hernandez et al., 2001; van der Linden et al., 2001; van Ruijven et al., 2007). Tissue mineral density (TMD) is expressed a...
	In contrast to compression testing at the macroscopic level the results obtained at the microscopic level, e.g. by using nanoindentation, are independent of the bone volume fraction (Silva et al., 2004). This very local testing modality has resulted i...
	However, the relationship between TMD in individual bone elements and local bone tissue stiffness has not been unambiguously established (Hoc et al., 2006; Miller et al., 2007; Mulder et al., 2007a, 2008; Smith et al., 2010; Zebaze et al., 2011). In ...
	Materials and Methods
	Results
	In the adult group, TMD was approximately 50% higher than in the young animals (P < 0.01), whereas no differences were observed between cancellous and cortical bone (Fig. 5.2A). Bone tissue stiffness was higher in the adult animals (P < 0.01, Fig. 5.2...
	TMD and bone tissue stiffness results between the three test directions are depicted in Figure 5.3, including results from the post-hoc tests. For reasons of completeness, all data values have been included in Table 5.1. In short, differences in TMD w...
	Figure 5.2 Values of A) TMD and B) bone tissue stiffness, or E-modulus, comparing young and adult bone and cancellous and cortical bone, respectively. Error bars: SD.
	**: P < 0.01, NS: not statistically significant.
	Figure 5.3 TMD (mg HA/cm³ of bone) and E-modulus, or bone tissue stiffness (GPa). Tests are performed between the three directions. *: P < 0.05, **: P < 0.01, ***: P < 0.001, NS: not statistically significant. Small rectangles: cortical, larger ones: ...
	Table 5.2 The mean TMD (mg HA/cm³ of bone) and E-modulus (GPa) at the 5 indentation locations. 1+5: surface, 3: core. Last column: ANOVA result, asterisks: significantly different from the values in bold (post-hoc), *: P < 0.05, **: P < 0.01, ***: P <...
	The mean TMD and the mean bone tissue stiffness per animal were significantly correlated (r: 0.74, R²: 0.55, p < 0.05, Fig. 5.4A). The correlation between each individual TMD value and the concomitant bone tissue stiffness, however, appeared to be w...
	Figure 5.4 The correlations between (A) the mean TMD and the mean bone tissue stiffness per individual (n=10) and between (B) the local TMD and the accompanying bone tissue stiffness for each individual indent (triangles). C: data from B, separately p...
	Discussion
	As hypothesized, bone from the adult group had higher TMD and bone tissue stiffness than bone from the young group (P < 0.01), which is in agreement with recent literature (Donnelly et al., 2010a; Chapter 4), however other investigators did not observ...
	Although bone tissue stiffness has been reported to be lower in cancellous than in cortical bone (Rho et al., 1999; Zysset et al., 1999; Hoffler et al., 2000), no such difference between cancellous and cortical bone were observed in this study. Genera...
	Whether bone material characteristics differ between cancellous and cortical bone is a matter of debate. Some authors stated that the higher bone stiffness of cortical bone at the macroscopic level is explained completely by the higher bone volume fra...
	Differences in TMD and bone tissue stiffness between the five locations within the bone elements were observed in bone from the adult animals only. In that group, both variables showed higher values in the center than at the surface of the bone eleme...
	In this study, differences in bone tissue stiffness were observed between the three indentation directions (Fig. 5.3) which is in agreement with literature concerning other anatomical structures than the mandibular condyle (Rho et al., 1997, 1999; Roy...
	As the correlation between mineralization degree and bone tissue stiffness was weak, other variables likely play a role. We expect that the bone’s structural anisotropy at the microscopic level such as mineral crystal direction might play a role, but ...
	Some remarks on the methodology of this study need to be made. First, dehydrated and embedded bone may have a 20% higher Young’s modulus than wet bone tissue (Hengsberger et al., 2002). The obtained values should therefore be decreased approximately 1...
	Most importantly, our data suggest that the local mineralization degree is not a decisive determinant of the local bone tissue stiffness. In addition, mineralization degree plays a larger role in bone tissue stiffness in cancellous than in cortical bo...
