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Chapterr 5 

Morphologyy of the Cancellous Bone of the 

Mandibularr Condyle and its Predictive Value 

forr the Mechanical Properties 

Abstract t 
Thee purpose of this study was to determine the relationships between 

variouss morphological parameters of the cancellous hone ot the 

mandibularr condvle and the correlations of these parameters to the 

mechanicall  properties. Cylindrical specimens (n —24) were obtained in 

differentt orientations from embalmed mandibular condyles. 

Morphologicall  parameters were determined by a method based on 

Archimedes'' principle and hv micro-CT scanning and the mechanical 

propertiess were obtained by mechanical testing. As it was expected that 

severall  morphological parameters express more or less the same 

architecturall  measure, we applied a factor analysis to investigate their 

relationshipss and to obtain a set of independent components to describe 

thee morphology. This set \\ as entered into linear regression analyses tor 

explainingg the variance in mechanical properties. The factor analysis 

revealedd four principal components: "amount of bone", "number ot 

trabeculae",, "trabecular orientation", and "miscellaneous". They 

accountedd for about 90% of the variance in the morphological variables. 

Thee factor loadings indicated that a higher amount of bone was 

primarilyy associated with more plate-like trabecular, and not with more 

orr thicker trabecular. The "trabecular orientation" was most 

determinativee (about 50%) in explaining stiffness, strength, and failure 

energv.. The "amount of bone" was second most determinative and 

increasedd the explained variance to about 72%. These results suggest 

thatt trabecular orientation and amount of bone arc important in 

explainingg the anisotropic mechanical properties ot the cancellous bone 

off  the mandibular condvle. 
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Introduction n 

Thee mechanical properties of cancellous bone, such as stiffness and strength, depend 

onn the materia] properties and the amount and the spatial distribution of bone tissue. 

AA large number of parameters have been introduced to characterize the amount and 

spatiall  distribution of bone tissue (Odgaard, 1997). Examples of parameters 

quantifyingg the amount of bone tissue are apparent density and volume fraction. 

Exampless of parameters quantifying the spatial distribution arc the thickness and 

numberr of trabeculae and their orientation, the connectivity density, the decree of 

anisotropyy and the trabecular structure type (structure model index). One of the 

problemss in studying the architecture of cancellous bone is that various 

morphologicall  variables are not mutually independent and that no information is 

availablee about the nature of the dependencies. For example, an increase of the bone 

volumee fraction can be achieved by an increase of the number and/or thickness of 

thee trabeculae or, alternatively, by a transition from rod-like trabeculae to more 

plate-likee trabeculae, or a combination of both. One of the objectives of the present 

studyy was to determine which of the variables describing the architecture of 

cancellouss bone can be considered as covariatcs. 

Manyy studies have examined the relative influence of various morphological 

variabless of cancellous bone on its mechanical properties (Ulrich et al., 1999; Nafei et 

al,al, 2000a,b; Borah et al., 2000; Ikeda et al., 2001). Generally, the aim is to ascribe 

variationn in mechanical properties to variation in morphology. In order to model the 

relationshipp between morphological parameters and mechanical properties, in most 

studiess these parameters are entered into regression analyses one bv one. However, 

ass explained above, a number of parameters to describe the bone morphology are 

probablyy correlated and, therefore, redundancy in these parameters can be 

expected.. If some parameters represent the same kind of property it is likely thev 

cann explain the same amount of variance individually, but together thev wil l not add 

more.. Therefore, we expect that the value of a lartre number of variables as an 

additionall  explanatory variable is rather limited. 

Ass cancellous bone is highly anisotropic (Odgaard, 1997; Giesen et a!., 2001) 

itt can be expected that the mechanical properties depend on the loading direction 

relativee to the trabecular structure. Generally, this property has been excluded by 

performingg mechanical tests of cancellous hone along an anatomical axis or a 

presumedd physiological loading direction, where the trabecular orientation is 

assumedd to be in that direction. However, if the principal trabecular orientation 

misalignss the loading direction with for example 10 degrees, errors of 9.5% in the 
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estimationn of the elastic modulus can be expected (Turner and Cowin, 1988). 

