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Patent Application For

PATIENT SELECTABLE JOINT ARTHROPLASTY DEVICES AND SURGICAL TOOLS
FACILITATING INCREASED ACCURACY, SPEED AND SIMPLICITY IN PERFORMING TOTAL
AND PARTIAL JOINT ARTHROPLASTY

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This application claims priority to U.S. Serial No. 10/305,652 entitled
“METHODS AND COMPOSITIONS FOR ARTICULAR REPAIR,” filed November 27, 2002.

[0002] This application is related to U.S. Serial No. 10/160,667, filed May
28, 2002, which in turn claims the benefit of U.S. Serial Number 60/293,488
entitled "METHODS TO IMPROVE CARTILAGE REPAIR SYSTEMS", filed May 25, 2001,
U.S. Serial Number 60/363,527, entitled "NOVEL DEVICES FOR CARTILAGE REPAIR,
filed March 12, 2002 and U.S. Serial Numbers 60/380,695 and 60/380,692,
entitled "METHODS AND COMPOSITIONS FOR CARTILAGE REPAIR," (Attorney Docket

Number 6750-0005p2) and "METHODS FOR JOINT REPAIR," (Attorney Docket
Number 6750-0005p3), filed May 14, 2002, all of which applications are hereby
iIncorporated by reference in their entireties.

FIELD OF THE INVENTION

[0003] The present invention relates to orthopedic methods, systems and
prosthetic devices and more particularly relates to methods, systems and devices

for articular resurfacing. The present invention also includes surgical molds
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designed to achieve optimal cut planes in a joint in preparation for installation of a

joint implant.
BACKGROUND OF THE INVENTION

[0004] There are various types of cartilage, e.qg. hyaline cartilage and
fibrocartilage. Hyaline cartilage is found at the articular surfaces of bones, e.g., In
the joints, and is responsible for providing the smooth gliding motion characteristic

- of moveable joints. Articular cartilage is firmly attached to the underlying bones

and measures typically less than 5mm in thickness in human joints, with
considerable variation depending on joint and site within the joint. In addition,
articular cartilage is aneural, avascular, and alymphatic. In adult humans, this
cartilage derives its nutrition by a double diffusion system through the synovial
membrane and through the dense matrix of the cartilage to reach the
chondrocyte, the cells that are found in the connective tissue of cartilage.

[0005] Adult cartilage has a limited ability of repair; thus, damage to
cartilage produced by disease, such as rheumatoid and/or osteoarthritis, or
trauma can lead to serious physical deformity and debilitation. Furthermore, as
human articular cartilage ages, its tensile properties change. The superficial zone
of the knee articular cartilage exhibits an increase in tensile strength up to the
third decade of life, after which it decreases markedly with age as detectable
damage to type Il collagen occurs at the articular surface. The deep zone
cartilage also exhibits a progressive decrease in tensile strength with increasing
age, although collagen content does not appear to decrease. These observations
indicate that there are changes in mechanical and, hence, structural organization
of cartilage with aging that, if sufficiently developed, can predispose cartilage to
traumatic damage.

[0006] For example, the superficial zone of the knee articular cartilage
exhibits an increase in tensile strength up to the third decade of life, after which it
decreases markedly with age as detectable damage to type Il collagen occurs at
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the articular surface. The deep zone cartilage also exhibits a progressive
decrease in tensile strength with increasing age, although collagen content does
not appear to decrease. These observations indicate that there are changes in
mechanical and, hence, structural organization of cartilage with aging that, if
sufficiently developed, can predispose cartilage to traumatic damage.

[0007] Once damage occurs, joint repair can be addressed through a
number of approaches. One approach includes the use of matrices, tissue
scaffolds or other carriers implanted with cells (e.g., chondrocytes, chondrocyte
progenitors, stromal cells, mesenchymal stem cells, etc.). These solutions have
been described as a potential treatment for cartilage and meniscal repair or
replacement. See, also, International Publications WO 99/51719 to Fofonoff,
published October 14, 1999; WO01/91672 to Simon et al., published 12/6/2001;
and WO01/17463 to Mannsmann, published March 15, 2001; U.S. Patent No.
6,283,980 B1 to Vibe-Hansen et al., issued September 4, 2001, U.S. Patent No.
5,842 477 to Naughton issued December 1, 1998, U.S. Patent No. 5,769,899 to
Schwartz et al. issued June 23, 1998, U.S. Patent No. 4,609,551 to Caplan et al.
issued September 2, 1986, U.S. Patent No. 5,041,138 to Vacanti et al. issued
August 29, 1991, U.S. Patent No. 5,197,985 to Caplan et al. issued March 30,
1993, U.S. Patent No. 5,226,914 to Caplan et al. issued July 13, 1993, U.S.
Patent No. 6,328,765 to Hardwick et al. issued December 11, 2001, U.S. Patent
No. 6,281,195 to Rueger et al. issued August 28, 2001, and U.S. Patent

No. 4,846 835 to Grande issued July 11, 1989. However, clinical outcomes with
biologic replacement materials such as allograft and autograft systems and tissue
scaffolds have been uncertain since most of these materials cannot achieve a
morphologic arrangement or structure similar to or identical to that of normal,
disease-free human tissue it is intended to replace. Moreover, the mechanical
durability of these biologic replacement materials remains uncertain.

