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aISR, Instituto Superior Técnico, Technical University of Lisbon, Avenida Rovisco Pais, 1049-001 Lisbon, Portugal; bICIST, Instituto
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In this study, a three-dimensional finite element (FE) model based on the specific anatomy of a patient presenting a
femoroacetabular impingement of the ‘cam’-type is developed. The FE meshes of the structures of interest are obtained from
arthrographic magnetic resonance images. All soft tissues are considered linear elastic and isotropic, and the bones were
assumed rigid. A compression of the femur on the acetabular cavity as well as flexural movements and internal rotations are
applied. Stresses and contact pressures are evaluated in this patient-specific model in order to better interpret the mechanism
of aggression of the femoral and acetabular cartilages. The corresponding results are presented and discussed. The values
obtained for the contact pressures are similar to those reported by other models based on idealised geometries. An FE
analysis of a non-cam hip is also performed for comparison with the pathological case.
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1. Introduction

The hip joint plays a fundamental role in human

locomotion. It is a ball-and-socket joint whose articular

cartilage is submitted to contact stresses for any rotations of

the femoral head in the gait cycle. Hip joint degeneration

remains a common cause of disability often leading to

surgical replacement with prosthetic devices. The femor-

oacetabular impingement (FAI) depends on an abnormal

morphological relation between the femoral head and the

acetabular cavity. The ‘cam’-type FAI is due to the

presence of a non-spherical portion of the femoral head

usually located at the antero-superior quadrant of the

region of transition with the anatomical neck. This

impingement was first described by Ganz et al. (2003) as

a potential cause for human osteoarthritis (OA) (Wagner

et al. 2003; Leunig et al. 2006). The proposed mechanism

consists of a chronic abnormal compression on the

peripheral acetabular cartilage caused by the non-spherical

portion of the femoral head that penetrates into the socket.

Due to this asphericity, the peripheral acetabular cartilage

is submitted to a non-physiological excessive pressure

during flexural movements and/or internal rotations that

can cause macroscopic visible lesions (Wagner et al. 2003;

Beck et al. 2004). These lesions seem to be similar, from

the pathological and biochemical points of view, to those

existing in advanced OA (Wagner et al. 2003). In some

cases, an increasing gradient of these lesions from the

equator of the head to the periphery where the radius of

curvature is larger can be observed. This abnormal

compression may occur in sport or in some cases even in

daily activities. The treatment for this deformity is

essentially surgery (Clohisy and McClure 2005) and relies

on trimming the head-neck junction to remove the non-

spherical part of the head (osteochondroplasty).

In the last decade, the cam-type FAI has received a

growing attention, namely in what concerns the descrip-

tion of the mechanism of lesion of the articular cartilage

and its possible relation with OA. Several experimental

(Hodge et al. 1986; Afoke et al. 1987; Macirowski et al.

1994; Michaeli et al. 1997; von Eisenhart et al. 1999;

Anderson et al. 2008) and computational (Macirowski et al.

1994; Genda et al. 2001; Bachtar et al. 2006; Yoshida et al.

2006; Anderson et al. 2008) studies have been performed

in order to evaluate the contact pressures in the hip joint

and to correlate the morphological anomaly with the intra-

articular contact pressure developed in routine activities.

Recently Chegini et al. (2009) used the finite element (FE)

method to evaluate the contact pressures in virtual models

of hips with FAI of the type ‘cam’ and/or ‘pincer’ and of

hips with dysplasia. To our knowledge, there are no

computational studies based on the reconstruction of the

real deformity of patients characterising the pressures in

the contact between the non-spherical portion of the

femoral head and the acetabulum as a result of the

movements involved in the joint.
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The objective of this study is to evaluate the order of

magnitude of the pressures at the contact zone of the

femoral head as well as the stresses in the cartilages as a

result of the abnormal contact between the different tissues

in a patient presenting a cam-type deformity. Preliminary

results can be found in Jorge et al. (2010). Comparisons

with a non-cam hip and with models obtained from

idealised geometries, as well as with clinical and intra-

operative observations, are also intended. This subject-

specific three-dimensional (3D) model may contribute to a

better understanding of the mechanism of aggression of

the femoral and acetabular cartilages.