Previouss studies have revealed that the trabeculae in the human mandibular condyle 

aree plate-like antl oriented roughly in a vertical direction (Giesen and Van Eijden, 

2000).. The mechanical propert ies are highly anisotropic, i.e., the bone is 3.4 times 

stifferr when loaded in the axial direction than loaded in the transverse direction 

(Giesenn et al., 2001). Therefore, we assume this bone to be suitable for analyzing the 

relativee influence of the trabecular orientation on the mechanical propert ies. 

Thee objective of the present study was to investigate the relationships between 

thee microstructural parameters of the cancellous bone of the mandibular condyle and 

too determine their predictive value for the mechanical propert ies. The effect of 

trabecularr orientation on the mechanical propert ies was emphasized. 

M a t e r i a l ss a n d M e t h o d s 

SpecimenSpecimen preparation 

Cylindricall  cancellous bone specimens were obtained from the mandibular condyles 

off  24 embalmed human cadavers (19 female, 5 male, mean age + SD: 74.8  11.7 

yr.)) (Giesen et al, 2001). The embalming fluid was a mixture of water, alcohol, 

glycerin,, and formol. The cadavers were selected according to the state of denti t ion; 

thee mean number of teeth in the upper jaw was 8.S and in lower jaw 10.7. To 

producee cylindrical bone specimens a custom-made hollow dril l was used. 

Specimenss were prepared in two directions, i.e., superoinferiorly (axial group, 

n=24)) and mediolaterally (transverse ^roup, n~2u ). The specimens had a diameter 

off  3.57  0.08 (mean  SD) mm and a length of 4.88  0.04 m m. To avoid bias 

duee to specimens originating from the same condyle, we randomly selected one 

specimenn from each condyle (axial, n = 1 3; transverse, n = l l ) . The specimens were 

storedd in the embalming; fluid prior to testing. 

Micra-CT Micra-CT 

Too obtain the three-dimensional trabecular microstructure of the intact specimens 

thevv were scanned in a micro-computed tomography (micro-CT) system (uCT20, 

Scancoo Medical AG, Zurich, Switzerland) prior to mechanical testing (Rüegsegger et 

al.,al., 1996). During scanning the specimens were placed in fluid to avoid dehydrat ion. 

Scanningg was performed at a resolution of 18 urn. A fixed threshold was used to 

distinctt bone from non-bone. This threshold had been obtained experimental ly by 

matchingg the bone volume fraction from the scans with the one that was measured 

withh the mediod based on Archimedes' principle (Ding et al., 1999). From the result 
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(Fig.. la), several three-dimensional bone morphology parameters were calculated: 

bonee volume fraction, bone surface to volume ratio, trabecular thickness, trabecular 

separation,, connectivity density, structure model index, and degree of anisotropy 

(Softwaree Revision 3.1, Scanco Medical AG, Zurich). The volume enclosed by the 

triangulatedd surface determined the bone volume fraction. Bone surface to volume 

ratioo was the ratio of the triangulated surface and the bone volume. Trabecular 

thicknesss and trabecular separation were determined using a model independent 

methodd (Hildebrand and Rüegsegger, 1997a). Connectivity density is a measure for 

thee number of trabcculae per unit volume (C)dgaard and Gundersen, 1993). The 

structuree model index quantified the characteristic form of the cancellous bone in 

termss of plate-like to rod-like that composed the structure. For an ideal plate and 

rodd structure this index is 0 and 3, respectively (Hildebrand and Rüegsegger, 

1997b).. The principal directions of the trabecular structure were estimated bv the 

meann intercept length (MIL ) ellipsoid. The degree of anisotropv was defined as the 

ratioo between the MIL nuiii and MIL min. The angle between the first principal direction 

(MIL miJJ and the axis of the cylindrical specimen was taken to express the orientation 

off  the trabeculae (Fig. lb). The amount of bone in alignment with the axis of the 

specimenn (loading direction) was estimated as the MIL in that direction. It is, thus, a 

measuree for the rotation of the MIL ellipsoid relative to the main axis of the 

specimen. . 

