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Introduct io n n 

Thee principal function of the bony skeleton is to provide structural support for the 

body.. It is the basis of posture, opposes muscular contraction resulting in mot ion, 

withstandss forces, and protects the internal organs. The skeleton also serves as the 

body'ss mineral reservoir. Generally, two basic types of bone can be distinguished in 

thee body: cortical bone and cancellous (or trabecular) bone. Cortical bone is 

compactt and forms the shaft of long bones and the shell of, for instance, the 

vertebrall  bodies and the bones of the skull. Cancellous bone has an open structure 

formedd by trabeculae with bone marrow to fil l the spaces. Cancellous bone is found 

underr articulating surfaces at the end of long bones and within flat and irregular 

bones.. Although the material propert ies of cortical and cancellous bone tissue have 

thee same order of magnitude (Rho et al, 1993; Rho et ah, 1999), due to differences 

inn the amount and spatial distribution of the bone material, the apparent mechanical 

propert iess of cortical and cancellous bone are different. For instance, the stiffness of 

cancellouss bone is 10 to 20 times less than that of cortical bone. The differences in 

mechanicall  propert ies presume that the types of bone have different functions. The 

lesss stiff cancellous bone is likely to absorb forces and guide and transfer these to the 

sufferr cortical bone, which supplies the support. 

Cancellouss bone is built from interconnected trabeculae (Fig. 1). The 

trabeculaee arc shaped like plates and rods and together they form a structure that can 

resistt loads. The structure is anisotropic, i.e., the trabeculae are typically or iented, 

Fig.. 1 An example of a cancellous bone st ructure. Plate-like trabeculae are 

interconnectedd by rods. The specimen ( length ~ -> mm) was scanned in a 

micro-computedd tomography system. The open spaces were originally filled 

wit hh mar row, which was virtually removed in processing the three-

dimensionall  reconstruct ion. 
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suchh that it has different mechanical properties in different directions. The hone is 

alsoo inhomogeneous, i.e., large differences exist in the spatial arrangement of 

trabeculaee for different anatomical sites. Even within an anatomical site, for example 

aa vertebral body, the architecture of the trabecular structure varies locally (Smit et 

al.,al., 1997). The architecture of the trabecular structure is determinant for the bone's 

reactionn on compression, tension and shear. Its mechanical behavior depends on 

severall  architectural characteristics: the mass of the bone, the quality ol the 

trabeculae,, and the three-dimensional orientation and structure of the trabeculae. 

Consequently,, this behavior is likely to vary considerably throughout the skeleton. 

Sincee the nineteenth century, a close relationship between the function of bone and 

itss structure has been established (Wolff, 1892). It was found that trabeculae, for 

instancee in the bone of the upper leg, have an orientation that is closely in line with 

thee stress patterns within the bone. Thus, the trabeculae arc oriented such that they 

cann optimally withstand the forces during functioning. Bone is also sensitive to the 

amountt of mechanical loading. For instance, patients who have to keep bed rest and 

astronautss who lack gravity lose bone weight, whereas athletes gain bone weight. 

Thiss process of adaptation is called adaptive bone remodeling. It is autonomically 

regulatedd in the bone itself. Recently, computer models were able to simulate the 

adaptivee remodeling process and to predict the new bone architecture as a result of 

changedd mechanical loading (Mullender at a/., 1998; Huiskes, 2000; Adachi et al., 

2001). . 

Thee adaptation has the consequence that the mechanical properties of the 

adaptedd bone fit the forces in the mechanical environment. Adaptation thus links 

usa^c,, trabecular architecture and mechanical properties. It implies that in a 

stationaryy situation bonv architecture reflects the mechanical loading of the bone 

(Odgaardd et al., 1997; Herring and Liu, 2001). This enables to estimate the 

mechanicall  environment by studying the morphology of the bone. These 

mechanismss do probably also apply to the human mandible (or lower jaw). 

