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Description
TECHNICAL FIELD:

[0001] The invention relates to the field of computer
assisted surgery, and more particularly to a method for
determining bone resection on a deformed articulation
surface.

BACKGROUND OF THE INVENTION:

[0002] Articulations of the human body are often very
complex systems and no precise generic model exists
to capture all the variability from one articulation to an-
other. It is therefore necessary to use specific medical
images or collection of digital patient data in order to get
relevant information to develop techniques, devices and
methods that will facilitate a treatment or a diagnosis.
[0003] In a specific example related to the hip articu-
lation, structural abnormalities in the morphology of the
hip can limit motion and result in repetitive impact of the
proximal femoral neck against the acetabular labrum and
its adjacent cartilage. Femoro Acetabular Impingement
(FAI) is a pathology that can result from a decreased
femoral head-neck offset (cam effect), an overgrowth of
the bony acetabulum (pincer effect), excessive acetab-
ular retroversion or excessive femoral anteversion, or a
combination of these deformities. The cam impingement
is generally characterized by a bone overgrowth located
at the antero-superior aspect of the femur head-neck
junction, which destructures the spherical shape of the
femur head. The pincer impingement is generally char-
acterized by an overcoverage located at the anterior as-
pect of the acetabulum rim. However, the correct and full
diagnosis of this pathology is not easy to determine, es-
pecially when dealing with subtle deformities. Standard
radiographic X-rays are used for the initial diagnosis and
then three dimensional (3D) Computed Tomography
(CT) scans or Magnetic Resonance Imaging (MRI) ex-
ams are generally performed in case of suspected FAI
pathology. The processing of the 3D images remains a
laborious manual task which cannot ensure accuracy and
reproducibility, potentially misleading the diagnosis or
the surgical indication. Moreover, even though 3D infor-
mation can be extracted from such exams, the recon-
structed bone volumes remain static and cannot predict
with reliability the exact location of the impingement
which occurs during the mobilization of the hip.

[0004] The surgical treatment of FAI aims at restoring
anormal spherical shape to the femur head neck junction
atthe level of the bony cam lesion and restoring a normal
coverage rate of the acetabular rim at the level of the
pincer lesion, by removing the excess of bone. The result
ofthisbonyreshapingis the restoration of agreater range
of motion of the hip, without impingement. Convention-
ally, the open surgical approach had initially been adopt-
ed since it provides a full exposure of the bone and direct
access to the anatomy to be treated. Though, since min-
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imally invasive procedures have grown in popularity by
reducing the pain, morbidity and recovery time for patient,
arthroscopic treatment of FAI has been explored in the
last decade, which requires the use of an endoscopic
camera and specific small instruments that can pass
through various types of canulas. Advantages include
minimally invasive access to the hip joint, peripheral com-
partments, and associated soft tissues. Furthermore, ar-
throscopy allows for a dynamic, intra-operative assess-
ment and correction of the offending lesions. However,
due to the depth of the joint and the reduced visibility and
access, theses hip arthroscopy procedures are difficult
to perform and not all surgeons feel comfortable about
adopting the technique. The success of such arthroscop-
ic interventions relies on correct diagnosis, accurate pre-
operative assessment of the pathology,very meticulous
intra-operative evaluation and a thorough and accurate
correction of impingement lesions on both the femoral
and acetabular sides, which can only be accomplished
after a laborious learning curve over many cases. Failure
of arthroscopic procedures for FAl is most commonly as-
sociated with incomplete decompression of the bony le-
sions.

[0005] Hence, one important issue is the difficulty to
determine precisely and in a reproducible manner the
location and amount of bone to be resected on a de-
formed articulation bone surface in order to recreate a
smooth bone surface. The surgeons are generally apply-
ing 2D templates over the patient X-ray images to try to
estimate the resection to be achieved. This remains a
very limited and inaccurate method for addressing a
problem in 3D space. The acquisition of a pre-operative
3D image of the patient is becoming a common protocol
in these pathologies, thus increasing the level of infor-
mation of the surgeon on the pathological problem. How-
ever, there are very few tools to process these 3D images
and use resulting information in order to provide a prop-
osition for the bone correction to be performed. Most of
the imaging systems used to acquire the 3D images pro-
vide 3D reconstruction of bone surface models, however,
the processing have to be applied manually and the re-
sults are only static projection views of the bone models.
There exists some software proposing to simulate the
resection pre-operatively, like the Mimics® software from
Materialise, Leuven, Belgium, but the tools they offer are
only simulation of bone milling process to be applied man-
ually by the user, which takes a lot of time to perform,
and does not guarantee reproducible results based on
objective criteria. Another method consists in using the
opposite side of the patient and mirror the opposite sur-
face to define an optimal correction surface on the de-
formed side, but accurate results cannot be provided if
the opposite side has also some early stage of deformity.
The document of Kubiak-Langer M. et al., "Range of Mo-
tion in Anterior Femoroacetabular Impingement”, Clinical
Orthopaedics and Related Research, Number 458,
2007, describes the computation of range of motion and
impingement zones in hips with femoro-acetabular im-
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pingement. The analysis is performed with a collision de-
tection algorithm described by Qingmao Hu et al. in "A
fastimpingement detection algorithm for computer-aided
orthopedic surgery", Computer Aided Surgery, vol. 6, no.
2, July 2001.

SUMMARY OF THE INVENTION:

[0006] The invention provides a method for real-time
determination an optimal corrected surface of a first bone
and/or a second bone forming together an articulation,
the first and/or second bones presenting an overgrowth
deformation, said corrected surface providing a greater
range of motion of the articulation, the method comprising
the following steps:

i) constructing, from acquired images of the articu-
lation, 3D surface models of the first bone and the
second bone and creating 3D voxel models of the
first bone and the second bone by filling the inside
surface of each 3D surface bone model with a vol-
ume of voxel elements;

ii) for each of first and second bone voxel models,
constructing a coordinate system defined by a center
and three axes;

iii) applying a motion pattern on the coordinate sys-
tem of the second bone with respect to the coordinate
system of the first bone, a motion pattern being a set
of contiguous positions of the first or second bone
coordinate systems with respect to the other bone
coordinate system, the contiguous positions defining
a movement of one bone with respect to the other,
wherein said motion pattern is initially loaded from a
data base of predefined motion patterns;

iv) determining a resection volume from said motion
pattern as being the union of interpenetration vol-
umes of the first or second bone voxel model with
the other bone voxel model for each position of the
motion pattern;

v) determining the optimal corrected surface by vir-
tually removing said resection volume from the first
and/or the second bone voxel model.

[0007] According to an embodiment of the invention,
the motion pattern defines a movement of the second
bone voxel model with respect to the first bone voxel
model, the first bone voxel model being fixed, each po-
sition of the second bone voxel model during the move-
ment being defined by three angles of rotation around
the axes of the coordinate system of the first bone.
[0008] According to another embodiment of the inven-
tion, the motion pattern defines a movement of the first
bone voxel model with respect to the second bone voxel
model, the second bone voxel model being fixed, each
position being defined by three angles of rotation around
the axes of the coordinate system of the first or second
bone.

