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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 portals for arthroscopy.

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.
Our description focuses on the hip articulation between
the acetabulum and the proximal femur although it can
be easily extended to other articulations such as shoulder
for example.

[0003] 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 Impinge-
ment (FAI) is apathology thatcanresult 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 image 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
a normal spherical shape to the femur head at the 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 of this bony
reshaping is the restoration of a greater range of motion
ofthe hip, withoutimpingement. Conventionally, the open
surgical approach had initially been adopted since it pro-
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vides a full exposure of the bone and direct access to the
anatomy to be treated. Though, since minimally invasive
procedures have grown in popularity by reducing the
pain, morbidity and recovery time for patient, arthroscop-
ic 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 compartments, and as-
sociated soft tissues. Furthermore, arthroscopy allows
fora dynamic, intra-operative assessment 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 tech-
nique. The success of such arthroscopic interventions
relies on a very meticulous intra-operative evaluation and
a thorough and accurate correction of impingement le-
sions on both the femoral and acetabular sides, which
canonly be accomplished after alaborious learning curve
over many cases. Failure of arthroscopic procedures for
FAIl is most commonly associated with incomplete de-
compression of the bony lesions. Another negative as-
pect of the arthroscopic procedures for FAI is the inten-
sive use of intra-operative fluoroscopy imaging system
to augment the visual control from the endoscopic cam-
era by X-ray images. The fluoroscopic control enables a
better localization of the instruments and assessment of
the current correction, at the expense of high radiation
exposure for the patient and the OR personnel.

[0005] Computer assisted surgical procedures have
now been used in orthopedic surgery for over twenty
years, in order to help the surgeon in performing the sur-
gery with better accuracy and reproducibility. The main
principle of computer assisted surgery and surgical nav-
igation in particular is the tracking of surgical instruments
relatively to the patient anatomy to guide the surgeon in
order to achieve a precise target. Generally, a surgical
navigation system includes a localization device, at least
one tracker and a processor. One or more emitters are
embedded in either the localization device or the tracker.
One or more receivers are embedded in the other of the
localization device or the tracker to detect the signals
emitted by the emitters. The signals are transmitted to
the processor, which computes localization datato detect
the relative position and orientation of the tracker and
localization device. Usually, three degrees of freedom
are determined for the translation component of a tracker
and three degrees of freedom for the rotation component.
It is known that the localization device of a surgical nav-
igation system can use several types of signals: optical,
electromagnetic, ultrasonic, or other, depending on the
most appropriate technology to be compatible with the
surgical environment. Most commonly, passive reflective
markers constitute trackers that are observed by a pair
of stereoscopic camera that constitute the localization
device. In other standard systems, emitters are made of
infra-red LEDs and they are observed by at least three
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linear CCD cameras having cylindrical lenses. It is also
common to use electromagnetic technology: one or sev-
eral emitter coils constitute the localization device and
several miniature coils constitute the trackers that can
be attached to instruments or directly to the bones; min-
iature coils can track the full six degrees of freedom of a
solid or reduced versions can track only five degrees of
freedom (position of a point and orientation of an axis).
Generally in orthopedic navigated surgery, at least one
tracker is rigidly attached to the patient anatomy which
is undergoing the surgical procedure, for example a
bone, usually with a broach or pin mechanism. And at
least one tracker is attached to a surgical instrument, for
which the part to be tracked is calibrated, for example
the tip of a drill. The localization device and the tracker
are linked to the computer processor on which software
is running to record trackers positions, register patient
data and compute instruments trajectories.

[0006] The patient data may be obtained from several
sources, either from pre-operative data such as 3D image
from computer tomography (CT) scans or magnetic res-
onance (MR) exams for example, or from intra-operative
digitization of the anatomy such as bone surface points
digitization to build a bone surface model from statistical
deformation of a reference model. The software of the
navigation system processes patient data and according
to the specific goal will generally compute an optimized
trajectory or position for a surgical instrument, a cutting
jig for example. Intra-operatively, the tracked instrument
needs to be localized relatively to the patient anatomy.
If the patient data is directly obtained from intra-operative
anatomy digitization then both the patient reference sys-
tem and the instrument reference system are known in
the same coordinates system via the localization device,
and the instrument can be directly navigated relatively to
the patient data. However, in minimally invasive (MIS)
procedures such as arthroscopy, the patient anatomy ac-
cess is generally reduced and cannot allow for a direct
digitization of the anatomy. Usually in such cases, intra-
operative images such as fluoroscopy X-rays or endo-
scopic images are used to obtain intra-operative data.
Butin cases such as hip arthroscopy, 2D image informa-
tion is generally not sufficient to achieve the required ac-
curacy in three dimensions, and a pre-operative 3D im-
age is usually required.

[0007] If the patient data is obtained from a pre-oper-
ative acquisition, an intermediate process needs to be
performed before the navigation of the instrument rela-
tively to the patient data. It is called registration, in order
to match the pre-operative data of the patient to the ref-
erence system of the actual patient installed for surgery.
This known procedure can be performed with a variety
of different methods. It requires the acquisition of intra-
operative patient data to be matched with the pre-oper-
ative patient data. The registration process can be based
on specific paired points which are anatomical or fiducial
points identified in the pre-operative data and matched
with the same points digitized intra-operatively. The reg-
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istration can also be based on image similarity measures
between pre-operative image volume and intra-operative
fluoroscopic image, using maximization of entropy, mu-
tual information, or correlation coefficients for example.
In the case of intra-operative image acquisition, the im-
aging system needs to be linked to the processor of the
navigation system, and tracked by the localization de-
vice. The publication of Ehrhardt J. et al, "Atlas-based
segmentation of bone structures to support the virtual
planning of hip operations", International Journal of Med-
ical Informatics, vol. 64, pages 439-447, 2001, describes
the registration of patient image data with an atlas.
[0008] In the case of pre-operative acquisition of pa-
tient data such as CT or MR 3D image, a process is gen-
erally applied to the data to identify targets that can be
anatomical structures, determine instruments trajecto-
ries or bony cutting planes or axes for example. The aim
of the registration process is to be able to track the sur-
gical instrument in the actual surgical site in accordance
to a pre-operatively defined target. In all cases mentioned
above, the surgical instrument can be also attached to
the extremity of a robot or a haptic device that constrains
the motions of the surgeon tool. The patent application
US2003/0109780 describes the planning of entry ports
for robotic surgery on pre-operative 3D patient chest da-
ta.