Thiss thesis addresses the struct ure-function relationships of the cancellous bone in 

thee human mandible. During mastication and biting, the mandible is subjected to 

forcess produced by the muscles of mastication and by reaction forces applied to the 

jaww joints and the teeth. As a result of this loading, deformations and tensions are 

producedd in the mandible. The range and distribution of these deformations and 

tensionss depend on the nature of the loading and on the material properties and 

amountt and distribution of bone. An understanding of the structure-function 
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relationshipss of the mandibular bone is important for several reasons. It may give us 

insightt into the way this structure is optimized to resist loading. In addition, clinical 

situations,, e.g., tooth loss, orthodontic treatment, dental implants, or reconstructive 

surgery,, will alter the loading of the mandible. This, in turn, might affect the 

architecturee of the mandibular bone. 

Inn the mandible, cancellous bone is found in various areas, for instance in the 

alveolarr process to support teeth, in-between the cortical sheets of the ramus and 

mandibularr body, and in the condyle (or mandibular head). This thesis will focus on 

thee cancellous bone in the mandibular condyle (Fig. 2). 

Mo rpho logy y 

Basedd on frontal, transversal, and sagittal sections, an inhomogeneous bone 

distributionn has been reported in the human mandibular condyle (Hongo et a/., 

1989).. The density of the bone and the amount of trabcculae are larger in the upper 

andd anterior regions. The trabeculae are oriented in the anteroposterior direction, 

whichh has been functionally related to the direction of one of the masticatory 

Fig.. 2 Ot a lower jaw the right condyle (or head) is enlarged. The condyle is 
approximatelyy 2 cm wide. The thin cortical shell is removed that allows us to 
lookk at. the cancellous bone inside the condyle. 
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muscles,, the lateral pterygoid muscle, which attaches closely to the condyle. In the 

pigg mandibular condyle, however, the latter was not confirmed (Teng and Herring, 

1995).. Due to the two-dimensional nature of these studies, the findings were limited 

too the characteristics occurring within the analyzed planes. While the loading of the 

condylee is not limited to a plane only, this approach is not sufficient to establish the 

relationshipp between architecture and loading. In order to assess this relationship 

adequately,, a three-dimensional analysis of the condylar bone architecture is a 

prerequisitee (for review: Odgaard, 1997). 

Statee of the art micro-computed tomography (micro-CT) systems enable us to 

studyy the cancellous bone in its three dimensions (Rüegsegger et al, 1996). Micro-

CTT assesses the complete three-dimensional bone structure at the micro level 

(resolution:: 8 - 50 pm), in a non-destructive fashion. Depending on the system and 

thee required resolution a complete mandibular condyle can be imaged at once. 

Parameterss describing, for instance, the bone volume fraction, the thickness and 

numberr of trabcculae, the space between trabeculae and the predominant orientation 

off  the trabeculae can be computed with standard system software (for review: 

Odgaard,, 1997). 

Inn this thesis, the micro-CT technique was applied to determine the three-

dimensionall  architecture of the cancellous bone of the human mandibular condyle 

(Chapterr 2). More specifically, an inhomogeneous and anisotropic distribution of 

cancellouss bone was expected. It was applied to elucidate a possible relationship 

betweenn the cancellous bone structure of the condyle and its function. 

Duringg masticatory functioning the mandibular condyle translates and rotates along 

thee articular surface of the temporal bone of the skull. The shape of the articular 

surfacee and that of the condyle do not match, which makes the joint incongruent. 

Duringg movement the condyle is subjected to complex loading patterns. The 

temporomandibularr joint disc, which is situated between the skull and mandible, 

playss an important role in the distribution of the loads (Beek, 2001). These loads are 

localizedd in an area on the condyle, which is shaped as a mediolaterally oriented 

band.. During function the loaded area moves anteroposteriorly. The joint forces are 

absorbedd by the cancellous bone and are transferred toward the mandibular collum. 