2. Methods

For the radiological study of certain pathologies of the hip

joint, the acquisition of a set of radial images with a

common axis positioned along the femoral neck and

containing the centre of rotation of the femoral head is

usually preferred because it allows medical doctors to

visualise the anatomical set. In this study, a 3D

reconstruction methodology (Lopes et al. 2010) is applied

to a hip joint of a 27-year-old male with a cam-type

deformity. The deformity is located at the right hip with an

alpha angle of 988 (normal value up to 408) and a Wiberg’s

centre-edge (CE) angle of 308 (value considered normal).

Figure 1(a) shows 16 images of the hip joint which were

radially acquired with a rotation axis coincident with the

geometric axis of the femoral neck. The distinguishing

anatomical structures are the following: the head and

anatomical neck of the femur, the femoral and acetabular

cartilages, the acetabulum and the labrum. The radial

magnetic resonance arthrography (MRA) T2 signal

images are acquired from a Siemensw MAGNETOM

Avanto 1.5T (repetition time (ms)/echo time (ms), 852/22;

field of view, 21 cm; matrix, 512 £ 512; x and y pixel

resolution, 0.4102 mm; section thickness, 3 mm; number

of signals acquired, two) after an injection of an intra-

articular 9% saline solution with gadolinium. Further

image processing, e.g. contrast enhancement and anthro-

pometric measures, is performed with the software OsiriX

v.3.1. The radial angles of acquisition vary from 08 to

168.758, with angular increments of 11.258.

The software tools needed to obtain the 3D model

incorporate several algorithm blocks, each with specific

functionalities in the overall modelling scheme: image

segmentation, point cloud interpolation, mesh generation

and adjustment, and solid model construction. Using

Rhinocerosw, the 16 MRA images are manually

segmented with spline curves in order to extract the

geometrical data relative to the contours that delimit the

anatomical structures of interest (Figure 1(b)), and from

these contours a cloud of points is extracted. For the 3D

reconstruction of the hip joint, a mathematical surface

representation based on the geometrical data extracted

from the images (Figure 1(a)) must be determined. For this

purpose, an implicit surface interpolation technique based

on radial basis functions (RBFs) is considered. Several

works have already demonstrated the effectiveness of RBF

applied to medical data (Carr et al. 1997, 2001; Teodoro

et al. 2009). This method allows the interpolation and

extrapolation of a cloud of points in order to obtain an

implicit representation of the surface (FarField Technol-

ogy – FastRBF interpolation toolboxes designed for

MATLABw). Reconstructions of the surfaces of all the

structures obtained following the above-mentioned meth-

odology can be found in Lopes et al. (2010). 3D solid

models of the cartilages and labrum are then generated

using SolidWorksw, in which the triangular surfaces are

interpolated with B-spline cubic patches. Manual segmen-

tation and the 3D reconstruction were performed under the

supervision of a senior orthopaedic surgeon.

Figure 1. (a) Set of 16 radial MRA images (top left image corresponds to 08, the bottom right image to 168.758, for the in-between
images the angle varies row-wise); (b) the 16 acquisition planes and their position relative to the femur and acetabulum.
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Previous 2D analyses considering the bony structures

to be linear elastic and rigid showed practically the same

values for the maximum pressure at the contact between the

two cartilages (Lopes et al. 2009). Therefore, all the present

analyses are performed considering the femur and the

acetabulum as rigid. The solid models are automatically

discretised into FEs using Abaqus CAEw v.6.8. Figure 2

shows the complete FE mesh of the cartilaginous tissues

with a total of 109,167 tetrahedral elements. A study on the

convergence of the mesh provided a similar value for the

maximum contact pressure at the same node before

application of the rotational movements when linear and

quadratic elements are used (5.2 and 5.1 MPa, respect-

ively). Therefore, the subsequent rotational movements are

performed only with the mesh of linear elements. The

cartilages and the labrum are considered linear elastic and

isotropic with E ¼ 12 MPa for the former (Shepherd and

Seedhom 1997) and E ¼ 20 MPa for the latter (Chegini

et al. 2009). For both soft tissues, Poisson’s ratio has a value

of 0.4. The outer surfaces of the soft tissues in contact with

the acetabulum are fixed. All the analyses performed with

Abaqusw v.6.8 are geometrically non-linear. A surface-to-

surface contact is adopted between the femoral cartilage, as

master surface, and the acetabular cartilage and labrum

(considered to be tied together), as slave surfaces. The

interaction between these two surfaces is considered

frictionless and the parameter ‘finite sliding’ is used. First,

the hip joint is subjected only to a compression force

applied at the centroid of the femoral head. This force acts

in the frontal plane with a component of 480 N along the

horizontal axis (x-axis) and a component of 2000 N along

the vertical axis (y-axis). These values correspond to the

maximum force observed in a routine activity (walking)

and for 800 N individual weight (Bergmann et al. 2001)