[0009] Each motion pattern of the data base advanta-
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geously represents the movement and amplitudes of the
articulation corresponding to a specific activity.

[0010] According to a particular embodiment of the in-
vention, the articulation is a hip, the first bone is the pelvis
presenting an acetabulum rim, and the second bone is
the femur, the bone overgrowth being located on the
acetabulum rim and/or on the femur.

[0011] The articulation may be modeled as a ball-and-
socket joint.

[0012] The articulation may also be modeled as a ball-
and-socket joint with additional residual translations.
[0013] According to an embodiment, the resection vol-
ume is split into a resection volume of the first bone and
a resection volume of the second bone.

[0014] The motion pattern may be updated according
to the following steps:

a. Select an initial motion pattern in the data base of
motion patterns;

b. Apply saidinitial motion pattern to the second bone
voxel model and detect the first position that gener-
ates interpenetration between the first and the sec-
ond bone voxel models;

c. Extend the motion pattern in a given direction from
said first position to determine a trajectory thatreach-
es a desired position, and add positions of the tra-
jectory to the updated motion pattern, including at
least the desired position.

[0015] Said direction may be generated manually by
the user with interactive means.

[0016] Otherwise, said direction may be generated au-
tomatically as the continuation of the trajectory corre-
sponding to the initial pattern.

[0017] The method may further comprise the step of
generating new positions in the vicinity of said desired
position and adding them to the updated motion pattern
to generate the final motion pattern.

[0018] In particular, said vicinity may be determined as
a set of additional positions starting from the desired po-
sition and going in the two directions orthogonal to the
direction of the trajectory of the motion pattern with small
ranges.

[0019] According to an embodiment of the invention,
the same motion pattern is applied several times for dif-
ferent corrected surfaces of the second bone for selecting
an optimal corrected surface of the second bone.
[0020] A computer with specialized hardware and soft-
ware may be used to determine said interpenetration vol-
ume between the first and second bones for a given po-
sition of the motion pattern, the method comprising the
following steps:

a. Apply the position of the motion pattern to trans-
form each voxel element of the second voxel bone
model into a transformed voxel element in the coor-
dinate system of the first voxel bone model.

b. Determine the interpenetration volume as the set
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of active voxel elements of the first voxel bone model
that coincide with an active transformed voxel ele-
ment of the second voxel bone model.

DESCRIPTION OF THE DRAWINGS:

[0021] Further aims, features and advantages of the
invention will appear in the following detailed description
with reference to illustrative and non limitative drawings,
among which:

Fig.1 shows two orthogonal 2D images extracted
from the 3D image, in axial and coronal direction,
commonly used to determine the position the femoral
head sphere and the neck axis;

Fig. 2is aan axial CT 2D image acquired at the level
of the knee, commonly used to determine the knee
center point;

Fig. 3 is a perspective view of a femur, showing the
3D coordinate system determined from femur ana-
tomical landmarks;

Fig. 4 shows two axial CT 2D images acquired at the
level of the iliac spines and in the standard hip ac-
quisition protocol, commonly used to determine the
position the anterior superior iliac spines and the pu-
bic symphysis;

Fig. 5A is a frontal view of the pelvis showing the
determination of the anterior superior iliac spines an-
atomical landmarks;

Fig. 5B is a side view of the pelvis showing the de-
termination of the pubic symphysis anatomical land-
mark

Fig.6 is zoomed perspective view of the hip joint,
illustrating the determination of the acetabulum cent-
er;

Fig.7 is a perspective view of a pelvis, showing the
3D coordinate system determined from pelvis ana-
tomical landmarks;

Fig.8 is aperspective view of the pelvis and the femur
illustrating the relationship between the femur coor-
dinate system and the pelvis coordinate system;
Fig.9 is a zoomed perspective view of the hip joint,
illustrating the axis and direction of the rotations of
the femur relatively to the pelvis;

Fig. 10is a perspective view of the hip jointillustrating
an interpenetration area on the pelvis when applying
a rotation movement to the femur.

Fig. 11 is a schematic view of the articulation with
interpenetration volumes

Fig. 11 is another schematic view of the articulation
with additional interpenetration volumes

DETAILED DESCRIPTION OF THE INVENTION:

[0022] In reference to the drawings, a method for de-
termination of a bone resection of a deformed surface of
articulation bone from real-time simulation of movements
described by motion patterns will be hereafter described.
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The method is used for determining an optimal corrected
surface of a bone of the articulation using said motion
patterns.

[0023] In the following description, the method will be
described with reference to the hip articulation. Thus, the
method will be primarily used for defining a resection of
a deformed surface of the pelvis. However, the invention
is not limited to the application to the pelvis but can be
used for defining a resection of a deformed surface of
any bone of any articulation. The person skilled in the art
will easily adapt the method of the invention to such ar-
ticulations.

[0024] A computer is used to run a program that im-
plements the algorithms and methods described below,
with the capacity of reading or writing files on a disk or
internet network, with display to the user, and optional
interaction devices such as 2D or 3D mouse. The pro-
gram can also be run remotely on a web-based system.
[0025] A 3D Computed Tomography (CT) or Magnetic
Resonance Image (MRI) examination of the patient is
performed in order to provide a 3D image using a specific
predefined protocol. For example, axial 2D images of the
hip can be acquired to construct the 3D image: the axial
2D images are parallel one with the other and are
stacked, creating the 3D image. In addition to the con-
ventional 3D image acquisition protocol for the hip, few
extra CT or MRl images at the level of the knee and op-
tionally at the level of the anterior superior iliac spines
are also acquired.

[0026] The automated determination of the range of
motion of the hip articulation from 3D surface models
built from CT images has been described in the literature
by many authors, and software package for detecting
impingement between two bone surface models are
available, such as Mimics® software from Materialise,
Leuven, Belgium. Using such software makes it possible
to detect impingement area between two articulated
bones. However, the automated determination of an op-
timal resection area on the pelvis or femur in correlation
with methods to define easily an optimal pattern of de-
sired motions is a difficult problem for which no known
solution exists. The main difficulty lies in providing a non
technician user with a tool that is easy to use, efficient,
and based on reliable references in order to establish a
strategy for determining an optimal resection area for a
given patient. This difficulty combines the problems of
definition of desired motions with issues related to fast
computation.

[0027] In a preliminary step the 3D image of the hip is
processed for extracting critical geometrical elements
characterizing the femur. These geometrical elements
can be determined interactively by the user using stand-
ard orthogonal 2D images extracted from the 3D image
as illustrated in FIG. 1. In the present example, the re-
quired geometrical elements are a femoral head sphere
SF fitting the non deformed part of the femoral head, a
femoral head center point H (center of the sphere SF), a
femoral neck axis AX, and a knee center point K.
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[0028] As illustrated in FIG. 1, the sphere SF is deter-
mined by placing interactively a circle on the femur head
contours in at least two orthogonal 2D images extracted
from the 3D image in axial and coronal directions. The
size and position of the femoral head sphere SF is inter-
actively adjusted, which results in the determination of
the femoral head sphere SF. The femoral head center H
is then determined as the center of the femoral head
sphere SF. The neck axis AX is determined by interac-
tively placing a vector line passing through the middle of
the femur neck axis in the orthogonal 2D images. The
knee center K is determined by interactively placing a
point corresponding to the center of the knee in the most
distal axial 2D images acquired at the level of the knee
(lowest 2D images).

