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Bone and Joints M odelling with Individualized Geometric and Mechanical
Properties Derived from Medical | mages

M.C.HoBaTho!

Abstract: The objective of the paper is to address ttarated the extensive use of finite element modelling
methodology developed to model bone and joints with biomechanics [Huiskes and Chao, 1983, Prender-
individualised geometric and material properties frogast 1997, Vander Sloten et al. 1998]. According to
medical image data. An atlas of mechanical propertiesr knowledge, the first two dimensional finite element
of human bone has been investigated demonstrating indiedel derived from medical image was obtained by digi-
vidual differences. From these data, predictive relatiotising radiography [Carter et al. 1984], and three dimen-
ships have been established between mechanical prop&mal finite element model derived from digitised CT
ties and quantitative data derived from measurementssmans [HoBaTho et al. 1991, Fischer et al. 2003]. Then,
medical images. Subsequently, geometric and numerieglensive finite element models are obtained from CT
models of bones with individualised geometrical and mdata with most often a lack of description of the method
chanical properties have been developed from the saafiewing to model the geometry. One should note that
source of image data. The advantages of this modelliiggv attention is given to the acquisition parameters and
technique are its ability to study the ‘patient’ specificitytheir consequences to the accuracy of bone modelling.
This should be of importance for quantifying bone anflome author proposed specific protocol to optimise the
joint deformities and performing individualised preopereconstruction of a specific long bone (femur) from CT
ative planning surgery or orthopaedic treatment. In tldata (Viceconti et al. 1998) meanwhile other focus on the
same way, the efficiency of orthopaedic treatment wittardware and software parameters acquisition influence
customised orthese or mechanical behaviour of implamt the CT image assessment qualitatively and quantita-
in bone could be evaluated. Results would suggest itively (HoBaTho et Treutenaere 2001). Automatic FE
provement or development of new design. generation have been developed using CT scans voxels
[Keyak et al. 1990, 1993]. The voxels are converted
keyword: Finite Element Model, Bone, mechanicadjrectly in elements of equal size. Problems occurring

properties, medical image. with this technique are 1) their limitation in the accuracy
of the model at the geometric and material boundaries
1 Introduction and 2) the number of elements generated which would

require specific algorithms of resolution. Besides these
The paper will address the methodology we have devektensive numerical models, most of models are derived
oped in order to model bone and joints with approprirom CT data and few from MRI. Few consider appro-
ate geometric and mechanical properties derived frgffate material properties as they mostly are issued from
medical imaging. Medical imaging system such as Mig{erature (data or relationships). When experimental data
(Magnetic Resonance Imaging) CT (Computed Tomogg not confirm numerical simulation, material properties
raphy) is commonly used to evaluate musculo-skeleflta are assessed experimentally by mechanical testing.
disease. This can only be performed on cadaveric specimen. As
Numerical methods are used for solving physical and mskown by the previous review, human bone has a non uni-
chanical engineering problems. These numerical metbrm geometry and a heterogeneous structure. One may
ods are appropriate for modelling such complex systaspect differences from bone to bone and among individ-
as human bone and joints. Literature review demounals. In order to consider these intrinsic differences, it
was necessary to develop a modelling technique describ-
ing appropriately and simultaneously the geometric and
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material properties. The methodology we have deveépresenting the distribution of pixel values. As a re-
oped is based on a semi-automatic generation of a theedt only anatomical contours of interest are visualised
dimensional geometric model of bone and joints anatorop the binary image (only two levels 0 and 1, white and
derived from medical imaging CT or MRI data. Predidslack). Then segmentation by region was used, the edge
tive relationships obtained from previous work demordetection allowed the outlines of the anatomical structure
strated significant correlation between the material prap-be obtained. The edge detection consists in Hermite
erties and quantitative measurements derived from imgagarametric cubic curves interpolation. Their formulation
ing techniques [Rho et al. 1995]. Then, from the sangobtained from a parametric cubic equation (Eqg.1) and
source of medical imaging data, numerical models wigfeometric constraints on two ending points.
individualised geometric and mechanical properties were

developed. P(u) = [x(u),y(u), z(u)]
3
2 Methods Pl = kzoakUk velod @

2.1 Assessment of geometry viamedical imagingtech- - Their final expression form with blending functions are
niques expressed in Eq.2.