[0009] To use and apply these computer assisted sur-
gery or navigation concepts to hip arthroscopy surgical
procedures would provide a powerful solution to the prob-
lems stated earlier. In order to provide the arthroscopy
surgeon with the most appropriate tool to help him/her
achieving the optimal surgical result, specific computer
assisted surgical devices and techniques have to be cre-
ated to adapt to the specificity of hip arthroscopy envi-
ronment and constraints.

[0010] Fromthe issuesdescribed above, it can be eas-
ily understood that new specific devices and methods
are needed to answer the problems and needs of hip
arthroscopy surgeons, from the diagnosis and pre-oper-
ative planning to the actual surgical action.

SUMMARY OF THE INVENTION:

[0011] The invention provides a method for automati-
cally determining at least one pre-operative portal for ar-
throscopy from acquired pre-operative medical images
of a bone of a patient, the method comprising the follow-
ing steps:

i) constructing a 3D surface of the bone from the 3D
image of the bone;

ii) determining anatomical landmarks of the bone
from the 3D surface;

iii) determining a bone reference coordinate system
from the anatomical landmarks;

iv) selecting at least one predetermined portal in a
database of positions of predetermined portals pre-
viously defined on a 3D model representing a bone
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of a reference person, wherein the model coordinate
system is built using the same method as the deter-
mination of the bone reference coordinate system;
v) determining a transform between the bone refer-
ence coordinate system and the model coordinate
system so that the bone of the patient represented
in the bone reference coordinate system and the
bone of the reference person represented in the
model coordinate system are matched in size, in po-
sition and/or shape ;

vi) inferring from the transform and the at least one
predetermined portal the pre-operative portal.

[0012] Another object of the invention is a method for
simulating arthroscopic images before surgery, compris-
ing the steps of determining at least one pre-operative
portal by the method according to claim 1, placing a virtual
arthroscope at said pre-operative portal and computing
a virtual arthroscopic image of the surgical area obtained
by the virtual arthroscope.

[0013] The pre-operative portal is preferably an arthro-
scopic portal defined by a tool entry point and a direction.
[0014] According to an advantageous embodiment of
the invention, the method comprises inferring through
the transform critical areas containing vessels or nerves
from the model coordinate system to the bone reference
coordinate system.

[0015] The transform may be determined through an-
alytical and/or geometric process.

[0016] The transform may be determined as a contin-
uous function from the model coordinate system to the
bone reference coordinate system.

[0017] In particular, the transform may be determined
through a non-rigid image-to-image or surface-to-surface
registration algorithm.

[0018] In the simulation method according to the in-
vention, the pre-operative portal may be an arthroscopic
portal defined by a tool entry point and a direction, and
a virtual arthroscopic image may thus be constructed
from the arthroscopic portal.

[0019] Said method may further comprise generating
planning information and superimposing the planning in-
formation onto the virtual arthroscopic image.

[0020] According to an embodiment, the planning in-
formation is a color map representing amount of bone to
be removed.

[0021] Accordingto another embodiment, the planning
information is a projection of an optimal surface to be
built onto the bone.

[0022] In addition, said method may further comprise
generating an adjusted virtual arthroscopic image by ad-
justing and registering the virtual arthroscopic image to
real arthroscopic image of the bone.

[0023] Registering the virtual arthroscopic image to re-
al arthroscopic image of the bone preferably comprises
the following steps:

i) initial registration by using the inferred portal posi-
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tion;
ii) adjustment of registration using image to image
registration.

[0024] The method may further comprise generating
planning information and generating a superimposed im-
age by superimposing the planning information onto the
adjusted virtual arthroscopic image.

[0025] According to an embodiment, the method com-
prises generating planning information and superimpos-
ing planning information and the adjusted virtual arthro-
scopic image onto the real arthroscopic image of the
bone.

[0026] The method may advantageously comprise dis-
playing the superimposed image and the real arthroscop-
ic image side by side.

[0027] Preferably, the method comprises the manual
modification of the pre-operative portal around its initial
computed position..

DESCRIPTION OF THE DRAWINGS:
[0028]

FIGURE 1 is a perspective view of parts of a femur
bone with anatomical landmarks

FIGURE 2 is a perspective view of a complete femur
bone with anatomical landmarks

FIGURE 3 is a perspective view of a complete pelvis
bone with anatomical landmarks

FIGURE 4 is a perspective side view of a complete
pelvis bone with anatomical landmarks

FIGURE 5 is a perspective view of a femur bone with
a portal

FIGURE 6 is a perspective view of afemur and pelvis
with 3 portals

FIGURE 7 is a schematic view of a grid deformation
FIGURE 8 is a perspective view of a femur with a
dangerous area

FIGURE 9 is a schematic view of an embodiment of
the method

FIGURE 10 is a schematic view of another embod-
iment of the method with a virtual arthroscopic image
FIGURE 11 is a schematic view of another embod-
iment of the method with a real arthroscopic image
and a virtual arthroscopic image superimposed
FIGURE 12 is a schematic view of another embod-
iment of the method with a real arthroscopic image
and a virtual arthroscopic image side by side.

DETAILED DESCRIPTION OF THE INVENTION:

[0029] The following description is directed to the use
of CT images but it can be easily extended to other 3D
images such as MR images.

[0030] The purpose of the invention is to provide a
method and a device for helping the user to accurately
and automatically determine portals and safe access ar-
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eas for arthroscopic procedures using pre-operative 3D
image and also for planning relevant arthroscopic images
that can be used during the surgery in addition to target
data. It is intended to provide a very simple and fast re-
hearsal tool or simulation of surgery. Moreover, the in-
vention provides help for the surgeon to locate and use
the predefined portals and safe access areas during sur-
gery.