MechanicalMechanical testing 

Destructivee mechanical compression tests were carried out with a materials testing 

machinee (858 Mini Bionix, MTS Systems Corporation, Minneapolis, Minnesota, 

USA)) equipped with a 1 kN load cell. The specimen was placed between two steel 

loadingg rods lubricated by low-viscositv mineral oil obtaining low friction, An 

extensometerr (model 632.1 1F-20, MTS) was attached to the loading rods close to 

thee specimen to monitor its deformation and the load cell registered the applied 

force.. The specimen was preconditioned to reach a viscoelastic steady state (Linde et 

al.,al., 1988). It was then compressed at a constant strain rate of 0.2% s' until a strain 

off  3% was reached. From the stress-strain curve four mechanical parameters were 

calculated,, i.e., elastic-modulus (E-modulus), ultimate stress, ultimate strain, and 

failuree energy. The ultimate stress (or strength) was defined as the maximal stress 

duringg the test and the ultimate strain as the corresponding strain value at that point. 

Thee part of the stress-strain curve below the ultimate strain was fitted to a fifth-

orderr polynomial (Dalstra et ai, 1993). The area underneath this part determined 
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thee failure energy. The E-modulus (or stiffness) was defined as the maximum of the 

slopee ol the stress-strain curve. 

BoneBone density 

Afterr the micro-CT scanning and mechanical testing Archimedes' principle was 

appliedd to determine cancellous hone density parameters: apparent density, tissue 

density,, and volume fraction (Dinger al., 1997; Giesen et a/., 2001). 

II angle 

A A 

axiss length 

0°° 10' 

C C 
anglee distribution 

Tig.. 1 A) 3D reconstruction of a cylindrical specimen. R) The ellipsoid 

visualizess the orientation ol the structure in A. The axes of the ellipsoid 

representt the three principal directions. "Angle" is defined as the angle 

betweenn the first principal direction of the ellipsoid and the axis of the 

cylindricall  specimen. An angle ol zero degrees aligns to the axis of the 

specimen.. The length ol the line within the ellipsoid along the specimen's axis 

wass calculated to estimate the amount of bone in the direction of mechanical 

testingg (axis length). C) The angle distribution of all specimens is visualized on 

thee plot. A wide range of angles was found. 
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Tablee 1 Descriptive statistics of bone parameters determined by micro-
CT,, Archimedes' principle and mechanical tests. 

Meann SD 

Micro-CT T 

Bonee volume fraction [%] 

Bonee surface to volume ratio [mm'1] 

Trabecularr thickness [mm] 

Trabecularr spacing [mm] 

Structuree model index [-] 

Connectivityy density [trabec/mm3] 

Anisotropyy 1/3 [-] 

Anglee [B] 

Axiss length [-] 

Archimedes s 

Apparentt density [g/cm3] 

Bonee volume fraction [%] 

Tissuee density [g/cm3] 

Mechanical l 

E-moduluss [MPa] 

Ultimatee stress [MPa] 

Ultimatee strain [%] 

Failuree energy [kJ/m3] 

24 4 

24 4 

24 4 

24 4 

24 4 

24 4 

24 4 

24 4 

24 4 

18 8 

18 8 

18 8 

17.3 3 

17.85 5 

0.128 8 

0.641 1 

0.82 2 

4.28 8 

1.97 7 

50 0 

0.83 3 

0.351 1 

16.5 5 

2.126 6 

3.4 4 

2.38 8 

0.018 8 

0.093 3 

0.32 2 

1.58 8 

0.28 8 

29 9 

0.08 8 

0.056 6 

2.7 7 

0.047 7 

23 3 

23 3 

23 3 

23 3 

373 3 

3.3 3 

1.83 3 

41.38 8 

197 7 

2.0 0 

0.46 6 

23.16 6 

aa The number of specimens with valid results in different measurements 
aree indicated. 