(Figure 2). With the joint subjected to the compression

force, several movements within the physiological range

are simulated: a flexural rotation of the femur (about the

x-axis) of 908, a pure internal rotation (about the y-axis) of

248 and combined movements of flexural followed by

internal rotations. In the pure flexural and internal

rotations, four nodes in the FE mesh of the femoral

cartilage are selected, defining straight lines perpendicular

to the axis of rotation (Figure 3(a),(b)). The extremities of

these lines are located in the highest and lowest (transition

to the cephalic region closest to the neck in the case of the

pure flexion or equatorial region in the case of the pure

internal rotation) regions of the cam deformity. The contact

pressure is registered in each one of these nodes as a

function of the angular movement of the femoral head.

Distributions of the contact pressures in the acetabular and

femoral cartilages, their maximum values and the von

Mises stresses (related to the distortional strain energy) are

also presented at the end of both rotations.

An FE analysis of a non-cam hip is also performed for

comparison with the pathological case. The same 3D

reconstruction methodology is applied to the non-cam hip

joint (alpha angle of 488) of a 50-year-old female. Figure 4

shows the complete FE mesh of the cartilaginous tissues with

a total of 181,880 tetrahedral linear elements. The

mechanical properties of the tissues of the non-cam hip

model are equal to those of the cam hip model, and both

models are subjected to the same boundary and loading

conditions. As in the cam hip model, four nodes in the FE

mesh of the femoral cartilage are selected defining straight

lines perpendicular to the axis of flexural rotation and to the

axis of internal rotation (Figure 5(a),(b)), and the contact

pressure is registered in each one of these nodes as a function

of the angular movement of the femoral head. These nodes

are located in regions corresponding to the ones to which the

nodes selected in the deformity of the cam hip belong.

3. Results

In Table 1, the maximum values for the amplitude of the

different movements in the patient before the surgery,

those obtained with the model and the maximum contact

pressures are presented. At the end of the pure (isolated)

flexural movement and of the 908 flexion followed by an

internal rotation, the patient felt pain. In the case of the 308

flexion followed by internal rotation, the patient presented

a mechanical limitation without pain. The maximum

clinical angular displacements of the right hip of the

selected patient (measured with a goniometer) are

comparable with the maximum possible amplitudes

obtained with the model. In fact the FE analysis of the

pure flexion case reached 908, but in the other three cases

(908 flexion and internal rotation, 308 flexion and internal

rotation and pure internal rotation) they stopped at the

indicated values (2.88, 12.88 and 248 of internal rotation,

respectively) due to lack of convergence.

The transarticular compression led to a progressive

increase in the contact pressure in the load area of the joint.Figure 2. FE mesh of the complete model.
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The maximum contact pressure before application of the

rotational movements occurs at a node located in the

antero-internal region with a value of 5.2 MPa. A maximum

value of 2.3 MPa for the von Mises stress is obtained at the

acetabular cartilage just above the acetabular fossa. A

progressive deformation of the femoral and acetabular

cartilages can be observed as the cam deformity penetrates

into the acetabulum. The nodes in the FE mesh chosen

perpendicular to the axis of the subsequent flexural

movement present a smaller distance to the axis of rotation

in the direction of the femoral neck (Figure 3(c)). This

result is related to the transverse oblique orientation of the

cephalic protuberance. The nodes in the mesh chosen

perpendicular to the axis of the subsequent internal rotation

present a progressive larger distance to the axis of rotation

in the direction of the equator of the femoral head (Figure

3(d)).