[0031] For clarity, an example of the method of the in-
ventionis described for the femur and pelvis bones during
a hip arthroscopy procedure in the case of a FAl indica-
tion, but it can be applied to any other human or animal
bone for which itself or the adjacent ligaments, tendons
and muscles present an abnormality and for which an
arthroscopic procedure has to be performed, for instance
in the case of knee anterior cruciate ligament repairs or
shoulder rotator cuff repairs.

[0032] From the patient 3D image, an external 3D sur-
face model S of the bone showing the cortical surface or
the cartilage surface is reconstructed. This can be
achieved using a variety of methods, forinstance by using
conventional segmentation techniques with simple
thresholding followed by conventional mathematical
morphology algorithms. It is possible to use the well
known marching cube algorithms or the dividing cube
algorithms. On MR images, the most elementary method
is the delineation of contours using a mouse and active
contouring using snakes. Snakes are curves like spline
or Bezier curves controlled by a few control points on
which a function is applied that generates forces in the
direction of image gradients for instance, so that locally
it will fit contours and globally it needs assistance from
the user to displace the control points.

[0033] From a particular bone surface S and the 3D
image, it is possible to determine anatomical landmarks
(points and axis) that represent critical geometrical ref-
erence elements. As shown on FIGURE 1, in the case
of the femur, the center of the femoral head H and the
radius R of the sphere that best approximate the femoral
head have been determined in a step that precedes the
use of the method of the invention. Likewise, an axis AX
that best approximates the neck axis has been deter-
mined. More precisely, the true neck axis AX1 does not
pass necessarily through the head center H and therefore
we define the neck axis AX as the axis passing through
H and parallel to the true neck axis. Likewise, the knee
center K of the femur has been determined on the 3D
image, together with a medio-lateral axis ML that can be
the line joining the epicondyles E1 and E2 or another
definition ML’ is the line joining the most posterior points
P1 and P2. An elementary method for determining those
landmarks is simply an interactive delineation on the 3D
image using a mouse which is commonly performed for
difficult cases. But automatic method can also be applied
using dedicated algorithms for detection of a sphere, a
neck, a landmark point and the like. The invention can
be implemented whatever the method for obtaining the
anatomical landmarks is.
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[0034] From the anatomical landmarks, a bone refer-
ence coordinate system Rbone=(OF, Xg, Y, Zg) is de-
termined for the femur according to the following method,
as illustrated in FIGURE 2. In a preferred embodiment,
the origin O of the femur reference coordinate system
is the point H. The X direction is the line (HK) between
the hip center H and the knee center K. The normalized
vectorial product between Xg and AX defines the vector
Zg. The vectorial product between Zg and Xg defines the
vector Yg. The femur reference coordinate system Rbone
is then entirely defined. In another embodiment, the same
method is applied but the neck axis AX is replaced by
the medio-lateral axis ML or ML’.

[0035] Another example is given for the pelvis bone,
as illustrated on FIGURE 3 and FIGURE 4. On the pelvis
side, the bone reference coordinate system is construct-
ed from 4 anatomical landmarks: the pubis symphysis
PS, the left and right antero-superior iliac spines ASIS;
and ASISg, and the center of the acetabulum sphere A.
Our protocol requires the acquisition of a few CT slices
at the level of the iliac spines, which is usually contained
in a separate file in a standard DICOM format (which is
well known in the medical field) but with the same coor-
dinates for all files that constitute sub-volumes of the 3D
image. Our process identifies the ASIS_ and ASISg
points automatically. The detection of the most anterior
points on the left and right side of the 3D image is per-
formed by searching those points in the 3D image. The
pubic symphysis PS can also be automatically detected,
by searching for a plane passing through ASIS, and
ASISg and rotating around the axis made by those 2
points until it hits the most anterior point PS outside of a
vicinity of two centimeters around ASIS; and ASISg. The
acetabulum sphere centered in the point A is computed
from an initial estimate which comes from the femoral
head sphere H computed earlier for the femur. For ex-
ample, the femoral head sphere can be dilated by an
average cartilage thickness of 5mm, and then closest
surface points are searched this time in the pelvis 3D
surface forming a new cloud of points. A new best fitting
sphere is computed from this new cloud of points. The
center of the new best fitting sphere defines the acetab-
ulum center point A. These are only examples and there
can be other ways to automatically or interactively detect
these anatomical landmarks. From these four points, the
pelvis reference coordinate system is constructed in the
following manner: the origin is the center point of the
acetabulum sphere A, the Yp axis is defined as the line
passing through both iliac spines, the Xp axis is defined
as the line orthogonal to the iliac spines axis and passing
through the public symphysis PS, and the Zp axis is con-
structed as the vector product of Xp by Yp. Rbone=(A,
Xp, Yp, Zp) determines the pelvis reference coordinate
system.

[0036] Once a specific bone reference coordinate sys-
tem Rbone has been attached to a bone using the method
described above, the next step is to assign some pre-
determined access elements to the patient data.
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[0037] In a preliminary and parallel step, a data base
is built to store the position of pre-determined access
elements in the coordinate system of a 3D model. The
3D modelisreferredto as an atlas, it can be built manually
butthisis difficult. In a preferred embodiment, a 3D image
ATLAS of a particular reference person thatis represent-
ative of the population is selected. A model coordinate
system Ratlas=(OF Xg,Yg,Zp) is built and attached to
the bone surface model built from the particular reference
person image using exactly the same method described
above for the patient.

[0038] Specific access elements are determined in
Ratlas. Access elements can be portals or critical areas.
They constitute a database DB of access elements. Such
database DB can be built using the knowledge of experts
and it can be modified according to the evolution of the
knowledge of experts. In a preferred embodiment, the
database contains a pattern of portals. A pattern of por-
tals is a list of N elements where each element (G’,D’)
defines a target point G’ and a direction D’ that are de-
termined using specific geometric rules. In a preferred
embodiment, for the case of FAI surgery, the pattern of
portals is a list of 3 elements (G'ant, D'ant)s (G'ant-Lat
D’Ant-Lat)’ (G’Post-Lat’ D’Post-Lat) where G’ Ant is the target
point of the anterior portal and D’ ot is the direction vector
of the anterior portal. G’5,¢ 4t is the target point of the
anterior lateral portal and D’ 5t 4t is the direction vector
of the anterior lateral portal. G’p.| 4t is the target point
of the posterior lateral portal and D’p .| 4 iS the direction
vector of the posterior lateral portal.