Duringg loading the condyle, and herewith its cancellous bone, deforms, giving rise 

too a pattern of internal tensions. The nature of these deformations and tensions, 

however,, is unknown. As thev cannot be measured directly, a model approach is 

required. . 
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Too estimate the deformations and tensions in the mandibular condyle a three-

dimensionall  finite element model of the mandibular condyle was developed (Chapter 

3).. Different static anteroposterior load cases were applied and the magnitude and 

orientationn of the local deformations in the condyle were calculated. Furthermore, 

thee deformation of the whole condyle due to the loading was analyzed. By comparing 

thee direction of the deformations with the orientation of the trabecular bone, it 

couldd be verified if the architecture of the bone of the condvie reflects its mechanical 

loading. . 

Mechan icall  p roper t i es 

Thee mechanical properties of cancellous bone are of interest for the bone's load 

bearingg capacities. Different mechanical properties can be distinguished. It is 

noteworthyy to distinguish between the mechanical behavior at the level of the 

structuree of the bone, the apparent properties, and that at the level of the individual 

trabeculae,, the tissue properties. The apparent properties are referred to in this 

thesis.. The following are used: stiffness, strength, failure energy and the ultimate 

strain.. The stiffness is a measure of the ability of bone to resist deformation in the 

directionn of the applied load. The strength or ultimate stress is the amount of stress 

thee bone can maximally sustain. Any surplus of stress wil l break the bone. The strain 

att that point is called the ultimate strain. The energy that is needed to break the bone 

iss called the failure energy. 

Mechanicall  properties can be determined by mechanical testing (Carter and 

Hayes,, 1977; lor review; Kcaveny et a/., 2001). Generally, a specimen is deformed 

att a constant speed in a materials testing machine, and simultaneously the force is 

recorded.. From the force-deformation recordings, the above-described mechanical 

propertiess can be determined. This method has the disadvantage that the behavior at 

thee interlace between the specimen and the machine may induce substantial errors 

(Keavenyy eta!., 1997). 

Mechanicall  properties of cancellous bone strongly depend on the density of 

thee bone (Carter and Hayes, 1977). Different density parameters can be 

distinguished.. Density at the trabecular level is called the tissue density. The density 

onn the structure level is called the bulk density or apparent density. 

Onlyy few studies are available on mechanical properties of the bone of the 

mandible.. The only study in which the cancellous bone of the mandibular condvie 

wass involved concerned the pig (Teng and Herring, 1996). In the human mandible, 

determinationn of mechanical properties has been limited to the cortical bone (e.g., 
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Arendtss and Sigolotto, 1989; Dechow et a/., 1993; Zioupos and Currey, 1998; for 

review:: Van Eijden, 2000), or to the cancellous bone of its body (Misch et a}., 

1999).. The mechanical properties of the cancellous bone of the human mandibular 

condylee were determined in the study described in Chapter 4, The mechanical 

propertiess were related to the density of the bone. As it was expected that due to the 

anisotropicc nature of the bone, the stiffness and strength would differ between 

differentt loading directions, these properties were determined in different 

directions. . 

Relationn between 3-D morphology and mechanical propert ies 

Thee mechanical properties of cancellous bone depend not only on bone density, but 

alsoo on the three-dimensional morphology of bone tissue (Hodgskinson and Currey, 

1990;; Uchiyama et al., 1999; Ulrich et al., 1999; Nafei et al., 2000a,b; Borah et a/., 

2000;; Ikcda et al., 2001). By establishing the relationship between morphology and 

mechanicall  properties, predictions can be made of the mechanical quality of the bone 

fromm its architecture. This may relate to healthy bone, but possibly also to situations 

likee osteoporosis and other pathologic circumstances like the edentulous jaw. 

Generally,, the aim in relating mechanical properties and morphology is to 

ascribee the variation in mechanical properties to the variation in morphology. In 

orderr to assess the relationship between morphological parameters and mechanical 

properties,, mostly these parameters arc entered into regression analyses one by one. 