For the pure flexural movement from 08 to 908, the

following results are obtained:

(1) A progressive increase in the contact pressure is

observed at the femoral cartilage, initially para-

equatorial, reaching a value of 8.6 MPa at 328; as

the deformity contacts the acetabular cavity, a

lateral and superior migration of the zone of larger

pressures can be observed; a maximum contact

pressure of 13.3 MPa occurs at 908 at the most

peripheral nodes near the transition zone between

the neck and the femoral head on the highest

elevation of the cam deformity (Figure 6(a)); also

in this zone and at the end of the 908 of flexion, the

maximum von Mises stress has a value of 4.6 MPa.

(2) Large contact pressures occur initially at an

anterior and peripheral zone of the acetabular

cartilage near the chondrolabral transition where

the largest pressure has a value of 8.6 MPa at 328; a

Figure 3. FE mesh of the femoral cartilage with the chosen surface nodes for (a) the pure flexion and (b) the pure internal rotation. The
distance of the selected nodes to the axis of rotation (c) decreases in the direction of the femoral neck and (d) increases in the direction of
the equator of the femoral head.

Figure 4. FE mesh of the complete non-cam model.
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superior migration of this region of large pressures

occurs along the periphery of the acetabular

cartilage which, at 908, is located at the superior

region with a maximum value of 11.6 MPa; the

maximum von Mises stress, also at 908, occurs in

the same region and has a value of 14.4 MPa; at

908 a maximum value of 16.4 MPa for the contact

pressure occurs on the labrum (Figure 6(b)) and

the maximum von Mises stress occurs in the same

region of the labrum and has a value of 14.7 MPa.

(3) The contact pressures due to the flexural move-

ment at the four nodes defining the line

perpendicular to the axis of rotation increase

with the distance of these points to the centre of

Table 1. Comparison between the maximum clinical angular displacements of the selected patient’s right hip before surgery with those
obtained with the model and the corresponding maximum contact pressures.

Maximum contact pressure
at the end of the movement

(MPa)

Movement Patient 3D model Cartilages Labrum

Maximum pure flexion 908 (painful) 908 12–13 16
Maxima flexion and internal rotation 908; 08 (painful) 908; 2.88 13–14 16
308 of flexion and maximum internal rotation 308; 158 (painless) 308; 12.88 12–13 16
Maximum pure internal rotation (in extension) 308 (painless) 248 13–14 15

Figure 5. FE mesh of the non-cam femoral cartilage with the chosen surface nodes for (a) the pure flexion and (b) the pure internal
rotation.

Figure 6. Contact pressures on the (a) femoral and (b) acetabular cartilages (at 908 of flexural rotation).
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rotation of the head; an increase in the contact

pressure occurs in all four nodes as the cam

deformity penetrates into the acetabular cavity

(Figure 7).

(4) Along a transversal section containing the selected

four nodes it can be observed a large intrusion of

the non-spherical sector which deforms substan-

tially the acetabular and femoral cartilages in an

arch of about 908.

For the pure internal rotation from 08 to 248, the

following results are obtained:

(1) A progressive increase in the contact pressure is

observed on the femoral cartilage reaching a value

of 20.9 MPa at 158 at its posterior inferior region

around the fovea; as the deformity contacts the

acetabular cavity, the region of larger pressures

moves towards the deformity; at 248, the maximum

contact pressure is 12.8 MPa (Figure 8(a)) and a

maximum von Mises stress of 5.8 MPa occurs at the

posterior inferior region.

(2) At 158, the maximum contact pressure on the

acetabular cartilage has a value of 20.6 MPa at its

posterior–inferior region; after that a progressive

increase of the area of larger pressures is observed

as well as a migration to the chondrolabral

transition; at 248 of internal rotation, the maximum

contact pressure has a value of 13.6 MPa on the

acetabular cartilage and a value of 14.7 MPa on the

labrum (Figure 8(b)); a maximum von Mises stress

of 28.2 MPa occurs in a region adjacent to the

acetabular fossa.

(3) The contact pressures due to the internal rotation

at the four nodes defining the line perpendicular to

the axis of internal rotation increase with the

distance of these points to the centre of rotation of

the femoral head; the contact pressure in all four

nodes increases initially as the cam deformity

penetrates inside the acetabular cavity; at the most

peripheral nodes (nodes C-7 and C-8) a progress-

ive increase in the contact pressure is observed;

the contact pressure decreases at nodes C-5 and C-

6 (closest to the equatorial region) from 128 and

from 188 of rotation, respectively (Figure 9).