[0039] An example of a specific pattern of portals that
has been built by medical experts is described hereafter,
as represented on FIGURE 4 and FIGURE 5. It is only
one example and the invention does not aim at recom-
mending one pattern versus another one. In this pattern,
allthree portals target points G’ s, G’ ant-Latr G post-Latare
lying in an axial plane P’,, parallel to the (Y’rZ'F) plane
of the femoral model coordinate system and passing
through the superior extremity of the greater trochanter.
All direction vector D’i are defined by a pair of angles (o'i,
B’i) where o'i is the angle measured in the sagittal plane
P’sag: @and P'iis the angle measured in the axial plane
P’ relatively to the axis Z'r. To determine the anterior
portal, the anterior direction vector D’ is defined by a
the angles a’pn = 45° and B'pn = 30° and G’ is defined
as the intersection of the plane P’5, and a straight line
parallel to the X’p axis of the pelvis model coordinate
system and passing through the antero-superior iliac
spine ASIS of the concerned hip side. To determine the
anterior lateral portal, the anterior lateral direction vector
D’ant.Lat is defined as parallel to D’pp (o' antLat = 45°,
B’ ant-Lat = 30°) and G’pnt 4t is defined as the intersection
of the plane P’,, and a line of direction vector D’ppi.| 4t
tangent to the anterior aspect of the greater trochanter.
To determine the posterior lateral portal, the posterior
lateral direction vector D’ppt.post iS defined by the angles
OL’Post-Lat = 1350! B’Post-Lat = 300! and G,Post-Lat is defined
as the intersection of the plane P’ 5, and a line of direction
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vector D'poqt 4t tangent to the posterior aspect of the
greater trochanter. This is justan example, other patterns
can be defined to describe other target points G’; and
direction vectors D’;. A pattern of portals can contain one
or two or three or more than elements.

[0040] In an identical manner, portals can be defined
relatively to acetabulum model coordinate system, or
from a combination of criteria in both the femur and the
acetabulum model coordinate systems.

[0041] The next step of the method is to infer the pre-
determined access elements built in the atlas to the pa-
tient. Thisis achieved by building a transform [T] between
Rbone and Ratlas. Since the same method is used for
determining Ratlas and Rbone from their respective 3D
image, the transform [T] can be assigned to the identity
transform. However, in a preferred embodiment, a size
factor is assigned in order to take into account significant
variations between the atlas and the patient. We assume
that the radius of the femoral head has been determined
for both the patient and the atlas, it is noted R for the
patient and R’ for the atlas. The ratio value R/R’ is com-
puted and stored as a factor k. The transform [T] is then
assigned to a scaling matrix of ratio k such that the co-
ordinates (Xg,yg,zg) of a pointin Rbone are deduced from
the coordinates of a point (X’k,y’r,Z’F) in Ratlas using
xg=k.X’r and yg=k.y’r and zg=k.z’r. Since both Rbone
and Ratlas are centered around their respective hip cent-
er H and H’, this transform [T] maintains the hip center
constant and just applies a scale factor to match both
femoral heads. The target points G’ defined in Ratlas are
therefore transformed in target points G in the Rbone in
a very simple and fast manner. With this method, the
target points that are lying on the femoral head surface
of the atlas are transformed in points lying on the femoral
head surface on the patient bone. Itis then assumed that
landmark points are transformed into landmark points
that are in the vicinity of what should be their real value.
The direction vectors D remain identical to the vectors
D’ if they are normalized. The pattern of portals of the
atlas is inferred to the patient coordinate system Rbone
in a very simple, fast, automatic and robust manner. A
non expert user can thus benefit from a determination of
optimal portals on the basis of portal patterns which were
designed by an expert.

[0042] In another embodiment, the transform [T] can
be more complex than a scaling transform. A non-rigid
transform [T] is built as a continuous function from Ratlas
to Rbone in order to match the 3D bone surface model
or directly the 3D image of the patient to respectively the
model or image of the atlas. Standard non-rigid image-
to-image or surface-to-surface registration algorithms
can be used. The global transform from the selected pre-
defined atlas Ratlas to the actual patient Rbone can be
achieved by calculation of a deformable smooth and min-
imal transform between the surfaces of the predefined
model and the surfaces extracted from patient data, using
well known elastic surface matching algorithms. As illus-
trated on FIGURE 7, one technique consists in calculat-
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ing the deformation of a 3D mesh that is applied to the
volume of the predefined model in order to match the
patient model. The method is initialized using the identity
matrix since Rbone and Ratlas have been determined in
a similar manner and using identical definitions. Then the
sum of squares of distances between the atlas surface
model and the patient surface model is minimized using
Levenberg-Marquardt algorithm, which results in deter-
mining displacement vectors of the mesh. In another em-
bodiment, the 3D image of the atlas and the 3D image
of the patient are registered directly by maximizing an
image similarity function built from the mutual entropy,
the joint correlation coefficient or other well known criteria
described in the image registration literature. The advan-
tage of this embodiment is to infer anatomical landmarks
anywhere from the atlas and still maintain an accurate
position of the result.

[0043] Another characteristic element that can be in-
ferred by this method is an area with potential risk of
presence of blood vessels in the arthroscopic site. For
example, itis known from the anatomical knowledge, that
retinacular vessels are irrigating the bony structures lying
in some precise posterior area of the femoral head neck
junction. This area must be avoided during milling of the
femoral head-neck area in arthroscopic procedures. As
shown in FIGURE 8, the method for determining this area
consists in estimating a center point V'’ of the critical area
and a radius R’y that defines the extent of the critical area
in Ratlas. It determines a virtual sphere centered around
V’ and with a radius R’v for which the intersection with
the bone surface defines the surface patch of the critical
area. This area is defined in the Atlas model coordinate
system Ratlas. Using the method defined previously, the
point V' is transformed into a critical area point V in the
patient reference coordinate system Rbone, and the ra-
dius R'v is multiplied by the k coefficient if a scaling trans-
form [T] is used so that Rv=k.R'v. It defines a new critial
area (V,Rv) that the user must avoid. If a deformable
mesh is used to define the transform [T], the surface
patch that defines the critial area is transformed by [T]
and a new critical area is defined in the patient reference
coordinate system. Itis only a useful indication and warn-
ing since the method cannot guarantee the precision and
accuracy of the inferred area.