Onee of the problems is that various morphological variables are mutually dependent. 

Forr example, an increase in bone mass can be achieved by an increase of the amount 

off  the trabeculae, a thickening of the trabeculae or, alternatively, by a transition 

fromm rod-like trabeculae to more plate-like trabeculae, or a combination of these. 

Thuss if some parameters represent the same kind of property it is likely they can 

explainn the same amount of variance in mechanical properties individually, but 

togetherr thev wil l not add more. Therefore, it can be expected that the additional 

explanatoryy value of a large number of variables is rather limited. 

Onee of the objectives of the studv described in Chapter 5 was to determine 

whichh of the morphological variables of cancellous bone could be considered as 

covariates.. For this purpose, a principal components analysis was used. The other 

objectivee of this chapter was to investigate the predictive value of the micro-

structurall  parameters for the mechanical properties of the bone in the mandibular 

condyle.. The effect of trabecular orientation on the mechanical properties was 

emphasized.. Usually, in the determination of mechanical properties of cancellous 
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bone,, specimens are taken relative to an anatomical axis or a presumed physiological 

loadingg direction. It is then assumed that the main trabecular orientation coincides 

thatt direction. The orientation itself, however, is seldom measured. If the principal 

trabecularr orientation misaligns the loading direction with for example 10 degrees, 

errorss of 9.5% in the estimation of the clastic modulus can be expected (Turner and 

Cowin,, 1988). 

Adaptatio n n 

Thee continuous adaptation of bone to its mechanical environment has consequences 

whenn the loading on the bone changes. In the masticatory system the amount of 

mechanicall  load is changed as people grow older or lose their teeth. The masticatorv 

functionn decreases (Boretti et a!., 1995), which coincides with an atrophy of the 

masticatoryy muscles (Newton et al, 1993) and a reduction in bite force (Helkimo et 

aL,aL, 1977). Tlii s leads to a reduction in the forces acting on the mandible. It can, 

therefore,, be expected that the structure and mechanical properties of the 

mandibularr bone change with a decreased masticatory function. 

Inn Chapter 6 the density and mechanical properties of condylar cancellous 

bonee ol dentate and edentate subjects were compared. The loss of teeth in the 

edentatee group was used as a model of reduced mechanical loading. It was 

hypothesizedd that the density, stiffness, and strength of the cancellous bone would be 

lowerr in the edentate group than in the dentate group. Furthermore, it was 

investigatedd whether the mechanical anisotropv differed between the two groups. 

Forr the mandibular condyle, it is not known bv which structural changes a 

decreasee in bone density is accompanied. In the human tibia, for example, such a 

decreasee is accompanied by a change of the bone structure type toward more rod-

likee trabeculae (Ding and Hvid, 2000) and by an increase in the anisotropv (Ding et 

aL,aL, 2002). Also in patients with hip fractures, a lower bone density is accompanied 

byy a higher degree of anisotropy (Ciarelli et a/., 2000). In Chapter 7 it was, 

therefore,, questioned if the morphology of the cancellous bone of the mandibular 

condylee of edentate subjects changes in a similar fashion. Further, it was investigated 

iff  a difference exists in the relationship between the morphology and mechanical 

propertiess of the bone of dentate and edentate subjects. 
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S u m m a ryy of o b j e c t i v es for  t h e thes is 

 Describe the three-dimensional architecture of the cancellous bone of the 

mandibularr condyle (Chapter 2). 

 Determine the deformations occurring in the mandibular condyle due to static 

loadss and compare the direction of these deformations with the orientation of 

thee trabecular bone (Chapter 3). 

 Determine the mechanical propert ies of the cancellous bone of the mandibular 

condylee and relate these to the density of the bone (Chapter 4). 

 Determine morphological covariates of condylar bone and determine the 

relationshipp between groups of morphological measures and the mechanical 

propert iess (Chapter 5). 