StatisticalStatistical i.malvsis 

AA factor analysis was performed to detect groups of morphological variables that are 

closelvv related, the so-called principal components. Components with eigenvalues 

greaterr than one were extracted. Varimax rotation was used to minimize the number 

off  variables that correlate highly with each factor, which simplified the interpretation 

off  the factors. The correlation of a variable with a component is called a factor 

loading.. The extracted components were then entered in stepwise linear regression 

analysess to determine the amount of variance in mechanical characteristics they can 

explain.. SPSS 10.1.0 software (SPSS Inc.) was used for all statistical analyses. 

R e s u l t s s 

Inn Table 1 the descriptive statistics of the bone parameters determined by micro-CT, 

Archimedes'' principle, and mechanical tests are presented. The mean structure 
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modell  index was 0.82, indicating that the trabeculae tended to he plate-like. Note 

that,, except for the angle of the first principal direction with the axis of the specimen 

andd the connectivity density, the morphological parameters had relatively small 

standardd deviations, in contrast to the mechanical parameters. The large standard 

deviationn of the angle indicated that the trabecular orientations of the specimens 

variedd widely (Fig. 1c) while they were non-normally distrihuted. 

Thee factor analysis revealed four principal components with eigenvalues 

greaterr than one, explaining 89.5% of the variance of the morphological variables 

(Tablee 2). These components were named: "amount of bone", "number of 

trabeculae",, "trabecular orientation", and "miscellaneous". The component 

"amountt of bone" was marked by high positive loadings on apparent density and 

Archimedess and micro-CT based hone volume fractions, and smaller, negative 

loadingss on structure model index, trabecular spacing, and bone surface to volume 

ratio.. In the component "number of trabeculae" tbe variables connectivity density 

Tablee 2 Four components with eigenvalues >1. 

Componentt 1 

Componentt 2 

Componentt 3 

Componentt 4 

Eigenvalues s 

4.34 4 

2.72 2 

1.95 5 

1.73 3 

%% of Variance 

36.2 2 

22.7 7 

16.2 2 

14.4 4 

Cumulativee % 

36.2 2 

58.8 8 

75.1 1 

89.5 5 

Rotatedd Component Matrix, The rotation method was varimax with Kaiser Normalization. Loadings 
>0,44 are displayed. 

Apparentt density 

Bonee volume fraction (Archimedes) 

Bonee volume fraction (micro-CT) 

Structuree model index 

Trabecularr spacing 

Connectivityy density 

Bonee surface to volume ratio 

Trabecularr thickness 

Angle e 

Axiss length 

Anisotropyy 1/3 

Tissuee density 

Componentt 1 

"amountt of 
bone" " 

0.983 3 

0.975 5 

0.974 4 

-0.783 3 

-0.679 9 

-0.454 4 

Componentt 2 

"numberr of 
trabeculae" " 

-0.623 3 

0.885 5 

0.848 8 

-0.844 4 

Componentt 3 

"trabecular r 
orientation" " 

-0.913 -0.913 

0.895 5 

Componentt 4 

"miscellaneous" " 

-0.886 -0.886 

0.668 8 
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Tablee 3 Stepwise linear regression models. The components that were entered in the subsequent 
stepss are listed. 