[0029] In a variant embodiment illustrated in FIG. 2,
the knee center K is determined by placing interactively
two points E1 and E2 corresponding to the epicondyles
defined as the most lateral and most medial points of the
knee. The knee center Kis then determined as the middle
of the segment [E1E2].

[0030] Specific algorithms can be developed to deter-
mine those landmarks automatically.

[0031] From the femoral head center point H, the knee
center point K and the axis ML, a femoral coordinate sys-
tem, defined by an origin and three axes, is determined.
The origin of the femoral coordinate system is centered
on the femoral head center point H, the X axis is defined
by the direction of the HK segment, the Z axis is defined
as the normalized vector product of Xg by ML axis direc-
tion vector, the Y axis is defined as the vector product
of Z¢ by Xg to build an orthogonal coordinate system, as
illustrated in FIG. 3

[0032] On the acetabulum side, the geometrical ele-
ments required are an acetabulum center point A, a pair
of anterior superior iliac spine crest points ASIS; and
ASISg, and a pubic symphysis point S.

[0033] In a preferred embodiment of the invention il-
lustrated in FIG. 4, the method for identifying the two
pelvic points ASIS| and ASISg comprises determining
the two most anterior left and right points in the native
2D images acquired at the level oftheiliac spines (highest
2D images). Similarly, the pubic symphysis S is deter-
mined by designating the most anterior point at the junc-
tion of the left and right pelvis bones in the axial 2D im-
ages acquired in the standard hip protocol (central 2D
images). In another preferred embodiment, the determi-
nation of the three pelvis points S, ASIS| and ASISg is
performed automatically.

[0034] As illustrated in FIG. 5A, a plane PA is first set
parallel to the most anterior coronal plane of the 3D im-
age. This plane is translated in the posterior direction
until it meets a highest bone point ASIS1 in the highest
2D images, which defines a plane PA'. The plane PA’ is
then rotated around an axis parallel to the superior-infe-
rior direction of the 3D image, that is perpendicularly to
the 2D images used for constructing the 3D image, and
passing through the point ASIS1. The rotation is chosen
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towards the posterior direction, until the plane PA’ meets
the second highest bone point ASIS2 in the highest 2D
images, which defines a plane PA". ASIS1 and ASIS2
determine the pelvis points ASIS| and ASISg labeled ac-
cording to which side of the mid-sagittal plane PM of the
3D image they are laying in, the pelvis points ASIS| and
ASISg, defining a pelvis axis ASIS. Finally as illustrated
in FIG. 5B, the plane PA" is rotated around the ASIS axis
toward the posterior direction until the plane PA" contacts
the most anterior bone point of the central 2D images,
which determines the pubic symphysis S and defines the
plane PA™.

[0035] As illustrated in FIG. 6, on the pelvis bone 1 the
acetabulum center point A can be determined similarly
as the femoral head center point H of the femur bone 2,
using the femoral head center point H as an initial ap-
proximation, and applying a dilation to the femoral head
sphere SF. From this input, a best-fitting sphere SA of
the acetabulum is determined from the acetabulum sur-
face model, using least-square iterative methods.
[0036] Finally, as illustrated in FIG. 7, from the acetab-
ulum center point A, the pubic symphysis point S and the
pelvis ASIS axis, a pelvis coordinate system, defined by
an origin and three axes, is determined. The origin of the
pelvis coordinate system is centered on the acetabulum
center point A, the Yp axis is defined by the direction of
the pelvis axis ASIS, the Xg axis is defined as orthogonal
to Yp, in the inferior direction, the Zp axis is defined as
the vector product of Xp by Yp to build an orthogonal
coordinate system. Many other landmarks can be sub-
stituted in order to define the pelvis coordinate system,
for instance using the tear drops instead of the ASIS, or
simply the femoral head centers on both sides instead
of the ASIA. ltis also possible to use directly the coordi-
nate system of the 3D image that corresponds to the
patientlying supine on the 3D imaging examination table.
The determination of landmarks defined above can be
performed interactively with a mouse or automatically us-
ing dedicated algorithms which are not in the scope of
this invention.

[0037] The next preliminary step is the construction of
3D surface models of the articulated bone surfaces from
the 3D image. In the case of CT image, a thresholding
process is commonly used to get a 3D surface model.
Additional processing using well known mathematical
morphology operators is applied to eliminate small con-
nected components and to fill the inside of surfaces so
that only external surfaces of the bone remain. However,
the surface model is usually not perfect since the thresh-
olding tends to merge the bone surface with adjacent
bones and to create some defects in the surface. There-
fore, the anatomical landmarks determined above are
used to separate the merged 3D surfaces. Applying these
methods to the 3D image of the hip will determine a 3D
femur surface model and a 3D pelvis surface model. In
the case of a damaged hip cartilage, it is possible that
the 3D femur surface model and the 3D pelvis surface
model are merged at the level of intra-articular zone. The
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femoral head sphere SF and the acetabulum best-fitting
sphere SA are then used to separate the two merged 3D
surface models by determining a frontier area. The sep-
aration of the 3D surface models can create holes in each
of the two 3D surface models. These holes are filled by
locally patching the corresponding sphere surface that
is the femoral head sphere SF tofill in holes in the femoral
head surface of the 3D femur surface model, and the
acetabulum best-fitting sphere SA to fill in holes in the
acetabulum cup surface of the 3D pelvis surface model.
[0038] The last preliminary step is the determination
of the initial position of the femur coordinates system rel-
atively to the pelvis coordinates system. ltis possible that
there is no exact coincidence of the two coordinates sys-
tems origins H and A, as illustrated in FIG. 8. In a pre-
ferred embodiment, a readjusted zero position is set for
the femur relatively to the pelvis to compensate for a pos-
sible pelvis tilt or misaligned leg position during the 3D
image examination. In a preferred embodiment, this zero
position is determined by aligning the X axis of the femur
with the Xp axis of the pelvis and the Y axis of the femur
with the Yp axis of the pelvis, as well as the origins of the
pelvis and femur coordinate systems.