 Determine the effect of reduced mechanical load on the cancellous bone of the 

mandibularr condyle on both mechanical propert ies and morphology (Chapter 

66 and 7). 

R e f e r e n c es s 

Adachii  T, Tsubota K, Tomita Y, Hollister SJ (2001). Trabecular surface remodeling 

simulationn for cancellous bone using; microstructural voxel finite element models. J 

BiomechEngBiomechEng 123:403-9. 
Arendtss FJ, Sigolotto C (1998). Standardabmcssungen, Elasti/itatskennwertc und 

Fcstigkeitsverhaltcnn des Human-Unterkiefcrs, cin Beitrag zur Darstellung der 
Biomechanikk dcr Untcrkiefer - Teil I. Biomed Tech 34:248-255. 

Beekk M (2001). Biomechanica! modeling of the human jaw joint. PhD thesis, University of 

Amsterdam,, Netherlands. 

Borahh B, Dufresne TE, Cockman MD, Gross GJ, Sod EW, Myers WR, Combs KS, Higgins 

RE,, Pierce SA, Stevens ML (2000). Evaluation of changes in trabecular bone architecture 

andd mechanical properties of minipig vertebrae by three-dimensional magnetic resonance 

microimagingg and finite element modeling. J Bone Miner Res 15:1 786-1797. 

Borettii  G, Bickel M, Gecrin̂  AH (1995). A review of masticatory abilitv and efficiency. J 

ProsthetDemProsthetDem 74:400-403." 

Carterr DR, Haves WC (1977). The compressive behavior of bone as a two-phase porous 

structure,, J Bone Joint Surg Am 59-A:954-962. 

Ciarcllii  TE, Fvhrie DP, Schafiler MB, Goldstein SA (2000). Variations in three-dimensional 

cancellouss bone architecture of the proximal femur in female hip fractures and in 

controls,, j Bone Miner Res 1 5:32-40, 

Dechoww PC, Nail GA, SchwarU-Dabney CL, Ashman RB (1993). Elastic properties of 

humann supraorbital and mandibular bone. Am J Phys Anthropol 90:291-306. 

Dint;; M, Hvid 1 (2000). Quantification of age-related changes in the structure model type 

andd trabecular thickness of human tibial cancellous bone. Bone 26:291-295. 

15 5 



ChapterChapter / 

Dingg M, Odgaard A, Lindc F, Hvid I (2002). Age-related variations in the microstructure of 

humann tibial cancellous bone.y Orthop Res (in press). 

Helkimoo E, Carlsson GE, Hclkimo M (1977). Bite force and state of dentition. Acta Odontoi 

ScandScand 35:297-303. 

Herringg SW, Liu ZJ (2001). Loading of the temporomandibular joint: anatomical and in 

vivoo evidence from the bones. Cells Tissues Organs 169:193-200. 

Hodgskinsonn R, Currey JD (1990). Effects of structural variation in Young's modulus of 

non-humann cancellous bone. Proc hst Mech Eng [H] 204:43-52. 

Hongoo T, Yotsuya H, Shibuya K, Kavvase M, Ide Y (1989). Quantitative and morphological 

studiess on the trabecular bones in the condyloid processes of the Japanese mandibles. 

Comparisonn between dentulous and edentulous specimens. Bull Tokyo Dent Coll 30:67-

76. . 

Huiskess R (2000). If bone is the answer, then what is the question? j Anat 197(Pt 2):I45-

156. . 

Ikcdaa S, Tsurukami H, Ito M, Sakai A, Sakata T, Nishida S, Takeda S, Shiraishi A, Nakamura 

TT (2001). Effect of trabecular bone contour on ultimate strength oflumbar vertebra after 

bilaterall  ovariectomv in rats. Bone 28:625-633. 

Keavenyy TM, Morgan EF, Niebur GL, Ych OC (2001). Biomechanics of trabecular bone. 

AnnAnn Rev Biomed Eng 3:307-333. 