There are different modalities of medical imaging tech-

nigues to explore bone and joints: X-ray radiographs, CT

scanner (Computed Tomography), MRI (Magnetic R&§u) = Po(1— 3u?+2u®) + Py (3u? — 2u®)

onance Imaging). The two first techniques are based on- P(u— 20 +u8) + P{(—uz +ud) 2)
absorption of X-rays, and are often used to diagnose bone

disease. Meanwhile the last one is based on proton res

P, P, P;: ending points and associated derivatives.
onance and is more dedicated to soft tissue such as F b To gp

aments, cartilage besides bone structures are also visig 9eometric continuity of two curves is obtained by
alised. defining same tangent at the ending points of the first

Clélge and the first point of the second curve as illustrated

In order to assess the anatomical data, we have devel
ig 1. Surfaces connecting these curves were Hermite

a pre processing medical image CT and MRI [SIP 3dg
©lnserm, HoBaTho 1993].

The different steps of the image processing were 1) to

decode the stack of medical image data representing the P,

three dimensional of bone and joints structure, 2) to per- P, P, P

form an edge detection after a threshold process and 3)

to build geometric entities of the bones with a creationof  Figure 1: Hermite parametric cubic curves
an output data file in a neutral format or an IGES format.

211 Medical ImageProcessing bicubic polynomials defined by Eq.3.
The standard exchange format file of the medical imag?u _
derived from ACR-NEMA specifications is DICONL

Once the medical images are decoded, image process-

ing can be performed. A pixel is coded on 12 bits i.erhe different steps of a three dimensional geometrical re-
pixel values varies from O (white) to 4096 (black). Theonstructiorin vivo of human long bone (tibia) from CT

next step was to perform the threshold process. It cafita is illustrated in Fig. 2. The pre and post processor
sists in giving threshold values based on the histogramatran (MSC.Software) is used for the visualisation of

the geometric entities written in a neutral file (see Fig.3).
2 American College of Radiology and National Electric Manufac-
turers Association Once the geometrical data was obtained, finite element

3Digital Imaging COmmunication in Medicine meshing was performed via any commercial software.

3 -
Z agjju'v! u,ve [0,1] (3)
i=0]=0




Bone and Joint Modelling with Individualized Geometric and Mechanical Properties 491

(Eq. 5.).
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E; : Young’s moduli in the direction i,
Gij : Shear moduliin plane i-j
vij . Poisson’s ratio stress and strain respectively in di-
rections i,).
Experimentally, we used an ultrasonic transmission tech-
nique for assessing bone material properties. Different
wave propagation techniques were used for velocities
measurements of bone tissue. Bulk velocities were mea-
sured for cortical bone, and then elastic constants were
Figure3: Three dimensional geometrical reconstructiggptained. Cancellous bone is porous and highly hetero-
of bone contours (lines and surfaces). geneous compared to cortical bone. Homogeneous vol-
ume needed to be assumed and bar waves were used, al-
lowing to assess directly the elastic properties [Ashman
In order to model realistic bone anatomy, it is necessayal. 1984, 1989]. Then, an atlas of mechanical prop-
to associate the appropriate mechanical properties of éres has been performed in order to obtain a database

bone. of material properties of different types of bone (femur,
tibia, mandible, humerus, patella, lumbar spine) from

2.2 Mechanical propertiesof human bone eight unembalmed subjects (7 males, 1 female, mean age
60 years (45-68)) [HoBaTho et al. 1992, HoBaTho et al.

Mechanical properties of bone have been studied for o o8]

three decades in order to understand the mechanical be-, _ .
haviour of bone in the process of fracture risk, repair afyPical range of values of mechanical properties for cor-

bone related disease. Besides, few data were availabliGH Pone and cancellous bone are summarised in Table
insufficient for human bone modelling. Human bone fs[HoBaTho etal. 1991].
highly heterogeneous_ and an|§otr99|g material. |t can ?% Models with individualised geometric and mate-
compared to composite materials; it is made of two dif- . .