[0039] The acetabulum corrected area of the bone
overgrowth can now be determined by simulating the
movements of rotation of the femur relatively to the pelvis,
and by calculating the interpenetration volumes between
the two bones during such motion. In a preferred embod-
iment as shown in FIG. 9, three rotation axes are defined
relatively to the axis vectors of the pelvis coordinates
system as follows:

[a] a flexion FLX is performed by a rotation around
the Yp vector in the superior direction;

[b] an extension EXT is performed by a rotation
around the Y vector in the inferior direction;

[c] an angle of flexion extension around Yp is noted
ay;

[d] an abduction ABD is performed by a rotation
around the Zp vector in the lateral direction;

[e] an adduction ADD is performed by a rotation
around the Zp vector the medial direction

[flan angle of abduction adduction around Zp is not-
ed o;

[g] an internal rotation IR is performed by a rotation
around the Xp vector in internal direction;

[h] an external rotation ER is performed by a rotation
around the Xp vector in the external direction;

[i] an angle of internal external rotation around Xp is
noted a,;

[0040] The rotations can be represented in many man-
ners such as rotation matrices, quaternions, euler angles,
or rotation vectors, and the order of application of the
three rotations can be any of the possible combinations.
The rotations can be applied around the three vectors of
the coordinate system attached to the femur with respect
to the pelvis coordinate system, or they can be applied
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around the three vectors of the coordinate system at-
tached to the pelvis with respect to the femur coordinate
system. In a preferred embodiment which is intended to
reproduce clinical examination of a hip, a rotation is first
applied along the Y axis of the femur, then abduction is
applied around the Z axis of the femur, and finally flexion
is applied around the X axis of the femur.

[0041] When applying combinations of theses rota-
tions, it simulates a ball-and-socket joint in which the fe-
mur head center point H is a fixed point. For each com-
bination of rotations, an updated position of the 3D femur
surface model relatively to the 3D pelvis surface model
is determined. Once the position of the 3D femur surface
model has been updated, it is possible to determine if
and where the two 3D surface models interpenetrate.
The region of interpenetration between the two bones
defines an interpenetration volume that needs to be re-
sected if one wants to regain the amplitude of rotation
that has been applied virtually.

[0042] The ball-and-socket model for characterizing
the articulation is an approximation of the reality. A small
residual translation of the femoral head inside the pelvis
can also occur during rotations, and several models can
be proposed to determine such residual translations. For
instance, such residual translations can be calculated
such that the minimal distance between the femur and
pelvis bone surfaces remain constant along the rotation
motions. A brief description of such methods can be
found in Puls et al., "Simulation of hip motion forimpinge-
ment detection: a comparison of four strategies", 16th
ESB Congress, Oral Presentations, Tuesday 8 July
2008, Journal of Biomechanics 41(S1). Applying or not
the small residual translation does not change the meth-
od of the invention. For simplification the description is
based on a ball-and-socket joint with no translation.
[0043] As illustrated in FIG. 10, the corrected area 3
of bone overgrowth is determined by the detection of in-
terpenetration volumes between the 3D pelvis surface
model 1 and the 3D femur surface model 2, for a deter-
mined set of simulated rotations 4 defined by a triplet
AAA=(ayay0.,). The rotation 4 is a transform matrix that
combines the three rotations around the axis X, Y and Z.
In general, the first bone is the pelvis and is assumed to
be fixed, whilst the second bone is eth femur and can
rotate around the pelvis.

[0044] The determined set of simulated rotations to ap-
ply to the 3D femur surface model is determined from a
patient specific motion pattern. A motion pattern is a set
of triplets of angles AAA=(a, ay, a,), each triplet corre-
sponding to a combination of rotations to be applied to
the 3D femur surface model, for a given mathematical
representation of rotations. A position of a motion pattern
is assimilated to a rotation. More precisely, it is defined
as a rotation of the femur coordinate system with respect
to the pelvis coordinate system. The triplets set compris-
es at least a set of extreme positions and optionally a set
of intermediate positions required to move from one ex-
treme position to the other. The triplets that constitute a
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motion pattern generate a set of contiguous motions of
one bone relative to the other. In theory, the motion pat-
ternis a continuous trajectory of matrices, but for practical
implementation purposes, it is a sampled set of positions
with small steps between consecutive positions, like a
step of 0.5° for example. A motion pattern is made of one
or several parts, that are contiguous or not. For each
triplet AAAI along the pattern, the bone surfaces might
interpenetrate to define an interpenetration volume Vi. If
there is no interpenetration, the interpenetration volume
Vi is void. In the invention, a resection volume is calcu-
lated as the union of all interpenetration volumes Vi de-
termined along the motion pattern. In theory, the order
of positions inside the motion pattern does not affect the
final result of the method since the union is a symmetrical
operator, but it plays a role in the visualization of motion
patterns by the user.

[0045] Motion patterns are defined for different types
of activities, for which the pathological bone overgrowth
limits the amplitude. The simulation of the hip motion ac-
cording to a predefined motion pattern will determine the
regions of bone impingement which should be corrected
in order for the patient to regain the full amplitude expect-
ed for a given motion pattern.

[0046] In a preferred embodiment, the user selects at
least one motion pattern from a data base of pre-deter-
mined motion patterns. As an example for a dancer, spe-
cific motion patterns can be determined in order to de-
scribe a frontal or side split. A side split motion can be
defined by a full frontal hyper-flexion of one thigh and a
full back hyper-extension of the other thigh. For obvious
symmetrical reasons, a side split motion pattern can
hence be defined by a sequence of successive positions
of the femur relatively to the pelvis, in order to describe
a full movement of the femur from 90° extension to 90°
of flexion. A frontal split motion can be defined by a full
frontal opening of both thighs. A frontal split motion pat-
tern can hence be defined by a sequence of successive
positions of the femur relatively to the pelvis, in order to
describe a full abduction movement of the femur from 0°
to 90°. Applying this defined motion pattern to the 3D
bone surface models will determine the volumes where
there is virtually interpenetration between the 3D femur
surface model and the 3D pelvis surface model. As an-
other example for a hockey goal keeper, specific motion
patterns can be determined in order to describe a com-
bination of flexion, adduction and internal rotations re-
quired to drop down on one’s knees when blocking the
puck.

[0047] Calculating the interpenetration volume be-
tween the femur and the pelvis for a givenrelative position
of the motion pattern can be achieved by using various
algorithms known in the literature of computer vision,
which are applied to the surfaces of the bones modelled
by series of contiguous triangular facets. However this
usually takes a lot of time for high resolution of the trian-
gular facets, which is important for preserving accuracy.
To obtain real-time calculation, in a few milliseconds per
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position, while maintaining high degree of accuracy, a
preferred implementation on a computer uses a volume
of voxel elements that fill the inside of each surface bone.
A 3D voxel model is therefore associated with each bone;
it is made of a regular grid of 3D elements, wherein each
3D element is active if it contains bone and non-active if
it does not contain bone. Passing from a surface repre-
sentation of a bone to a 3D voxel model can be automat-
ed, and reciprocally. Using specialized 3D graphics hard-
ware with large memory of at least one gigabytes and
specialized software such as CUDA, the interpenetration
volume between the first and second bones for a given
position of the motion pattern is determined in real-time
using the method comprising the following steps:

a) Apply the position of the motion pattern to trans-
form each voxel element of the second voxel bone
model into a transformed voxel element in the coor-
dinate system of the first voxel bone model

b) Determine the interpenetration volume as the set
of active voxel elements of the first voxel bone model
that coincide with an active transformed voxel ele-
ment of the second voxel bone model

[0048] Such a method can be seen as a realignment
of a 3D voxel model which has been rotated towards a
reference 3D voxel model.