[0044] More generally, any geometric construction rule
known to identify anatomical characteristic elements can
be used to infer targets, critical areas, access areas in
the femur or in the pelvis reference coordinate system
using the method defined above. ltis sufficient that char-
acteristicaccess elements are defined by geometricrules
in the model coordinate system attached to an atlas.
[0045] The portals and critical areas determined using
the method mentioned above constitute a reliable basis
that any user can consider to be an initial determination
of the portals.

[0046] The method described above is useful to pro-
vide a rehearsal and training tool to the users, including
the surgeon, the medical staff, the students or even the
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patient. Indeed, once the portals have been determined
in the 3D image, simulated arthroscopic images are now
computed to provide the user with a theoretical vision of
what will be seen by the arthroscope if the arthroscope
was positioned precisely at the portals positions. During
surgery, a real arthroscope 1 produces a real arthroscop-
ic image 2. A virtual model 4 is then created to describe
the existing arthroscope 1. It is assumed that the arthro-
scope is known in its entire geometry. Conventional cal-
ibration methods can be used to measure the parameters
of an arthroscope. As shown in FIGURE 9, the extremity
of the arthroscope is E and its axis direction is DE. The
optical axis direction AD is supposed to be known, it is
not necessarily coincident with the arthroscope mechan-
ical axis DE. The angle of visibility of the arthroscope AA
is also known. To simulate the arthroscopic image that
corresponds to a particular portal defined by a target point
G and a direction D, the mechanical axis DE of the virtual
arthroscope 4 is aligned with the portal direction D de-
fined above. The arthroscope extremity E is placed on
the portal direction D at a given distance d=(G,E) from
the target point G defined above. The distance d can be
a variable parameter that represents a simulation of the
distance between the arthroscope extremity and the
bone. A vertical direction U of the arthroscopic image is
chosen arbitrarily. In practice, the user often turns awheel
on the arthroscope to vary the vertical direction U of the
arthroscopic image. It is then possible to compute a vir-
tual arthroscopic image 3 of the bone corresponding to
this configuration from the 3D image using conventional
ray-tracing visualization methods applied to the surface
model of the bone S. The virtual arthroscopic image
shows a simulation of what the arthroscope would see,
including a projection of the bone surface model and any
other features attached to the model. The light source is
only one and it is emanating from the extremity E which
makes simple and efficient lightening computations. For
a given portal, the user can play with the distance pa-
rameter d which acts like a zoom and with a rotation
around the axis DE to simulate what will be visible and
check that a good visibility of the surgical area has been
obtained. It provides a useful training and educational
tool but also a rehearsal tool before surgery.

[0047] In a preferred embodiment, surgical target are-
as are defined in the patient images. In FAI procedures,
a surgical target is a resection volume that needs to be
milled torecreate anormal surface of the bone. The meth-
od for determining the surgical target as an optimal sur-
face is notin the scope of this invention since it is specific
to the procedure and the optimization criteria. It is as-
sumed that an optimal 3D resection volume has been
defined, and which can be represented by a color map
5 with different colors corresponding to depth of bone to
be milled, forinstance green between 0 and 1mm, yellow
for depth between 1 and 2mm, orange between 2 and
3mm and the like. This color map 5 is superimposed to
the bone surface model S. As shown in FIGURE 10, the
virtual arthroscopic image 3 contains not only the projec-
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tion of the surface model but also a projection of the color
map 5. Therefore, the user can check that the portal
placement leads to a good visualization of the surgical
target area. This process is repeated for all portals.
[0048] Ifthe portals defined using the automated meth-
od described above are not providing a sufficient visibility
of the surgical target area, the portal placements are
modified interactively by the user using a mouse, around
their initial position. It is then always possible to switch
back to the initial position if erroneous displacements
have been performed since the selection of portals is a
very sensitive procedure.

[0049] The method described above can be used for
calculating and displaying the virtual images before the
surgery as a rehearsal tool, on a desktop in the surgeon
office. But the memory of this simulation is then partially
lost when the surgeon goes to the operating room. In a
preferred embodiment, the virtual arthroscopic image 3
is displayed side by side to the real arthroscopic image
2, during a surgical procedure. Two dedicated monitors
are used to display side by side the real and the virtual
arthroscopic images. The user can have knowledge of
the portal that corresponds to each virtual image since
the portal direction D and target G can be displayed on
one of the monitors as a reminder. When the user places
aportal, itis recommended that the user places the portal
according to the selected position which is displayed on
the monitor. The visualization of the surgical target area
on a virtual arthroscopic image which is quite similar to
the real arthroscopic image brings significant information
to the surgeon during the operation. The difference be-
tween the real and the virtual image can be interpreted
mentally by the user and the user can try to move the
real arthroscope until it matches the virtual arthroscopic
image.