Modell Adjusted R2 SEE p-value 

E-modulus s 

"trabecularr orientation" 

"trabecularr orientation" and "amount of bone" 

Ultimatee stress 

"trabecularr orientation" 

"trabecularr orientation" and "amount of bone" 

Ultimatee strain 

Failuree Energy 

"trabecular"trabecular orientation" 

"trabecularr orientation" and "amount of bone" 

"trabecularr orientation", "amount of bone" and 

SEE:: standard error of the estimate 

NS:: not significant, p-value>0.05 

andd bone surface to volume ratio loaded positively, whereas trabecular spacing and 

trabecularr thickness loaded negatively. In the component "trabecular orientation" 

thee anjrlc of the trabeculac relative to the axis of the cylindrical specimen loaded 

negativelyy and the axis length loaded positively, indicating that a small deviation of 

thee direction of trabeculac from the cylindrical axis was associated with a long axis 

length.. In the last component, "miscellaneous", anisotropy and tissue density were 

found.. Thus the factor analysis demonstrated that a higher amount of bone in the 

specimenss (component 1) was primarily associated with more plate-like trabeculac 

andd not with a larger number of trabeculac and not with thicker trabeculac. For 

givenn amounts of hone a larger trabecular number (component 2) was associated 

withh thinner and less separated trabeculac; obviously, this was associated with a 

largerr hone surface to volume ratio. The connectivity density did vary with the 

numberr of trabeculac, but nol with the amount ot bone. 

AA stepwise regression analysis was used to determine the amount of variance 

inn the mechanical properties that could he explained by the four components 

describingg cancellous bone morphology. It was found that the component 

"trabecularr orientation" could explain the most (52.6%) of the variation in E-

moduluss (Table 3). The component "amount of bone" increased the amount of 

explainedd variance in E-modulus to 71.5%. Similarly, 73.5% of the variation in 

ultimatee stress could he explained by the components "trabecular orientation" and 

"amountt of bone". The linear model of failure energy was also built from "trabecular 

orientation""  and "amount of bone" and was even improved when "number of 

"numberr of trabeculae" 

0.526 6 

0.715 5 

0.515 5 

0.735 5 

0.377 7 

0.762 2 

0.814 4 

133 3 

103 3 

1.3 3 

1.0 0 

17.11 1 

10.57 7 

9.34 4 

0.000 0 

0.000 0 

0.000 0 

0.000 0 

NS S 

0.004 4 

0.000 0 

0.000 0 
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trabeculae""  was added. No statistically significant model of ultimate strain could he 

builtt from one or a combination of the components. 

Fromm both a measure for "trabecular orientation" and a measure lor "amount 

off  hone" a linear model for E-modulus was built. We chose the angle relative to the 

specimen'ss axis and bone volume fraction. Together they could explain 7 3% of the 

variancee in the E-modulus. The stiffness decreased with increasing angle and 

increasedd with increasing bone volume fraction (Fig. 2). 

Discussion n 

Inn this stuclv, we examined the relationships between the various morphological 

parameterss of the condylar cancellous bone as well as their relationships with its 

mechanicall  propert ies. We used factor analysis to establish which morphological 

parameterss can be considered as covariales. With the factor analysis the smallest set 

off  independent measures is obtained from the total set ol morphological parameters. 

Highlyy correlating variables are grouped into single principal components. Bv using 

Fig.. 2 E-modulus versus angle and bone volume traction. The data were lit 

withh linear regression: E-modulus = 75.42 + 3297  BV/TV 5.64  angle, 

wheree BV/TV (-) is the bone volume fraction and angle ( ) the angle of the 

mainn trabecular direction relative to the direction of testing. R = 0.73. 
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thee factor analysis the associations between the various architectural parameters can 

bee unraveled. It can supply a clear and coherent understanding of cancellous bone 

architecturee and its changes, such as during, for example, maturation or bone loss 

withh ajre. 