[0049] Using this method, detecting if there is interpen-
etration and calculating the interpenetration volume can
be performed in a few milliseconds on conventional com-
puters equipped with such specialized graphics hard-
ware and software.

[0050] In a preferred embodiment the motion pattern
can be customized for a specific patient by choosing an
initial motion pattern from the motion pattern data base
and then adjustments can be applied from user interac-
tion with interactive means such as graphical interface
buttons, 2D or 3D mouse, or sliders corresponding to
three rotations in both directions. The rotation can be a
combination of two or three basis rotations in order to
simulate complex hip motions. The user can therefore
define target range of motion for several different rotation
combinations, based on the patient specific expecta-
tions. Each position defined by the user adds to the mo-
tion pattern such that interpenetration volumes do cumu-
late. The user can then record successive rotations
movements to simulate a continuous dynamic motion,
and thus define a specific motion pattern for a specific
patient activity. The adjustment of desired rotations is
starting from the initial pattern to accommodate for spe-
cific patient characteristics or expectations, for instance
having 10° more abduction than the conventional pattern
for a hockey player. The motion pattern is a very useful
tool since it provides a reference to interactive manipu-
lation. Without using the motion pattern as a basis, inter-
active simulation performed stand-alone on the three an-
gles of rotations is often very complex, difficult and time-
consuming. However, it is important that all motion pat-
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terns are defined in a similar coordinate system which is
the purpose of the automated determination of femur and
pelvis coordinate systems described above. The result
of this method is an adjusted motion pattern that is spe-
cific to the patient. The motion pattern is also very useful
to be stored and applied several times, after changing
the shape of one or two bones, and checking if interpen-
etration volumes do remain or not. The same motion pat-
tern is applied several times for different corrected sur-
faces of the second bone for selecting an optimal cor-
rected surface of the second bone.

[0051] In another embodiment, a motion pattern is de-
fined in several steps, in the following manner:

[a] Starting from an initial position corresponding to
a triplet of rotation angles AAA(0), an initial motion
pattern is applied in the direction of a target position
to which corresponds a triplet of rotation angles
AAA(T), along the trajectory TJ defined by a set of
contiguous triplets of angles AAA(1), AAA(2),...
AAA(T). In one example, starting from a position
(0°,0°,0°), the trajectory TJ simply consists in incre-
menting the value of the rotation around the Z axis
every half degree: (0°,0°,0.5°), (0°,0°,1°),
(0,0,1.5°),etc.

[b] For each intermediate position AAA(n) along the
trajectory TJ, the computer program tests if there is
interpenetration between the two bones or not. The
test of interpenetration volume between the two
bones is calculated using the method described
above with specialized computer graphics The first
position on the trajectory TJ where interpenetration
is detected is called AAA(]). In the selected example,
the first interpenetration occurs at (0°,0°,0.;).

[c] An amount of desired extended motion pattern
Aa is then selected. This amount is applied in the
direction of the trajectory TJ of the pattern at point
AAA(l) to generate a new desired position AAA(D)
= AAA(l) + AA, wherein AA is a triplet that character-
izes the extent Aa in said direction. In the selected
example, this amount is simply a desired extent of
rotation Aoz in order to reach the desired position
AAA(D)=(0°,0°, a,+ Aaz). The interpenetration vol-
ume between the two bones is calculated for that
particular relative position using the method de-
scribed above with specialized computer graphics.
An updated trajectory is also generated from AAA()
to AAA(D) and all the intermediate points between
AAA(l) and AAA(D) are added to the motion pattern.
The resulting interpenetration area calculated on the
pelvis bone, or on the femur bone, is the updated
interpenetration area. It provides the initial resection
volume RVO that is the output of the method. The
resection volume can be also split in two portions,
one on the pelvis and one on the femur, with a factor
ranging from 0% for full femur resection to 100% for
full pelvis resection. For many situations, the process
can be stopped at that step.
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[d] However, the resection volume RVO computed
on the pelvis might not be smooth and may not lead
to a smooth optimal corrected surface. In a preferred
embodiment, an additional set of positions is deter-
mined in the vicinity of the desired position AAA(D)
in the two directions orthogonal to the direction of
the trajectory TJ and a with a small range. In the
selected example, a set of positions (o, 0lym,0,i*
Aoz) is generated where o, is equal to several val-
ues like +/-2.5° and +/-5°, where Oym is equal to sev-
eral values like +/-2.5° and +/-5°, and all those po-
sitions are combined and added to the updated mo-
tion pattern to constitute the final motion pattern. For
each of those positions of the final motion pattern,
the interpenetration volumes are calculated and cu-
mulated together. The union of all such interpene-
tration volumes is the final resection volume RV1
that is the output of the method. Compared to RVO,
RV1 has the advantage that it is smoother, and it
captures the possible range of motion around the
desired position in a more compliantand robust man-
ner, avoiding that some positions just near the de-
sired position could generate interpenetration.

[0052] The method of step (c) described above is illus-
trated on FIG.11. FIG.11 (a) represents a schematic 2D
slice in the volume, passing by a point where the bone
surface voxel 1isjustin contact with the bone voxel model
2. In practice this position corresponds to a situation
where there is a very subtle interpenetration of a few
tenths of degree. On FIG11 (b), the bone voxel model 2
has been rotated in the direction of the trajectory TJ and
it creates the interpenetration volume 3. On FIG11(c),
the interpenetration volume generates an optimal cor-
rected surface, resulting in a new shape of the bone sur-
face model 4.

[0053] The method of step (d) described above is illus-
trated on FIG.12. FIG.12 (a) represents a schematic 2D
slice in the volume, similar to FIG 11 (b), wherein several
positions 5 of the bone voxel model 2 have been added
in the vicinity of the desired position. Each position of the
motion pattern generates a new interpenetration volume
that cumulates with the previous one. On FIG 12 (b), the
union of interpenetration volumes has been calculated
to define the resection volume. The latteris removed from
the original bone voxel model 2 in order to constitute the
final optimal correction surface 6.

[0054] In another preferred embodiment, an initial mo-
tion pattern can be generated by directly recording the
actual motion amplitudes of a patient hip. This step can
be performed prior to the surgery, during standard clinical
examination of the patient.

[0055] In another embodiment, successive positions
are collected when applying the specific virtual move-
ments to the hip on the opposite side in order to constitute
the motion pattern after a symmetry operator has been
applied.