[0050] However, because of approximate placement
due to the absence of any precise landmarks on the pa-
tient skin, the real portal and arthroscope direction 1 may
not reach the desired position of the virtual arthroscope
4 precisely. The difference between the virtual and the
real arthroscopic images can lead to frustration. In a pre-
ferred embodiment, a device is then added to determine
a displacement of the virtual arthroscope 4. Such device
can be any device such as a mouse, a joystick, a touch
pad or buttons on touch screen, in order to generate a
motion in two directions to create rotations of the virtual
arthroscope around its initial axis and another motion in
two directions to create a translation of the virtual arthro-
scopic image 3 in the image plane and another motion
to generate a zoom effect. The rotation around the center
of the image can be achieved on the real athroscopic
image by using the wheel that controls the image rotation
U on any conventional arthroscope. The user can ma-
nipulate those buttons if they are sterile, under sterile
transparent draping for instance, or the user can ask an
assistant to adjust those parameters for matching the
virtual arthroscopic image with the real arthoscopic im-
age whilst the real arthroscope stays still.
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[0051] In another embodiment, the adjustment of the
virtual and the real arthroscopic images is automatically
performed. The real arthroscopic image is digitized in
real time in a computer video frame grabber. At that
stage, the real arthroscopic image and the virtual arthro-
scopic image are quite similar thanks to the method de-
scribed above. This is extremely important since it con-
stitutes a good initial position for image registration. A
conventional 3D to 2D image registration algorithm can
then be used to adjust the position and orientation pa-
rameters of the virtual arthroscope until the real arthro-
scopic image and the virtual arthroscopic image have an
optimal criterion such as entropy or mutual information.
Those algorithms are prone to significant and frequent
errors if the initial position of registration is too far and
the images are too much different between themselves.
The invention creates means to generate an initial reg-
istration transform that is in the convergence domain of
most standard 3D to 2D registration algorithms. Usually,
criteria based on a similarity function between the real
and the virtual images are optimized according to the six
parameters that define the position of the virtual arthro-
scope with respect to the coordinate system of the 3D
image. Such criteria can be mutual information, the en-
tropy, the correlation coefficient or the like. Having a good
initial transform between the real and virtual images is
also important to make the process fast enough so that
the virtual image can track the real image in real time.
Otherwise, the algorithm registers the images but lasts
so long that meanwhile the user has moved the arthro-
scope and, thus, the real and virtual images never reg-
ister together. Once the registration has been performed
successfully for the first image, the resulting position is
used as an initial position for the second registration and
the method is iterated. If the tracking is lost, the initial
transform computed using the method defined above is
used again as a home position. Once registered, it is
possible to superimpose the real and the virtual arthro-
scopic image as illustrated on FIGURE 11. Therefore,
the surgical targets are superimposed to the real arthro-
scopic images. Since the real arthroscopic image pic-
tures the instruments, the tip of an instrument is now su-
perimposed to the surgical target. The superimposition
canbe implemented using a variable transparency effect.
It is important to note that this method does not neces-
sitate any navigation device. A conventional computer
equipped with a video frame grabber is sufficient.

[0052] In another embodiment, as shown in FIGURE
12, the surgical target area is represented directly by a
single color surface patch 6 to be achieved after resec-
tion. The single color surface patch 6 represents an op-
timal surface to be milled after surgery and only the area
to be milled is colored. The surface model of the patient
is then replaced by this optimally milled surface in the
method described above. In a preferred embodiment, the
real arthroscopic image 2 and the virtual arthroscopic
image 3 are displayed side by side such that the user
can make a comparison of the edges and mill the bone
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until both images are similar. This method can be used
in alternation with the color map method displayed above
such that the user can see at any time the objective rep-
resented by an optimally milled surface and also the path
to reach the objective represented by a color map.
[0053] Furthermore, intra-operatively, if the patientim-
ages are registered to the patient coordinate system us-
ing one of the numerous image-guided surgery registra-
tion methods, then the characteristic elements built in
Rbone are determined in the intra-operative patient co-
ordinate system Rop which is usually attached to a track-
er localized in three dimensions using an optical or mag-
netic system. Using a navigation, haptic or robotic device,
the user can use the position of such characteristic ele-
ments in correlation with the surgical instruments in order
to place the instruments at the precisely defined portal
locations whilst avoiding the dangerous areas. In addi-
tion, intra-operative data can be used in the method to
reinforce the accuracy of the location of characteristic
elements. Such intra-operative data can be landmarks
points collected using a navigation system during the sur-
gical procedure once the patient registration has been
performed.

ADVANTAGES:

[0054] The advantage of the exposed method is to de-
termine with accuracy and automatically characteristic
access elements from patient 3D images. These ele-
ments are surgical access planning elements useful in
case arthroscopy procedures. The method is useful to
rehearse the surgery and also for training and education
purpose. In addition, the method makes it possible to
register virtual arthroscopicimages with real arthroscopic
images such that surgical targets defined on 3D images
can be visible on real images without using expensive
navigation devices.

Claims

1. A method for automatically determining at least one
pre-operative portal for arthroscopy from acquired
pre-operative medical images of a bone of a patient,
the method comprising the following steps:

i) constructing a 3D surface (S) of the bone from
the 3D image of the bone;

ii) determining anatomical landmarks of the
bone from the 3D surface;

iii) determining a bone reference coordinate sys-
tem (Rbone) from the anatomical landmarks;
iv) selecting at least one predetermined portal
in a database of positions of predetermined por-
tals previously defined on a 3D model represent-
ing a bone of a reference person, wherein the
model coordinate system (Ratlas) is built using
the same method as the determination of the
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10.

1.

bone reference coordinate system (Rbone);

v) determining a transform between the bone
reference coordinate system (Rbone) and the
model coordinate system (Ratlas) so that the
bone of the patient represented in the bone ref-
erence coordinate system and the bone of the
reference person represented in the model co-
ordinate system are matched in size, in position
and/or shape ;

vi) inferring, from the transform and the at least
one predetermined portal, the pre-operative por-
tal in the bone reference coordinate system.

A method for simulating arthroscopic images before
surgery, comprising the steps of determining at least
one pre-operative portal by the method according to
claim 1, placing a virtual arthroscope at said pre-
operative portal and computing a virtual arthroscopic
image of the surgical area obtained by the virtual
arthroscope.

The method of claim 1 or 2, wherein the pre-operative
portalis an arthroscopic portal defined by a tool entry
point and a direction.

The method of one of claims 1 to 3, further compris-
ing inferring through the transform critical areas con-
taining vessels or nerves from the model coordinate
system to the bone reference coordinate system.

The method of one of claims 1 to 4, wherein the trans-
form is determined through analytical and/or geo-
metric process.

The method of one of claims 1 to 5, wherein the trans-
form is determined as a continuous function from the
model coordinate system to the bone reference co-
ordinate system.