. ) . . . rial propertiesfrom CT data.
ferent tissue spongious bone (high porosity) and cortical
bone (compact bone) depending on the anatomical lot@-order to associate geometric and mechanical proper-
tion. Bone was assumed to have an orthotropic behavidigs, we assume that measurements derived from medical
which stiffness matrix containing elastic constants weimaging could predict material properties. We have in-
defined by Eq 4. By reversing the stiffness matrix, theestigated the relationships between CT number derived
compliance matrix allowed the elastic properties in tfeom CT imaging technique and mechanical properties of
three axes of symmetry of the crystal to be determinbdne. The CT number characterize a linear coefficient of
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Table 1 : Range of values of mechanical properties obable 2 : Predictive relationships for the proximal tibia.
tained from eight subjects. Minimum, maximum and m&oung’s modulus is expressed in MPa and density in

dian values are given. kg/m® and CT number in HU.
Bone cortical | cancellous Relationships
Eaxia (GPa) 14 -27 | 0.011-3.12 Eaxia = 0.51p137 R2=0.96
20 0.961 Etangential = 0.06p1%° R?=0.90
Etangential (GPa) 7-17 0.023-1.5 Eradia= 0.06p152 R2=0.89
12 0.341 Eaxial =296 + 5.2CT R?=0.79
Eradia (GPa) 7-16 0.024-1.5 p=114 + 0.916CT|R?=0.80
11 0.301
p(kg/m®) 1545-2118| 55-744
1840 257
CT (HU) 1270-1835| -72-512 measured mean CT number of a region of interest (ROI)
1560 143 with the characteristics geometric properties of the ele-
out (MPa) * 0.11-11 ments of the mesh. It should be noted that for the three
3 dimensional mesh, it is necessary to match the techni-

cal acquisition parameters of the CT data with that of the

* Ultimate strength of cortical specimen were not megyrotocol used to get the predictive relationships and the
sured, literature review gave typically values arounfree-dimensional mesh.

150MPa.

attenuation of X-ray within the tissue. For the CT scag, Applications

the pixels values are represented by an empirical number

called CT number expressed in Houndsfield Units (Hl4$)q Modelling of bone and joints of children
and is defined by the following empirical equation:

CT_CT The clinical application of the developed methods is to
CT(HU) = 1000(% (6) evaluate bone and joint disease in children (congenital
water T air dislocation of the hip (hip deformity) [Roach et al. 1997],

H— Pwater clubfoot (foot deformity) [Johnston et al. 1995], rota-
CT(HU) = 10007”\,\1ater ~ (7) tional abnormalities of the lower limbs [Limbert et al.

1998, Rrié et HoBaTho 1998], scoliosis (spine defor-
K is the linear coefficient of attenuation of X-ray withiqnity) [Périé et al. 2001]. Geometric model of the knee
the tissue (cm*). CT number value is depending on agrom MR, allowed to perform kinematic analysis in vivo
quisitions parameters, typical values are 0 and —1000 {g{g quantification of contact areas using a non linear
water and air respectively. analysis (Fig 4, 5). Geometric modelling of children foot
Table 2 summarised some predictive relationships Bgsnein vivo derived from MRI [HoBaTho et al. 1998]
tween elastic properties and density and CT numbefifowed to distinguish the osseous nucleus and cartilage
(Rho et al. 1995) of the proximal tibia (upper extremyn|age (Fig.6). The length of the foot is around 6cm. The
ity of the tibia). models allowed to quantify the bone deformity and per-
From the same source of images data, a geometricfoem a preoperative planning surgery.  Finite element
construction was performed as described previously amddels with individualised geometry and material prop-
a finite element model was then performed via a comriesin vivo of a vertebral body of two scoliotic patients
mercial software. A custom made program mesh mat¢hame age and sex). They both had a scoliotic defor-
ing properties has been developed allowing the matchimgty at the same level of the lumbar spine (L1). Fig-
of the material properties distribution measured on tleee 7 demonstrates clearly the individual difference in the
stack of CT image data and their assignment to the etgrometry and material properties range and distribution
ments properties. The program consists in matching fiR&rié et al. 2001].
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- (b)
(@) (b) Figure 6 : New born foot (a) and geometrical model (b)
Figure 4 : MRI of a knee in vivo (a) and geometrical
reconstruction of the knee for different flexion (b).
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@) (b) Figurt_a? : Finite element models_ with indiv?dgalise_d ge-
Figure5: In vivo geometrical reconstruction of the ante®metric and mechanical properties of scoliotic patient.
rior and posterior cruciate ligaments (blue) and meniscus
(red) (a) and contact pressure visualised on the femorz
condyles (b).