[0008] Usually, severe damage or loss of cartilage is treated by
replacement of the joint with a prosthetic material, for example, silicone, e.g. for
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cosmetic repairs, or metal alloys. See, e.g., U.S. Patent No. 6,383,228 to
Schmotzer, issued May 7, 2002; U.S. Patent No. 6,203,576 to Afriat et al., issued
March 20, 2001: U.S. Patent No. 6,126,690 to Ateshian, et al., issued October 3,
2000. Implantation of these prosthetic devices is usually associated with loss of
underlying tissue and bone without recovery of the full function allowed by the
original cartilage and, with some devices, serious long-term complications
associated with the loss of significant amount of tissue and bone can include
infection, osteolysis and also loosening of the implant.

[0009] Further, joint arthroplasties are highly invasive and require surgical
resection of the entire or the majority of the articular surface of one or more
bones. With these procedures, the marrow space is reamed in order to fit the stem
of the prosthesis. The reaming results in a loss of the patient’s bone stock. U.S.
Patent 5,593,450 to Scott et al. issued January 14, 1997 discloses an oval domed
shaped patella prosthesis. The prosthesis has a femoral component that includes
two condyles as articulating surfaces. The two condyles meet to form a second
trochlear groove and ride on a tibial component that articulates with respeci to the
femoral component. A patella component is provided to engage the trochlear
groove. U.S. Patent 6,090,144 to Letot et al. issued July 18, 2000 discloses a
knee prosthesis that includes a tibial component and a meniscal component that
is adapted to be engaged with the tibial component through an asymmetrical
engagement.

[0010] Another joint subject to invasive joint procedures is the hip. U.S.
Patent 6,262,948 to Storer et al. issued September 30, 2003 discloses a femoral
hip prosthesis that replaces the natural femoral head. U.S. Patent Publications
2002/0143402 A1 and 2003/0120347 to Steinberg published October 3, 2002 and
June 26, 2003, respectively, also disclose a hip prosthesis that replaces the
femoral head and provides a member for communicating with the ball portion of
the socket within the hip joint.
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10011] A variety of materials can be used In replacihg a joint with a
prosthetic, for example, silicone, e.g. for cosmetic repairs, or suitable metal alloys
are appropriate. See, e.g., U.S. Patent No. 6,443,991 B1 to Running issued
September 3, 2002, U.S. Patent No. 6,387,131 B1 to Miehlke et al. issuea May
14, 2002: U.S. Patent No. 6,383,228 to Schmotzer issued May 7, 2002; U.S.
Patent No. 6,344,059 B1 to Krakovits et al. issued February 5, 1002; U.S. Patent
No. 6,203,576 to Afriat et al. issued Marbh 20, 2001: U.S. Patent No. 6,126,690 to
Ateshian et al. issued October 3, 2000; U.S. Patent 6,013,103 to Kaufman et al.
issued January 11, 2000. Implantation of these prosthetic devices is usually
associated with loss of underlying tissue and bone without recovery of the full
function allowed by the original cartilage and, with some devices, serious long-
term complications associated with the loss of significant amounts of tissue and
bone can cause loosening of the implant. One such complication is osteolysis.
Once the prosthesis becomes loosened from the joint, regardiess of the cause,
the prosthesis will then need to be replaced. Since the patient’s bone stock is
limited, the number of possible replacement surgeries is also limited for joint
arthroplasty.

10012] As can be appreciated, joint arthroplasties are highly invasive and
require surgical resection of the entire, or a majority of the, articular surface of one
or more bones involved in the repair. Typically with these procedures, the marrow
space is fairly extensively reamed in order to fit the stem of the prosthesis within
the bone. Reaming results in a loss of the patient’s bone stock and over time
subsequent osteolysis will frequently lead to loosening of the prosthesis. Further,
the area where the implant and the bone mate degrades over time requiring the
prosthesis to eventually be replaced. Since the patient’s bone stock Is limited, the
number of possible replacement surgeries is also limited for joint arthroplasty. In
short, over the course of 15 to 20 years, and in some cases even shorter time