Thee factor analysis revealed four components: "amount of bone", "number of 

trabeculae",, "trabecular orientation", and "miscellaneous". The distribution ol 

variabless within the various components showed which morphological variables can 

bee considered as covariates. Specimens with a higher amount of bone (component 1) 

hadd more plate-like trabeculae, independent of their number and thickness. For a 

jjivenn amount of bone, specimens with a higher trabecular number (component 2) 

hadd thinner trabeculae and less space between them. Connectivity density did not 

varvv with the amount of bone, but with the number of trabeculae. 

Inn the component "amount of bone" the parameters expressing hulk density 

weree found. These bulk density parameters correlated such that the "number of 

trabeculae""  appeared as a separate component. Parameters expressing the trabecular 

numberr have previously been reported to correlate highly with bone volume fraction 

ass well (Uchiyama et al., 1999). The structure model index turned out to be a part of 

thee component "amount of bone", which is not surprising as the structure model 

indexx and the bone volume fraction are reported to show high negative coefficients 

off  correlation (Hildebrand et al., 1999). The association between the bone volume 

fractionn and the structure model index is similar to that found in maturing bone, in 

whichh with an increase of the bone volume fraction there is a transition from rod-like 

trabeculaee to plate-like trabeculae (Tanck, 2001) and a decrease in the bone surface 

too volume ratio (Nicholson et al., 2001). The component "trabecular orientation" 

wass marked by hi^h loadings for the angle of the trabeculae relative to the specimen's 

axiss and for the axis length. The axis length incorporates the direction of the 

trabeculaee and the degree of anisotropy. It can be considered as a measure for the 

alignmentt of the bone along the axis of the specimen. Although the axis length and 

anisotropyy relate mathematically, they did not appear in the same component. 

Apparently,, in this new defined measure the angle of the trabeculae was of bigger 

influencee than anisotropy. The tissue density and the degree of anisotropy were 

foundd to be a part of the component "miscellaneous". We could not clarify the high 

loadingss for these parameters in this component rationally, but it suggests a negative 

correlationn of tissue density and anisotropy. Taken into account the relatively small 

numberr of observations, the last component might be explained by coincidence. 

Inn bone research, linear regression analysis is often used to assess relationships 

betweenn morphology and mechanical properties (Ulrich et al., 1999; Nafci et al, 
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2000a,h;; Borah et a/., 2000; Nicholson et ai, 2001). By using only a measure for 

hulkk density to estimate bone mechanical properties, a range of 36% to 74% is 

reportedd to explain the variance in mechanical properties (Ulrich et ai, 1999; Borah 

etet a/., 2000; Uchiyama et ai, 1999). In these studies, the unexplained variance was 

reducedd when morphological parameters such as trabecular separation, connectivity 

density,, and degree of anisotropy were added. However, several combinations of 

morphologicall  parameters are reported to result in the same amount of explained 

variance.. As explained above, these parameters can express the same kind of physical 

measuree as revealed by the factor analysis. In the present study, the principal 

components,, in which the correlated variables were grouped, acted as new variables 

thatt were entered into the linear regression analyses. 

Thee regression analysis revealed that the "trabecular orientation" and the 

"amountt of bone" were the most important variables to explain the variance in E-

modulii  and ultimate stress. The "trabecular orientation" alone could explain about 

52%% of the variance and the "amount of bone" was able to increase this even up to 

72%.. The relative contribution of both components was nearly equal for explaining 

stiffnesss and strength. This is in contrast to a previous study (Borah et a!., 2000) in 

whichh it wras suggested that the stiffness depended relatively more on bulk densitv, 

whereass strength was relatively more sensitive to architectural changes. A model of 

thee failure energy was built from "trabecular orientation", "amount of bone", and 

"numberr of trabeculae". No models for the ultimate strain appeared. Previously, it 

wass found that the ultimate strain did not correlate with apparent density (Giesen et 

a!.,a!., 2001; Keaveny et ai, 2001). Although it has been reported that ultimate strain 

didd differ between two directions of testing (Giesen et ah, 2001) it now appeared not 

too be linearly dependent on "trabecular orientation". Where others have reported 

thatt anisotropy could increase the explained variance in mechanical properties 

(Odgaardd et al., 1997; Van Rietbergen et aL, 1998; Zysset et al, 1998), the 

componentt "miscellaneous", which was marked by a high loading on anisotropy, 

did,, surprisingly, not appear in any of the regression models. This could be explained 

byy the dominant influence of the component "trabecular orientation" in the 

regressionn models. 