[0056] A customized motion pattern can be modified
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from that basis, for instance to reach extended positions
that are necessary for a particular patient, or for creating
extended motions around the positions that generate
pain. This can be performed by interactive means.
[0057] Inapreferred embodiment,itis possible to mod-
ify the external shape of the femur head-neck junction
surface to simulate a bone resection on the femur side.
This can be done for example by reshaping the femur
external cortical shape on the 3D volume using a drawing
tool, or semi-automated tools that reconstruct a smooth
shape without bump, and reconstructing a new 3D femur
surface model corresponding to a corrected bone. The
method of motion patterns, as described above, can then
be applied for different simulated resections applied on
the femur by using the new updated 3D femur surface.
It is thus possible to check if there are still interpenetra-
tions with the 3D pelvis surface model for a given motion
pattern before the resection simulated on the femur and
to evaluate the impact of such resection on the interpen-
etration volumes. For that purpose, a motion pattern is
constructed using one of the embodiments defined above
and it is stored in the computer memory, then several
femur resections are attempted, with different parame-
ters, and the motion pattern is read from the computer
memory and applied to the pelvis and partially resected
femur. The effect of interpenetration can be visualized
by coloring in blue the contact areas on the computer
display, that simulated methylene blue commonly used
to check contacts in dentistry for example. The optimal
resection on the femur is then selected. A preferred strat-
egy is to define an anatomical resection on the femur
first, to restore a normal shape without bump, and then
to apply a selected motion pattern, and finally to perform
a virtual resection of the corrected area that corresponds
to the interpenetration on the pelvis for that particular
pattern. This operation can be repeated for several mo-
tion patterns. The user can animate the motion patterns
onthe computer display, replay them as much as needed,
and check that the result matches a desired range of
motion and global shapes. Geometric characteristic ele-
ments can be computed in addition to constitute values
that can be compared from one case to another, such as
the new generated CE-angle on the pelvis rim after virtual
resection has been applied, wherein the CE-angle is de-
fined in the literature of hip arthroscopy.

[0058] The method can be implemented by software
running on a standard computer. The user can interact
with the software by a standard user interface medium
like a mouse, touch screen or the like. Images and graph-
ics are represented on the computer display. At the be-
ginning, the software is used to select and load the 3D
image of the specific patient.

[0059] In a preferred embodiment, the software is in-
tended to determine the optimal corrected area of a de-
formed articulation bone surface, which bone presenting
a cup shaped structure like the pelvis. In a preferred em-
bodiment, the software is intended to determine the cor-
rected bone surface of bone overgrowth coverage that
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generates so-called pincer effect.

[0060] The description was made with the hip articu-
lation, with the acetabulum of the pelvis in the case of
Femoro-Acetabular Impingement (FAI). This description
is only illustrative and easily adaptable for other bone
articulations of humans or animals with head-neck junc-
tion inside a partial cup-like structure.

ADVANTAGES:

[0061] The invention offers a method for easy, accu-
rate and fast determination of a virtual bone resection of
a deformed articular bone surface. The method is based
on real-time simulation of the movement of one of the
articulated bone relatively to the other and by the detec-
tion of interpenetration volumes between the two bones.
This dynamic assessment of the articulated bones pro-
vides very useful pre-operative information to the sur-
geon. The bone volume which needs to be resected can
therefore be planned and not only partially evaluated at
the time of surgery. Moreover, the application of motion
patterns to the simulation of the relative movements of
the two bones provides the surgeon with a customizable
tool to adapt the expected surgical outcomes to each
specific patient.

Claims

1. A method for real-time determination of an optimal
corrected surface of a first bone and/or a second
bone forming together an articulation, the first and/or
second bones presenting an overgrowth deforma-
tion, said corrected surface providing agreaterrange
of motion of the articulation, the method comprising
the following steps:

i) constructing, from acquired images of the ar-
ticulation, 3D surface models of the first bone
and the second bone and creating 3D voxel
models of the first bone and the second bone
by filling the inside surface of each 3D surface
bone model with a volume of voxel elements;
i) for each of first and second bone voxel mod-
els, constructing a coordinate system defined
by a center and three axes;

iii) applying a motion pattern on the coordinate
system of the second bone with respect to the
coordinate system of the firstbone, amotion pat-
tern being a set of contiguous positions of the
first or second bone coordinate systems with re-
spect to the other bone coordinate system, the
contiguous positions defining a movement of
one bone with respect to the other, wherein said
motion patternisinitially loaded from a database
of predefined motion patterns;

iv) determining aresection volume from said mo-
tion pattern as being the union of interpenetra-
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tion volumes of the first or second bone voxel
model with the other bone voxel model for each
position of the motion pattern,

v) determining the optimal corrected surface by
virtually removing said resection volume from
the first and/or the second bone voxel model.

The method of claim 1, wherein the motion pattern
defines amovement of the second bone voxel model
with respect to the first bone voxel model, the first
bone voxel model being fixed, each position of the
second bone voxel model during the movement be-
ing defined by three angles of rotation around the
axes of the coordinate system of the first bone.

The method of claim 1, wherein the motion pattern
defines a movement of the first bone voxel model
with respect to the second bone voxel model, the
second bone voxel model being fixed, each position
being defined by three angles of rotation around the
axes of the coordinate system of the first or second
bone.

The method of any of claims 1 to 3, wherein each
motion pattern of the database represents the move-
ment and amplitudes of the articulation correspond-
ing to a specific activity.

The method of any of claims 1 to 4, wherein the ar-
ticulation is a hip, the first bone is the pelvis present-
ing an acetabulum rim, and the second bone is the
femur, the bone overgrowth being located on the
acetabulum rim and/or on the femur.

The method of any of claims 1 to 5, wherein the ar-
ticulation is modeled as a ball-and-socket joint.

The method of any of claims 1 to 5, wherein the ar-
ticulation is modeled as a ball-and-socket joint with
additional residual translations.

The method of any of claims 1 to 7, wherein the re-
section volume is split into a resection volume of the
firstbone and aresection volume ofthe second bone.

The method of any of claims 1 to 8, wherein the mo-
tion pattern is updated according to the following
steps:

a. Selectaninitial motion patterninthe database
of motion patterns;

b. Apply said initial motion pattern to the second
bone voxel model and detect the first position
thatgenerates interpenetration between the first
and the second bone voxel models;

c. Extend the motion pattern in a given direction
from said first position to determine a trajectory
that reaches a desired position, and add posi-
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10.

1.

12.

13.

14.

15.

tions of the trajectory to the updated motion pat-
tern, including at least the desired position.

The method of claim 9 wherein said direction is gen-
erated manually by the user with interactive means.

The method of claim 9 wherein said direction is gen-
erated automatically as the continuation of the tra-
jectory corresponding to the initial pattern.

The method of any of claims 9 to 11 further compris-
ing the step of generating new positions in the vicinity
of said desired position and adding them to the up-
dated motion patternto generate the final motion pat-
tern.

The method of claim 12 wherein said vicinity is de-
termined as a set of additional positions starting from
the desired position and going in the two directions
orthogonal to the direction of the trajectory of the
motion pattern with small ranges.

The method of any of claims 1 to 13, wherein the
same motion pattern is applied several times for dif-
ferent corrected surfaces of the second bone for se-
lecting an optimal corrected surface of the second
bone.