(4) Along a transversal section containing the selected

four nodes, a smaller intrusion of the non-spherical

sector into the acetabulum is observed contrary to

what was found in the flexural movement.

In the case of the non-cam (normal) hip model, the

contact pressures due to the flexural movement at the four

nodes defining the line perpendicular to the axis of flexural

rotation are shown in Figure 10 and the contact pressures

due to the internal rotation at the four nodes defining the line

perpendicular to the axis of internal rotation are shown in

Figure 11. In both cases, the contact pressures are smaller

Figure 7. Contact pressure at nodes C-1, C-2, C-3 and C-4 as a
function of the angular movement in the pure flexural rotation.

Figure 8. Contact pressures on the (a) femoral and (b) acetabular cartilages (at 248 of internal rotation).
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than the pressures obtained at the corresponding points in

the deformity region of the cam hip. In fact maximum

contact pressures of 6.60 and 6.04 MPa were obtained at the

selected points of the non-cam hip during the flexural and

internal rotation movements, respectively, while the

corresponding contact pressures in the case of the joint

with impingement were 9.65 and 11.68 MPa. It is also

observed that the contact pressures obtained in the

movement of internal rotation of the non-cam hip do not

increase from the equator of the femoral head to the

peripheral regions contrarily to what happens in the cam hip.

4. Discussion

The main objectives of our study were: (1) to contribute to

a better understanding and interpretation of the mechanism

of aggression of the cartilage in the cam case; (2) to build a

subject-specific 3D model of the hip joint following

reconstruction procedures based on medical images; (3) to

perform FE analyses on this 3D model, to evaluate the

order of magnitude of pressures at the contact zone and

stresses in the cartilages and thus to establish a correlation

with the abnormality and (4) to compare with a non-cam

case and other models and clinical observations so as to

validate the analyses.

The main difference between this study and other

computational works (Chegini et al. 2009) resides in the

fact that the FE analyses are performed on the specific

anatomy of patients obtained by reconstruction method-

ologies and not on totally computer-generated models.

In consequence, the use of more anatomically realistic

models is, in our opinion, more useful and superior to other

models. Each of these non-linear analyses performed on

the reconstructed models requires a large amount of CPU

time and careful monitoring.

The reconstruction procedures are well established,

have provided invaluable models validated by orthopaedic

surgeons and are ready to be used in any specific hip joint.

The major limitations of the present model are

concerned with the physical behaviour of the cartilages

which are so far considered linear elastic; also, although

less important, the bones are considered rigid; the present

model does not include other tissues present in the hip

joint; finally, the manual segmentation performed on the

MRA images still is of limited resolution.

Contrary to the case of the acetabular dysplasia where the

maximum contact pressure occurs after the transarticular

force is applied (Chegini et al. 2009), the movement seems to

be the determinant factor of the genesis of high contact

pressures in the case of hips with cam-type deformity.

When the non-spherical region in the transition

between the neck and the femoral head is anterior, the

pure flexion and/or the flexion associated with the internal

rotation are the movements which produce a larger contact

pressure on the articular surfaces. This mechanism of

Figure 9. Contact pressure at nodes C-5, C-6, C-7 and C-8 as a
function of the angular movement in the pure internal rotation.

Figure 10. Contact pressure at nodes NC-1, NC-2, NC-3 and
NC-4 on the non-cam model as a function of the angular
movement in the pure flexural rotation.

Figure 11. Contact pressure at nodes NC-5, NC-6, NC-7 and
NC-8 on the non-cam model as a function of the angular
movement in the pure internal rotation.
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intra-articular intrusion of the femoral cephalic protuber-

ance is naturally dependent on its volume, on the variation

of the radius of curvature of its surface and on the

morphology and spatial position of the acetabulum. With

the present model, elimination of the acetabular variables

was sought. For this reason, a patient with a normal CE

angle and with no associated retroversion was selected.