Inn the present study, the component "trabecular orientation" appeared to be 

mostt important in describing the mechanical properties, whereas in other studies 

bonee densitv was found to be the most important (Hodgskinson and Currey, 1990; 

Goulett et a/., 1994). In these studies, bone specimens were usually taken relative to 

anatomicall  or physiologic loading directions, assuming that these directions coincide 

withh the main trabecular orientations. As the mechanical properties were examined 
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relativee to an anatomical axis or the main orientation of the bone, the relationships 

foundd were limited to that direction. In our sample, we had specimens that were 

intendedd to be fabricated along the physiological loading direction and alon̂  a 

directionn perpendicular to this (Giesen et al., 2001). The first group had a mean 

an^iee of 25° relative to the axis of the specimen (SD: 14°, 95% confidence interval: 

17-33°)) and the latter had a mean angle of 78° (SD: 8°, 95% confidence interval: 

73-84°).. Hence, the trabecular orientation appeared to differ significantly from the 

angless intended of 0 and 90 The present results demonstrate that, because of the 

anisotropicc nature of the mechanical properties of cancellous bone, trabecular 

orientationn should be controlled or corrected for. 

Thee axis length was calculated to account for the variation in trabecular 

orientationn other than the principal direction. With an increasing angle between the 

primaryy direction and the specimen's axis, the axis length becomes more important. 

Further,, it becomes of more importance in plate-like structures compared to rod-

likee structures. The axis length was calculated as a combination of direction of the 

cancellouss structure and its anisotropv (Fig. lb). Others tried to assess this problem 

byy calculating the percentage of bone in the major load direction (Borah et al., 2000) 

or,, similar to our method, by directly assessing the mean intercept length in the axial 

directionn of'the specimen (Goulet et al.y 1994). 

Wee could explain 71.5% of the variance in E-modulus, while other studies 

explainedd 90% (Borah et al., 2000). This discrepancy might be due to errors 

introducedd bv the material itself and by our methods to determine the mechanical 

andd morphological parameters. An inhomogeneous bone volume fraction 

distributionn has been found in the mandibular condyle (Giesen and Van Eijden, 

2000)) which can increase the variance in the mechanical tests (Yeh and Keaveny, 

1999).. Further, small specimen size and the mechanical testing procedure (Giesen et 

al.,al., 2001) could have influenced the consistency in the data. The fixed threshold 

usedused to segment the micro-CT data depended on the bone volume fractions 

determinedd according to Archimedes' principle (Ding et al,, 1999). However, small 

differencess existed between the bone volume fractions determined bv the 

Archimedess based method and micro-CT (Table 1). As morphology parameters like 

trabecularr thickness and separation depend on volume fraction, errors could have 

beenn introduced in these parameters. Recently, however, a correlation coefficient of 

0.944 was observed between the measured stiffness and the predicted stiffness in a 

finitee element analysis of the same set of specimens (data not shown), which suggests 

littl ee random error in the determination of the mechanical properties. 
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Inn conclusion, the present results suggest that factor analysis is a powerful tool 

too determine the relationships between the parameters describing the morphology of 

cancellouss bone. When mechanical parameters are estimated from morphology, i t is 

nott necessary to measure all parameters. For the present material, one could suffice 

too measure a parameter that expresses the direction of the traheculae and a 

parameterr that expresses the amount of bone (Fig. 2). Although the results arc 

limitedd to the cancellous bone of the human mandibular condyle, we believe the 

describedd methods can be useful for bone studies in general. 
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