The method of claim 6, wherein the transform is de-
termined through a non-rigid image-to-image or sur-
face-to-surface registration algorithm.

The method of claim 2, wherein the pre-operative
portalis an arthroscopic portal defined by a tool entry
point and a direction, and wherein a virtual arthro-
scopic image is constructed from the arthroscopic
portal.

The method of claim 8, further comprising generating
planning information and superimposing the plan-
ning information onto the virtual arthroscopic image.

The method of claim 9, wherein planning information
is a color map representing amount of bone to be

removed.

The method of claim 9, wherein planning information
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is a projection of an optimal surface to be built onto
the bone.

The method of one of claims 8 to 11, further com-
prising generating an adjusted virtual arthroscopic
image by adjusting and registering the virtual arthro-
scopic image to real arthroscopic image of the bone.

The method of claim 12, wherein registering the vir-
tual arthroscopic image to real arthroscopic image
of the bone comprises the following steps:

i) initial registration by using the inferred portal
position;

i) adjustment of registration using image to im-
age registration.

The method of claim 12, further comprising gener-
ating planning information and generating a super-
imposed image by superimposing the planning in-
formation onto the adjusted virtual arthroscopic im-
age.

The method of claim 12, further comprising gener-
ating planning information and superimposing plan-
ning information and the adjusted virtual arthroscop-
ic image onto the real arthroscopic image of the
bone.

The method of claim 14, further comprising display-
ing the superimposed image and the real arthroscop-
ic image side by side.

The method of one of claims 1 to 16, further com-
prising the manual modification of the pre-operative
portal around its initial computed position.

Patentanspriiche

1.

Verfahren zur automatischen Bestimmung mindes-
tens eines praoperativen Portals zur Arthroskopie
aus erfassten praoperativen medizinischen Bildern
eines Knochens eines Patienten, wobei das Verfah-
ren die folgenden Schritte umfasst:

i) Erstellen einer 3D-Flache (S) des Knochens
aus dem 3D-Bild des Knochens;

ii) Bestimmen von anatomischen Leitstrukturen
des Knochens aus der 3D-Flache;

iii) Bestimmen eines Knochenreferenz-Koordi-
natensystems (Rbone) aus den anatomischen
Leitstrukturen;

iv) Auswahlen mindestens eines vorbestimmten
Portals in einer Datenbank von Positionen von
vorbestimmten Portalen, die zuvor auf einem
3D-Modell definiert wurden, die einen Knochen
einer Referenzperson darstellen, wobei das Mo-
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dellkoordinatensystem (Ratlas) unter Verwen-
dung des gleichen Verfahrens wie der Bestim-
mung des Knochenreferenz-Koordinatensys-
tems (Rbone) aufgebaut wird;

v) Bestimmen einer Transformation zwischen
dem Knochenreferenz-Koordinatensystem
(Rbone) und dem Modellkoordinatensystem
(Ratlas), so dass der Knochen des Patienten,
dargestellt im Knochenreferenz-Koordinaten-
system und der Knochen der Referenzperson,
dargestellt im Modelkoordinatensystem, hin-
sichtlich GréRe, Position und/oder Form ange-
passt werden;

vi) ErschlieBen, aus der Transformation und des
mindestens einen vorbestimmten Portals, des
praoperativen Portals im Knochenreferenz-Ko-
ordinatensystem.

Verfahren zur Simulierung von arthroskopischen Bil-
dern vor dem chirurgischen Eingriff, umfassend die
Schritte des Bestimmens von mindestens einem
praoperativen Portal durch das Verfahren nach An-
spruch 1, Platzieren eines virtuellen Arthroskops am
praoperativen Portal und Berechnen eines virtuellen
arthroskopischen Bildes des chirurgischen Areals,
erhalten durch das virtuelle Arthroskop.

Verfahren nach Anspruch 1 oder 2, wobei das pra-
operative Portal ein arthroskopisches Portal ist, de-
finiert durch einen Instrumenteneingangspunkt und
eine Richtung.

Verfahren nach einem der Anspriiche 1 bis 3, weiter
umfassend ErschlielRen, durch die Transformation,
von kritischen Arealen, enthaltend Gefalte oder Ner-
venvom Modellkoordinatensystem an das Knochen-
referenz-Koordinatensystem.

Verfahren nach einem der Anspriiche 1 bis 4, wobei
die Transformation durch analytische und/oder ge-
ometrische Prozesse bestimmt wird.

Verfahren nach einem der Anspriiche 1 bis 5, wobei
die Transformation als eine kontinuierliche Funktion
aus dem Modellkoordinatensystem an das Kno-
chenreferenz-Koordinatensystem bestimmt wird.

Verfahren nach Anspruch 6, wobei die Transforma-
tion durch einen nicht starren Bild-Bild- oder Flache-
Flache-Registrierungsalgorithmus bestimmt wird.

Verfahren nach Anspruch 2, wobei das praoperative
Portal ein arthroskopisches Portal ist, definiert durch
einen Instrumenteneingangspunkt und eine Rich-
tung, und wobei das virtuelle arthroskopische Bild
aus dem arthroskopischen Portal erstellt wird.

Verfahren nach Anspruch 8, weiter umfassend Er-
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zeugen einer Planungsinformation und Uberlagern
der Planungsinformation auf das virtuelle arthrosko-
pische Bild.

Verfahren nach Anspruch 9, wobei eine Planungs-
information eine Farbkarte ist, die die Knochenmen-
ge darstellt, die entfernt werden soll.

Verfahren nach Anspruch 9, wobei eine Planungs-
information eine Projektion einer optimalen Flache
ist, die auf dem Knochen aufgebaut werden soll.

Verfahren nach einem der Anspriiche 8 bis 11, weiter
umfassend Erzeugen eines angepassten virtuellen
arthroskopischen Bildes durch Anpassen und Re-
gistrieren des virtuellen arthroskopischen Bildes an
das tatsachliche arthroskopische Bild des Kno-
chens.