The presence of an alpha angle of 988 measured in the

axial section of larger area of the cephalic asphericity in

the MRA allowed the classification of the morphology as

cam (Ito et al. 2001). The pure articular compression

generated a maximum contact pressure of 5.2 MPa,

whereas pressures of the order of 13–14 MPa were

obtained in the pure flexural and internal rotation

movements at the femoral/acetabular cartilages. For

these movements, higher pressures occurred at the labrum

(16 MPa in the flexural movement and 15 MPa in the pure

rotation). These higher pressures may justify the labral

damage observed in patients with FAI.

The selected movements were chosen to be the more

significant in daily activities, namely standing to sitting.

This movement implies flexion of the hip ranging from 608

to 908 depending on the pelvic inclination and on the

mobility of the lumbar column (Heller et al. 2001; Nötzli

et al. 2002). According to some authors (Ganz et al. 2003),

this movement seems to be also the one that, in hips with

FAI, produces the largest deformation of the acetabular

cartilage and labrum as obtained in the transverse oblique

sections containing the selected nodes.

The manual segmentation of the MRA images, still

with limited resolution, and the extrapolation of points

between the radial sections may have induced some

deviation from reality. However, to ensure a 3D RBF

reconstruction with lesser or attenuated artefact presence,

attention is given to vector normal estimation and

consistent distance-to-surface data calculations. Despite

the limitations, several anatomical details are accurately

reconstructed and the values obtained for the contact

pressures are of the order of the values obtained with other

geometrical models for similar values of the alpha and CE

angles. Chegini et al. (2009) obtained, for an alpha angle

of 808 and a CE angle of 308, a value of 12.84 MPa at the

acetabular cartilage in the standing to sitting movement.

At the end of both flexural and internal rotation

movements, the values obtained for the maximum contact

pressures on the acetabular cartilage are similar. The large

pressures occurring, in the model, at 158 of internal

rotation around the femoral head fovea may be explained

by the absence of the round ligament. During the whole

movement, the internal rotation in extension seems to

produce compression in a more limited area (restricted to

the chondrolabral transition; Figure 8(b)), whereas the

flexural movement generates a larger and deeper contact

area in the acetabulum (Figure 6(b)). These results agree

with intra-operative observations (Rego et al. 2009) where

the quadrant in which the cartilage exhibits delamination

and chondrolabral rupture is the antero-superior one.

The maximum clinical angular displacements of the

right hip of the patient are comparable with the maximum

possible amplitudes obtained with the model. The FE

analyses in the cases of 908 flexion and internal rotation,

308 flexion and internal rotation and of pure internal

rotation stopped at the values indicated in Table 1 due to

lack of convergence. This lack of convergence is probably

due to a geometrical constraint (bony anatomy): whenever

there is a movement of internal rotation, the deformity

tends to move in the medial direction and is not allowed to

go inside the cavity because of its larger radius of

curvature in the plane perpendicular to the axis of rotation

(see Figure 3(d)).

In the movement of internal rotation of 248 in extension,

the acetabular intrusion seems to be smaller due to the larger

prominence of the deformity in the horizontal oblique plane,

potentially limiting the chondral aggression to the

chondrolabral transition. In the pure flexion, the intrusion

is larger due to the smaller deviation of the radius of

curvature in the sagittal plane, resulting in a more extensive

and deeper chondral aggression in the acetabulum.

The numerical results obtained also agree with clinical

and intraoperative observations (Rego et al. 2009) that

patients with extensive and serious chondral acetabular

lesions can present moderate cam deformities (alpha

angles ranging from 558 to 708). The fact that more central

and inferior regions are spared to high compressions

resulting from the movement seems to be in agreement

with the observation that the isolated peripheral OA

located anteriorly is associated with cam deformities

(Siebenrock et al. 2003).

In both isolated movements and at the selected nodes

in the FE mesh, the contact pressures increase with their

distance to the centre of rotation. The nodes located in an

area with larger radius of curvature of the femoral head are

permanently subjected to a larger and lasting contact

pressure than the nodes belonging to an area with smaller

radius of curvature.