Keavenyy TM, Pinilla TP, Crawford RP, Kopperdahl DL, Lou A (1997). Systematic and 

randomm errors in compression testing of trabecular bone. J Orthop Res 1 5:101-1 10. 

Mischh CE, Qu Z, Bidez MW (1999). Mechanical properties of trabecular bone in the human 

mandible:: Implications for dental implant treatment planning and surgical placement. J 

OralOral Maxillofacial Surg 57:700-706. 

Mullenderr M, Van Rietbergen B, Riiegsegger P, Huiskes R (1998). Effect of mechanical set 

pointt of bone cells on mechanical control of trabecular bone architecture. Bone 22:125-

131. . 

Nafeii  A, Danielsen CC, Lindc F, Hvid I (2000a). Properties of growing trabecular ovine 

bone.. Part 1: Mechanical and physical properties. J Bone Joint Surg Br 82-B:910-920. 

Nafeii  A, Kabel J, Odgaard A, Linde F, Hvid I (2000b). Properties of growing trabecular 

ovinee bone. Part 2: Architectural and mechanical properties. J Bone Joint Surg Br 82-

B:921-927. . 

Newtonn JP, Yemm R, Abel RW, Mcnhinick S (1993). Changes in human jaw muscles with 

agee and dental state. Cerodontology 10:16-22. 

Odgaardd A (1997). Three-dimensional methods for quantification of cancellous bone 

architecture.. Bone 20:31 5-328. 

Odgaardd A, Kabel J, Van Rietbergen B, Dalstra M, Huiskes R (1997). Fabric and elastic 

principall  directions of cancellous bone are closely related. J Biomech 30:487-495. 

Rhoo JY, Ashman RB, Turner CH (1993). Young's modulus of trabecular and cortical bone 

materiall  ultrasonic and microtensile measurements. / Biomech 26:111 -119. 

Rhoo JY, Roy II ME, Tsui TY, Pharr GM (1999). Elastic properties of micro structural 

componentss of human bone tissue as measured bv nanoindentation. J Biomed Mater Res 

45:48-54. . 

16 6 



Introduction Introduction 

Rüegscggcrr P, Koller B, Muller R (1996). A microtomographic svstem for the 
nondestructivee evaluation of bone architecture. Calcif Tissue Int 58:24-29. 

Smitt TH, Odgaard A, Schneider E (1997). Structure and function of vertebral trabecular 
bone.. Spin*  22:2823-2833. 

Tcngg S, Herring SW (1995). A stcreological study of trabecular architecture in the 
mandibularr condyle of the pig. Arch Oral Biol 40:299-310. 

Tengg S, Herring SW (1996). Anatomical and directional variation in the mechanical 
propertiess of the mandibular condyle in pigs.y Dem Res 75:1842-1850. 

Turnerr CH, Cowin SC (1988). Errors induced by off-axis measurement of the elastic-
propertiess of bone, j Biomech Eng 110:21 3-215. 

Uchiyamaa T, Tanizawa T, Muramatsu H, Endo N, Takahashi HE, Hara T (1999). Three-
dimensionall  microstructural analysis of human trabecular bone in relation to its 
mechanicall  properties. Bone 25:487-491. 

Ulrichh D, Van Rietbergen B, Laib A, Rüegscggcr P (1999). The ability of three-dimensional 
structurall  indices to reflect mechanical aspects of trabecular bone. Bone 25:55-60. 

Vann Eijden TMGJ (2000). Biomechanics of the mandible. Crit Rei Oral Biol.Med 11:123-1 36. 

Wolfff  J (1892). Das Gcsctz der Transformation der Knochcn, (Translated as: The law of 
bonee remodelling. Maquet P, Furlong R. Berlin, Springer Verlag, 1986). 

Ziouposs P, Currey JD (1998). Changes in the stiffness, strength, and toughness of human 
corticall  bone with age. Bone 22:57-66. 

17 7 



L L 