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	Abstract
	The role of mature collagen cross-links in the micromechanical properties of cancellous bone is unknown. The aim of this study was to examine the effect of non-enzymatic glycation on cancellous bone tissue stiffness.
	Introduction
	The number of cross-links might be affected by disease. For instance, patients suffering from diabetes have high levels of Pen cross-links in their bones. The causal relationship between these high levels of cross-links and the patient’s impaired mec...
	However, the above studies are mainly descriptive and lack an experimental approach. An experimental study design offers the opportunity to avoid and control potential co-variation. Experimental studies show, for instance, that bone demineralization ...
	In these experimental investigations, however, the mechanical properties of bone have been characterized at the macroscopic level, and at that scale, stiffness of bone is affected by the bone’s architectural features such as its density or its anisot...
	The aim of this study was, therefore, to examine the effect of non-enzymatic glycation on tissue stiffness of demineralized and non-demineralized cancellous bone. We hypothesize that an increase in the number of Pen cross-links might result in higher...
	Materials and Methods
	Figure 6.1 Study design. PBS: phosphate buffered saline, RIB: ribose, μCT: microcomputed tomography, HPLC: high performance liquid chromatography (dashed arrows), and NANO: nanoindentation (solid arrows). Incubations in groups F and G (not shown) were...
	Figure 6.2 Superior view on layers of a ribose-treated and demineralized sample visualized by μCT and histology (Richardson staining: methylene blue). Left and middle: at a depth of approximately 20 μm. Right: superficial layer which has been deminera...
	Statistical analysis
	Power calculations were done in G-Power 3.1 software (Faul et al., 2007) based on data obtained in a pilot study. On the basis of power 1 - ß of 0.9 and error probability α of 0.05 these calculations required sample size of four to test for difference...
	To confirm sample homogeneity within the experimental groups before experimental handling, microarchitectural parameters were compared using Friedman tests. Within each group, the microarchitecture of both neighboring samples from each condyle, as us...
	Differences in collagen parameters between the young and adult control samples were tested using Mann-Whitney U tests and independent samples t-tests. Differences in microarchitecture because of PBS and/or ribose treatments were tested by means of Wi...
	Friedman tests were employed to compare collagen parameters between the experimental groups D, E, F, and G. Paired samples t-tests were subsequently used to compare the numbers of Pen cross-links in the experimental groups with and without ribose tre...
	Figure 6.3 Collagen parameters of the experimental groups (D–G). A: collagen content (% of dry bone weight), B: number of Pen cross-links per collagen molecule, C: number of HP cross-links per collagen molecule, and D: number of LP cross-links per col...
	Compared to controls (D), samples incubated with ribose (E and G) showed an almost 200-fold and 300-fold increase in Pen cross-links in the non-demineralized (P < 0.001) and the demineralized (P < 0.001) bone samples, respectively (Fig. 6.3B). The abs...
	Table 6.2 TMD among the experimental groups (D–G). TMD: tissue mineral density, D: PBS (controls), E: PBS + ribose, F: PBS + demineralization, G: PBS + ribose + demineralization. NS: not statistically significant.
	Effects of experimental handling on bone tissue stiffness
	Bone tissue stiffness (Fig. 6.4) differed between the demineralized samples and controls, either the ribose-incubated samples (1.89 ± 0.98 GPa vs. 16.9 ± 5.1 GPa, P < 0.001) or the non-ribose-treated ones (1.54 ± 0.57 GPa vs. 12.9 ± 1.6 GPa, P < 0.001...
	Figure 6.4 Bone tissue stiffness of the experimental groups (D–G). Tested for differences between groups D and E, D and F, D and G, and F and G. ***: P < 0.001. Statistically significant differences in bone tissue stiffness were found between the supe...
	The aim of this study was to examine putative effects of non-enzymatic glycation on the stiffness of demineralized and non-demineralized cancellous bone from the porcine mandibular condyle. It was hypothesized that an increase in the number of Pen cro...
	Surprisingly, demineralization appeared to have no effect on TMD, which was expected to decline according to previously published work
	(Tai et al., 2005; Balooch et al., 2008). Probably, the very superficial and layer-wise demineralization as accomplished by EDTA was responsible for this. Despite the relatively high resolution of microCT, it was impossible to quantify TMD reliably wh...
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