The contact pressures obtained increase from the

equator of the femoral head to the peripheral regions

where the radius of curvature is larger which seems to be in

agreement with the macroscopic aspects (lesions) of femoral

head cartilage in patients with cam-type FAI submitted to

surgery (Tanzer and Noiseux 2004). At the aspherical

femoral heads, submitted to a non-physiological excessive

pressure, there exists systematically an aspect of increasing

fibrillar chondromalacia from the equatorial region to the

periphery. These observations are supported by several

researchers who found, in the acetabular cartilage of patients

with FAI, an increase in the expression of biological

markers of OA (Wagner et al. 2003; Leunig et al. 2006).

An FE analysis of a non-cam (normal) hip was also

performed for comparison with the pathological case.
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In this case, the contact pressures are smaller than the

pressures obtained at the corresponding points in the

deformity region of the cam hip for similar rotation

amplitudes. It is also observed that the contact pressures

obtained in the movement of internal rotation of the non-

cam hip do not increase from the equator of the femoral

head to the peripheral regions contrarily to what happens

in the cam hip. The corresponding FE analysis continued

beyond 248, value at which the cam case stopped as

previously mentioned, suggesting that the lack of

convergence observed in this last case is due to the

abnormal geometry of the femoral head. Peak contact

pressures of 6.60 and 6.04 MPa were obtained at the

selected points of the non-cam hip during the flexural and

internal rotation movements, respectively, and for an

applied load of 2057 N.

Although the results of the analyses depend on a number

of factors including joint incongruity, cartilage thickness

and material properties, our FE models provided predic-

tions for the contact pressures that are in the range of

published experimental data on normal hip joints. Brown

and Shaw (1983) reported a peak contact pressure in the hip

joint of 8.8 MPa for an applied load of 2700 N. Afoke et al.

(1987) measured peak contact pressures varying from 4.9 to

10.2 MPa for applied loads varying from 1980 to 2555 N

and a flexural rotation of 278. Michaeli et al. (1997)

measured peak contact pressures varying from 2 to 8.4 MPa

for applied loads varying from 800 to 1200 N. Also von

Eisenhart et al. (1999) measured maximum contact

pressures in the acetabulum during simulated walking of

6.4 ^ 1.75 MPa at heel strike (for a total applied load of

94% body weight), 7.7 ^ 1.95 MPa at midstance (345%

body weight), 6.4 ^ 1.33 MPa at heel-off (223% body

weight) and 5.4 ^ 1.7 MPa at toe-off (80% body weight).

Finally, Anderson et al. (2008) reported experimental

pressures ranging from 1.7 to 10.0 MPa during simulated

walking, stair climbing and descending stairs.

No experimental reported contact pressures in joints

with impingement were found with which our results

could be compared. However, computationally, Chegini

et al. (2009) obtained on a virtual pathological hip joint a

value of 12.84 MPa for the pressure at the acetabular

cartilage in the standing to sitting movement, value that is

in the range shown in Table 1 for the maximum contact

pressure at the end of the performed movements.

The main conclusion of this work is that the movement

is the determinant factor for the occurrence of high contact

pressures in hips with cam deformities. In fact high

pressures were obtained at the labrum in both movements

which may justify the damage observed in patients with

this pathology. Also in the flexural movement an increase

in the contact pressure from the para-equatorial region

towards the deformity was observed in the femoral

cartilage while larger pressures occur in the antero-

superior quadrant of the acetabulum. In the internal

rotation case, a similar increase in the contact pressures

was observed in the femoral cartilage while larger

pressures occur in the superior region of the acetabulum

near the chondrolabral transition. These observations

reinforce the proposed mechanism of cartilage damage in

the cam-type FAI and the macroscopic changes that are

intra-operatively routinely found at the femoral head in

these patients. Finally, this model, closer to anatomical

reality than others, may be understood as a rational

explanation for a mechanism that may induce degener-

ation of the cartilage due to high contact pressures and can,

therefore, be considered an ‘in vivo’ model of human OA.

Although the model has the limitations mentioned

before, the overlap between the clinical observations and

the results obtained from the FE analyses brings some

optimism to future developments in this area. These may

include the consideration of the cartilages as porous

materials; also, improvements in the reconstruction

namely the resolution of the manual segmentation by

obtaining a larger number of MRA images in order to

avoid the need for excessive extrapolations; reconstruction

of hip joints including other surrounding tissues like

ligaments; consideration of bones as non-rigid; consider-

ation of other imposed forces, movements and more

complex boundary conditions.
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