The method of any claims 1 to 14 wherein a computer
with specialized hardware and software is used to
determine said interpenetration volume between the
first and second bones for a given position of the
motion pattern, the method comprising the following
steps:

a. Apply the position of the motion pattern to
transform each voxel elementof the second vox-
el bone model into a transformed voxel element
in the coordinate system of the first voxel bone
model.

b. Determine the interpenetration volume as the
set of active voxel elements of the first voxel
bone model that coincide with an active trans-
formed voxel element of the second voxel bone
model.

Patentanspriiche

1.

Verfahren zur Echtzeitbestimmung einer optimalen
korrigierten Oberflache eines ersten Knochens
und/oder eines zweiten Knochens, die zusammen
ein Gelenk bilden, wobei der erste und/oder zweite
Knochen eine Uberwucherungsdeformation aufwei-
sen, wobei die korrigierte Oberflache einen gréReren
Bewegungsbereich des Gelenks bereitstellt, wobei
das Verfahren die folgenden Schritte umfasst:
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i) Konstruieren von 3D-Oberflichenmodellen
des ersten Knochens und des zweiten Kno-
chens von erfassten Bildern des Gelenks und
Erzeugen von 3D-Voxelmodellen des ersten
Knochens und des zweiten Knochens durch Fil-
len der Innenoberflache von jedem 3D-Oberfla-
chenknochenmodell mit einem Volumen von
Voxelelementen;

ii) fur jedes von dem ersten und dem zweiten
Knochenvoxelmodell Konstruieren eines Koor-
dinatensystems, das durch ein Zentrum und drei
Achsen definiert ist;

iii) Anwenden eines Bewegungsmusters aufdas
Koordinatensystem des zweiten Knochens in
Bezug auf das Koordinatensystem des ersten
Knochens, wobei ein Bewegungsmuster eine
Menge von angrenzenden Positionen des ers-
ten oder des zweiten Knochenkoordinatensys-
tems in Bezug auf das andere Knochenkoordi-
natensystem ist, wobei die angrenzenden Posi-
tionen eine Bewegung von einem Knochen in
Bezug auf den anderen definieren, wobei das
Bewegungsmuster anfangs von einer Daten-
bank von vordefinierten Bewegungsmustern
geladen wird;

iv) Bestimmen eines Resektionsvolumens von
dem Bewegungsmuster als die Verbindung von
Volumina des Ineinandergreifens des ersten
oder zweiten Knochenvoxelmodells mitdem an-
deren Knochenvoxelmodell fir jede Position
des Bewegungsmusters,

v) Bestimmen der optimalen korrigierten Ober-
flache durch virtuelles Entfernen des Resekti-
onsvolumens von dem ersten und/oder dem
zweiten Knochenvoxelmodell.

Verfahren nach Anspruch 1, wobei das Bewegungs-
muster eine Bewegung des zweiten Knochenvoxel-
modells in Bezug auf das erste Knochenvoxelmodell
definiert, wobei das erste Knochenvoxelmodell fest
ist, wobei jede Position des zweiten Knochenvoxel-
modells wahrend der Bewegung durch drei Drehwin-
kel um die Achsen des Koordinatensystems des ers-
ten Knochens definiert ist.

Verfahren nach Anspruch 1, wobei das Bewegungs-
muster eine Bewegung des ersten Knochenvoxelm-
odells in Bezug auf das zweite Knochenvoxelmodell
definiert, wobei das zweite Knochenvoxelmodell fest
ist, wobei jede Position durch drei Drehwinkel um
die Achsen des Koordinatensystems des ersten
oder zweiten Knochens definiert ist.

Verfahren nach einem der Anspriiche 1 bis 3, wobei
jedes Bewegungsmuster der Datenbank die Bewe-
gung und Amplituden des Gelenks darstellt, die einer
spezifischen Tatigkeit entsprechen.
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5.

10.

1.

12.

13.

Verfahren nach einem der Anspriiche 1 bis 4, wobei
das Gelenk eine Hiifte ist, der erste Knochen das
Beckenist, das einen Pfannenrand aufweist, und der
zweite Knochen der Oberschenkelknochen ist, wo-
bei die Knocheniberwucherung sich auf dem Pfan-
nenrand und/oder auf dem Oberschenkelknochen
befindet.

Verfahren nach einem der Anspriche 1 bis 5, wobei
das Gelenk als ein Kugelgelenk modelliert wird.

Verfahren nach einem der Anspriiche 1 bis 5, wobei
das Gelenk als ein Kugelgelenk mit zusatzlichen
Resttranslationen modelliert wird.

Verfahren nach einem der Anspriiche 1 bis 7, wobei
das Resektionsvolumen in ein Resektionsvolumen
des ersten Knochens und ein Resektionsvolumen
des zweiten Knochens unterteilt wird.

Verfahren nach einem der Anspriiche 1 bis 8 wobei
das Bewegungsmuster gemafR den folgenden
Schritten aktualisiert wird:

a. Auswahlen eines Ausgangsbewegungsmus-
ters in der Datenbank von Bewegungsmustern;
b. Anwenden des Ausgangsbewegungsmus-
ters auf das zweite Knochenvoxelmodell und
Feststellen der ersten Position, die ein Ineinan-
dergreifen zwischen dem ersten und dem zwei-
ten Knochenvoxelmodell erzeugt;

c. Erweitern des Bewegungsmusters in eine ge-
gebene Richtung von der ersten Position, um
eine Trajektorie zu bestimmen, die eine ge-
wiinschte Position erreicht, und Hinzufligen von
Positionen der Trajektorie zu dem aktualisierten
Bewegungsmuster, die mindestens die ge-
winschte Position umfassen.

Verfahren nach Anspruch 9, wobei die Richtung ma-
nuell durch den Benutzer mit interaktiven Mitteln er-
zeugt wird.

Verfahren nach Anspruch 9, wobei die Richtung au-
tomatisch als die Fortsetzung der Trajektorie erzeugt
wird, die dem Ausgangsmuster entspricht.

Verfahren nach einem der Anspriiche 9 bis 11, das
ferner den Schritt des Erzeugens neuer Positionen
inder Nahe der gewlinschten Position und ihres Hin-
zufliigens zu dem aktualisierten Bewegungsmuster
umfasst, um das Endbewegungsmuster zu erzeu-
gen.

Verfahren nach Anspruch 12, wobei die Nahe als
eine Menge von zusatzlichen Positionen bestimmt
wird, die von der gewilinschten Position beginnen
und mit kleinen Entfernungen in die zwei Richtungen
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orthogonal zu der Richtung der Trajektorie des Be-
wegungsmusters gehen.

Verfahren nach einemder Anspriiche 1 bis 13, wobei
das gleiche Bewegungsmuster mehrere Male auf
verschiedene korrigierte Oberflachen des zweiten
Knochens angewandt wird, um eine optimale korri-
gierte Oberflache des zweiten Knochens auszuwah-
len.