3.2 Examplesof arthroplasty

Arthroplasty consisted in changing the damaged joini
(hip, knee, shoulder) by artificial joints. Figure 8 il-
lustrates numerical model of an acetabular implant of ¢
patient before and after surgery (Hinrichs et al. 2001). (@) (b)

In this study, significant influence of the assumptions qfigure 8 : Von Mises Stresses for the model without im-
material properties have been demonstrated by assunyight (a) and with (b)

the material to be isotropic or anisotropic homogeneous,

isotropic or anisotropic inhomogeneous.

It should be noted that Von Mises stress is not appropri-
ate to predict risk of failure for anisotropic elastic prop-

erties such as bone. But itis often used for these Mgotocol consists in designing a customized implant by

terials to simplify the interpretation and to represent thgnsidering the geometrical and mechanical properties
six stress components in a generalized ‘stress intensnyltaneously of the patient data. In parallel, a 3D fi-

factor [Huiskes and Verdonschot 1997]. nite element model is developed to evaluate the design
The methodology has been applied to design and evadurd predict its mechanical behavior in the patient’s fe-

ate a customized hip implant from medical images. Theur [Bare 2000].
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4 Discussion and showed 10% of variation for the range of 0 to 1200
: . ved f CT HU [HoBaTho et Treutenaere 2001]. This should
4.1 Accuracy of thegeometric modelling derived from be considered when predictive relationships are used to

meoical images. predict elastic properties from literature. The methodol-

Accuracy of the geometric model depends on the ted@gy of bone modelling with individualised geometric and

nical protocol acquisition of the medical images an@echanical properties needed to be improved for MRI
methodology used for processing them. The geomeﬁlata, as tissue characterization is not reflecting signifi-
cal errors could be introduced by the spatial resolution &&ntly the material properties. In fact, the grey level of
the image (pixel size is equal to the field of view dividethe region of interest is related to the intensity of proton

by the matrix of pixels) and algorithm of edge detectiodensity, which varies significantly with the acquisition
and interpolation function. parameters. When predictive relationships are not ap-

A good spatial resolution allowed a better accuracy fBFoPriate, the atlas database is used. When needed, this
the edge detection after the threshold process. Figure §a@Pase is increased with other bones using the trans-
b illustrates two different spatial resolution performed oRlSSion ultrasonic technique [Bza'et al. 1997].

the same image. The other source of error would be t)pg Experimental validation

choice of the values for the threshold process (Fig 9 b-c).
For the same image with different values of threshol8efore using our method in am vivo case (patient
ing may results different geometric results derived frooase) our methodology has been validated inravitro
curve interpolation. Increasing the spatial resolution witlase (cadaveric specimen) for customised hip implant
[Couteau et al. 1998], tibial implant [Estivedes et al.
1999], glenoid implants [Ba&@d et al. 1999]. Then in
vivo modelling could be assessed for testing and predict-
ing the short and long term implant behaviour. The re-
sults can only be validated by the clinical follow up and
evaluation on the patient.

(b) (c)

Figure 9 : Geometric errors introduced by the spatiéﬁ
resolution (a compared to b) and the threshold procgsslevance of such techniques is their direct clinical ap-
performed (b,c). plication for modelling patient specific bone and joints.
This provides an individual diagnosis and preoperative

increase the patient dose irradiation for CT image, aﬁlémmhg strgery or o.rthopaedlct_r(??tme.nt. _

time examination for MRI. In general, compromise ha€chnical protocol of image acquisitionsis of importance
to be taken between the quality of the images and patidhth® methodology; spatial and density resolution have
welfare. Acceptable range of spatial resolution woul@ P& achieved to reduce geometric and material proper-
be less than 0.5mm (pixel value). It is clear that fd€S errors.

each anatomical model sensitivity analysis has to be p&he methodology needs to be improved by :

formed in order to define appropriate technical protocol
of acquisition. e the investigation of assessment of material proper-

ties of soft tissue derived from MRI

Conclusionsand per spectives

4.2 Models with individualised geometric and me-

chanical properties derived from medical images e the investigation of automatic meshing technique

dedicated to bone and joints anatomy; in order to
Quantitative measurements performed on the CT images reduce the time consuming in performing a finite el-
required a good ‘density’ resolution. In order to achieve  ement model of bone and joints.

that, the technical protocol of acquisition of the images

should be optimised. Influence of these parameters Tmese are challenging investigations for the next decade.
direct measurements of CT number have been quantifiedm the results of in vivo modelling of bone and joints
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