Verfahren nach Anspruch 12, wobei das Registrie-
ren des virtuellen arthroskopischen Bildes an das
tatsachliche arthroskopische Bild des Knochens die
folgenden Schritte umfasst:

i) anféangliches Registrieren der erschlossenen
Portalposition;

ii) Einstellen der Registrierung unter Verwen-
dung der Bild-Bild-Registrierung.

Verfahren nach Anspruch 12, weiter umfassend Er-
zeugen einer Planungsinformation und Erzeugen ei-
nes (iberlagerten Bildes durch Uberlagern der Pla-
nungsinformation auf das angepasste virtuelle arth-
roskopische Bild.

Verfahren nach Anspruch 12, weiter umfassend Er-
zeugen einer Planungsinformation und Uberlagern
einer Planungsinformation und das angepasste vir-
tuelle arthroskopische Bildes an das tatsachliche ar-
throskopische Bild des Knochens.

Verfahren nach Anspruch 14, weiter umfassend An-
zeigen des Uberlagerten Bildes und des tatsachli-
chen arthroskopischen Bildes Seite an Seite.

Verfahren nach einem der Anspriiche 1 bis 16, weiter
umfassend die manuelle Modifikation des praopera-
tiven Portals um seine anfangliche berechnete Po-
sition.

Revendications

Méthode pour déterminer automatiquement au
moins une porte d’entrée préopératoire d’arthrosco-
pie a partir d'images médicales préopératoires ac-
quises d’'un os d’'un patient, la méthode comprenant
les étapes suivantes :
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i) la construction d’une surface 3D (S) de I'os a
partir de 'image 3D de l'os ;

ii) la détermination de reperes anatomiques de
I'os a partir de la surface 3D ;

i) la détermination d’'un systeme de coordon-
nées de référence de I'os (Rbone) a partir des
repéres anatomiques ;

iv) la sélection d’au moins une porte d’entrée
prédéterminée dans une base de données de
positions de portes d’entrée prédéterminées dé-
finies précédemment sur un modeéle 3D repré-
sentant un os d’'une personne de référence,
dans laquelle le systéme de coordonnées du
modele (Ratlas) est construita I'aide de laméme
méthode que la détermination du systéme de
coordonnées de référence de I'os (Rbone) ;

v) la détermination d’une transformée entre le
systeme de coordonnées de référence de I'os
(Rbone) et le systeme de coordonnées du mo-
dele (Ratlas) de sorte que 'os du patient repré-
senté dans le systéme de coordonnées de ré-
férence de l'os et 'os de la personne de réfé-
rence représenté dans le systéme de coordon-
nées du modéle soient mis en concordance en
termes de taille, de position et/ou de forme ;
vi) la déduction, a partir de la transformée et de
I’au moins une porte d’entrée prédéterminée, de
la porte d’entrée préopératoire dans le systéeme
de coordonnées de référence de I'os.

Méthode pour simuler des images arthroscopiques
avant chirurgie, comprenant les étapes de détermi-
nation d’au moins une porte d’entrée préopératoire
par la méthode selon la revendication 1, de place-
ment d’'un arthroscope virtuel au niveau de ladite por-
te d’entrée préopératoire et de calcul d’'une image
arthroscopique virtuelle de la zone chirurgicale ob-
tenue par 'arthroscope virtuel.

Méthode selon la revendication 1 ou 2, dans laquelle
laporte d’entrée préopératoire est une porte d’entrée
arthroscopique définie par un point d’entrée d’outil
et une direction.

Méthode selon I'une des revendications 1 a 3, com-
prenant en outre la déduction a travers la transfor-
mée de zones critiques contenant des vaisseaux ou
des nerfs du systéeme de coordonnées du modéle
au systeme de coordonnées de référence de I'os.

Méthode selon I'une des revendications 1 a 4, dans
laquelle la transformée est déterminée par un pro-
cédé analytique et/ou géométrique.

Méthode selon I'une des revendications 1 a 5, dans
laquelle la transformée est déterminée en tant que
fonction continue du systéme de coordonnées du
modele au systéme de coordonnées de référence
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de l'os.

Méthode selon la revendication 6, dans laquelle la
transformée est déterminée par un algorithme de re-
calage non rigide d'image a image ou de surface a
surface.

Méthode selon la revendication 2, dans laquelle la
porte d’entrée préopératoire est une porte d’entrée
arthroscopique définie par un point d’entrée d’outil
et une direction, et dans laquelle une image arthros-
copique virtuelle est construite a partir de la porte
d’entrée arthroscopique.

Méthode selon la revendication 8, comprenant en
outre la génération d’'informations de planification et
la superposition des informations de planification sur
image arthroscopique virtuelle.

Méthode selon la revendication 9, dans laquelle les
informations de planification sont une carte en cou-
leur représentant une quantité d’'os a enlever.

Méthode selon la revendication 9, dans laquelle les
informations de planification sont une projection
d’une surface optimale a construire sur 'os.

Méthode selon I'une des revendications 8 a 11, com-
prenant en outre la génération d’une image arthros-
copique virtuelle ajustée en ajustant et en recalant
'image arthroscopique virtuelle sur une image arth-
roscopique réelle de l'os.

Méthode selon la revendication 12, dans laquelle le
recalage de l'image arthroscopique virtuelle sur
image arthroscopique réelle de I'os comprend les
étapes suivantes :

i) un recalage initial en utilisant la position de
porte d’entrée déduite ;

ii) I'ajustementdurecalage al'aide d’unrecalage
image sur image.

Méthode selon la revendication 12, comprenant en
outre la génération d’'informations de planification et
la génération d’'une image superposée en superpo-
sant les informations de planification sur I'image
arthroscopique virtuelle ajustée.

Méthode selon la revendication 12, comprenant en
outre la génération d’'informations de planification et
la superposition des informations de planification et
de l'image arthroscopique virtuelle ajustée sur 'ima-
ge arthroscopique réelle de l'os.

Méthode selon la revendication 14, comprenant en
outre I'affichage de 'image superposée et de 'image
arthroscopique réelle cbte a cote.
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17. Méthode selon 'une des revendications 1a 16, com-

prenant en outre la modification manuelle de la porte
d’entrée préopératoire autour de sa position calculée
initiale.
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