Verfahren nach einemder Anspriiche 1 bis 14, wobei
ein Computer mit spezialisierter Hardware und Soft-
ware verwendet wird, um das Volumen des Ineinan-
dergreifens zwischen dem ersten und dem zweiten
Knochen fiir eine gegebene Position des Bewe-
gungsmusters zu bestimmen, wobei das Verfahren
die folgenden Schritte umfasst:

a. Anwenden der Position des Bewegungsmus-
ters zum Umwandeln von jedem Voxelelement
des zweiten Voxelknochenmodells in ein umge-
wandeltes Voxelelement in dem Koordinaten-
system des ersten Voxelknochenmodells.

b. Bestimmen des Volumens des Ineinander-
greifens als die Menge von aktiven Voxelele-
menten des ersten Voxelknochenmodells, die
mit einem aktiven umgewandelten Voxelele-
ment des zweiten Voxelknochenmodells zu-
sammenfallen.

Revendications

Procédé pour déterminer en temps réel une surface
corrigée optimale d’un premier os et/ou d’'un second
os formant ensemble une articulation, les premier
et/ou second os présentant une déformation par ex-
croissance, ladite surface corrigée fournissant une
plus grande plage de mouvement de I'articulation,
le procédé comprenant les étapes suivantes :

i) construire, a partir d'images acquises de I'ar-
ticulation, des modéles de surface en 3D du pre-
mier os et du second os et créer des modeéles
voxeélisés 3D du premier os et du second os en
remplissant la surface intérieure de chaque mo-
dele d’os de surface en 3D avec unvolume d’élé-
ments voxelisés ;

ii) pour chacun des premier et second modeéles
voxélisés d’'os, construire un systéme de coor-
données défini par un centre et trois axes ;

ii) appliquer un schéma de mouvement sur le
systéme de coordonnées du second os par rap-
port au systéeme de coordonnées du premier os,
un schéma de mouvement étant un ensemble
de positions contigués du premier ou second
systéme de coordonnées d'os par rapport a
l'autre systéeme de coordonnées d’os, les posi-
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tions contigués définissant un mouvement d’'un
os parrapporta l'autre, dans lequel ledit schéma
de mouvement est initialement chargé a partir
d’'une base de données de schémas de mouve-
ment prédéterminés ;

iv) déterminer un volume de résection a partir
dudit schéma de mouvement comme étant la
réunion des volumes d’interpénétration du pre-
mier ou second modeéle voxélisé d'os avec
I'autre modéle voxélisé d’os pour chaque posi-
tion du schéma de mouvement,

v) déterminer la surface corrigée optimale en
retirant virtuellement ledit volume de résection
dudit premier et/ou second modéle voxélisé
d'os.

Procédé selon la revendication 1, dans lequel le
schéma de mouvement définit un mouvement du se-
cond modele voxélisé d’os par rapport au premier
modeéle voxélisé d’os, le premier modéle voxélisé
d’os étant fixe, chaque position du second modeéle
voxélisé d’os pendant le mouvement étant définie
par trois angles de rotation autour des axes du sys-
téme de coordonnées du premier os.

Procédé selon la revendication 1, dans lequel le
schéma de mouvement définit un mouvement du
premier modele voxélisé d’os par rapport au second
modeéle voxélisé d’os, le second modéle voxélisé
d’os étant fixe, chaque position étant définie par trois
angles de rotation autour des axes du systéeme de
coordonnées du premier ou du second os.

Procédé selon 'une quelconque des revendications
1 a 3, dans lequel chaque schéma de mouvement
de la base de données représente le mouvement et
les amplitudes de l'articulation correspondant a une
activité spécifique.

Procédé selon 'une quelconque des revendications
1 a 4, dans lequel l'articulation est une hanche, le
premier os est le bassin présentant un rebord d’acé-
tabulum, et le second os est le fémur, I'excroissance
osseuse étant positionnée sur le rebord d’acétabu-
lum et/ou sur le fémur.

Procédé selon 'une quelconque des revendications
1a5, danslequell'articulation est modélisée comme
un joint a rotule.

Procédé selon 'une quelconque des revendications
1a5, danslequell'articulation est modélisée comme
un joint a rotule avec des translations résiduelles
supplémentaires.

Procédé selon 'une quelconque des revendications
1 a7, dans lequel le volume de résection est séparé
en un volume de résection du premier os et en un
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volume de résection du second os.

Procédé selon I'une quelconque des revendications
1 a 8, dans lequel le schéma de mouvement est mis
a jour selon les étapes suivantes :

a. sélectionner un schéma de mouvement initial
dans la base de données de schémas de
mouvement ;

b. appliquer ledit schéma de mouvement initial
sur le second modele voxélisé d’'os et détecter
la premiere position qui génére une interpéné-
tration entre le premier et le second modéle
voxeélisé d'os ;

c. étendre le schéma de mouvement dans une
direction donnée a partir de ladite premiére po-
sition afin de déterminer une trajectoire qui at-
teint une position souhaitée, et ajouter des po-
sitions de la trajectoire au schéma de mouve-
ment mis a jour, comprenant au moins la posi-
tion souhaitée.

Procédé selon la revendication 9, dans lequel ladite
direction est générée manuellement par I'utilisateur
avec des moyens interactifs.

Procédé selon la revendication 9, dans lequel ladite
direction est générée automatiquement en tant que
continuité de la trajectoire correspondant au schéma
initial.

Procédé selon I'une quelconque des revendications
9 a 11, comprenant en outre I'étape consistant a gé-
nérer de nouvelles positions a proximité de ladite
position souhaitée et les ajouter au schéma de mou-
vement mis a jour afin de générer le schéma de mou-
vement final.

Procédé selon larevendication 12, danslequel ladite
proximité est déterminée sous la forme d’'un ensem-
ble de positions supplémentaires a partir de la posi-
tion souhaitée et allant dans les deux directions or-
thogonales a la direction de la trajectoire du schéma
de mouvement avec de petites plages.

Procédé selon I'une quelconque des revendications
1a 13, dans lequel le méme schéma de mouvement
est appliqué plusieurs fois pour différentes surfaces
corrigées du second os afin de sélectionner une sur-
face corrigée optimale du second os.

Procédé selon I'une quelconque des revendications
1 a 14, dans lequel un ordinateur avec du matériel
spécialisé et un logiciel spécialisé est utilisé pour
déterminer ledit volume d’interpénétration entre les-
dits premier et second os pour une position donnée
du schéma de mouvement, le procédé comprenant
les étapes suivantes :
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a. appliquer la position du schéma de mouve-
ment afin de transformer chaque élément voxe-
lisé du second modele voxélisé d’os en un élé-
ment voxelisé transformé dans le systeme de
coordonnées du premier modéle voxélisé d’os,
b. déterminer le volume d’interpénétration sous
laforme de I'ensemble d’éléments voxelisés ac-
tifs du premier modeéle voxélisé d’os qui coinci-
dent avec un élément voxelisé transformé actif
du second modele voxélisé d’os.
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FIG.3
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FIG. 4
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FIG. 9

> YP

!
ABD
a FL
Gy
H X
\ _EEX
IR| E
o

20



EP 2 583 251 B1

FIG. 10
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FIG. 12
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