periods, the patient can run out of therapeutic options ultimately resulting in a
painful, non-functional joint.
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[0013] A variety of tools are available to assist surgeons in performing joint
surgery. In the knee, for example, U.S. Patent 4,501,266 to McDaniel issued
February 26, 1985 discloses a knee distraction device that facilitates knee
arthroplasty. The device has an adjustable force calibration mechanism that
enables the device to accommodate controlled selection of the ligament-
tensioning force to be applied to the respective, opposing sides of the knee. U.S.
Patent 5,002,547 to Poggie et al. issued March 26, 1991 discloses a modular
apparatus for use in preparing the bone surface for implantation of a modular total
knee prosthesis. The apparatus has cutting guides, templates, alignment devices
along with a distractor and clamping instruments that provide modularity and
facilitate bone resection and prosthesis implantation. U.S. Patent 5,250,050 to
Poggie et al. issued October 5, 1993 is also directed to a modular apparatus for
use in preparing a bone surface for the implantation of a modular total knee
prosthesis. U.S. Patent 5,387,216 to Thornhill et al. issued February 7, 1995
discloses instrumentation for use in knee revision surgery. A bearing sleeve is
provided that is inserted into the damaged canal in order to take up additional
volume. The rod passes through the sleeve and is positioned to meet the natural
canal of the bone. The rod is then held in a fixed position by the bearing sleeve. A
cutting guide can then be mounted on the rod for cutting the bone and to provide a
mounting surface for the implant. U.S. Patent 6,056,756 to Eng et al. issued

May 2, 2000 discloses a tool for preparing the distal femoral end for a prosthetic
implant. The tool lays out the resection for prosthetic replacement and includes a
jack for pivotally supporting an opposing bone such that the jack raises the
opposing bone in flexion to the spacing of the intended prosthesis. U.S. Patent
6,106,529 to Techiera issued August 22, 2000 discloses an epicondylar axis
referencing drill guide for use in resection to prepare a bone end for prosthetic
joint replacement. U.S. Patent 6,296,646 to Williamson issued October 2, 2001
discloses a system that allows a practitioner to position the leg in the alignment
that is directed at the end of the implant procedure and to cut both the femur and
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tibia while the leg is fixed in alignment. U.S. Patent 6,620,168 to Lombardi et al.
iIssued September 16, 2003 discloses a tool for intermedullary revision surgery
along with tibial components.

[0014] U.S. Patent 5,578,037 to Sanders et al. issued November 26, 1996
discloses a surgical guide for femoral resection. The guide enables a surgeon to
resect a femoral neck during a hip arthroplasty procedure so that the femoral
prosthesis can be implanted to preserve or closely approximate the anatomic
center of rotation of the hip.

[0015] U.S. Patent No. 6,206,927 to Fell, et al., issued March 27, 2001, and
U.S. Patent No. 6,558,421 to Fell, et al., issued May 6, 2003, disclose a surgically
Implantable knee prosthesis that does not require bone resection. This prosthesis
Is described as substantially elliptical in shape with one or more straight edges.
Accordingly, these devices are not designed to substantially conform to the actual
shape (contour) of the remaining cartilage in vivo and/or the underlying bone.
Thus, integration of the implant can be extremely difficult due to differences in
thickness and curvature between the patient’s surrounding cartilage and/or the
underlying subchondral bone and the prosthesis.

[0016] Interpositional knee devices that are not attached to both the tibia
and femur have been described. For example, Platt et al. (1969) “Mould
Arthroplasty of the Knee,” Journal of Bone and Joint Surgery 51B(1):76-87,
describes a hemi-arthroplasty with a convex undersurface that was not rigidly
attached to the tibia. Devices that are attached to the bone have also been
described. Two attachment designs are commonly used. The McKeever design is
a cross-bar member, shaped like a “t” from a top perspective view, that extends
from the bone mating surface of the device such that the “t” portion penetrates the
bone surface while the surrounding surface from which the “t” extends abuts the
bone surface. See McKeever, “Tibial Plateau Prosthesis,” Chapter 7, p. 86. An
alternative attachment design is the Macintosh design, which replaces the “”
shaped fin for a series of multiple flat serrations or teeth. See Potter, "Arthroplasty
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of the Knee with Tibial Metallic Implants of the McKeever and Maclntosh Design,”
Surg. Clins. Of North Am. 49(4): 903-915 (1969).

[0017] U.S. Patent 4,502,161 to Wall issued March 5, 1985, describes a
prosthetic meniscus constructed from materials such as silicone rubber or Teflon
with reinforcing materials of stainless steel or nylon strands. U.S.

Patent 4,085,466 to Goodfellow et al. issued March 25, 1978, describes a
meniscal component made from plastic materials. Reconstruction of meniscal
lesions has also been attempted with carbon-fiber-polyurethane-poly (L-lactide).
Leeslag, et al., Biological and Biomechanical Performance of Biomaterials
(Christel et al., eds.) Elsevier Science Publishers B.V., Amsterdam. 1986. pp. 347-
352. Reconstruction of meniscal lesions is also possible with bioresorbable
materials and tissue scaffolds.

[0018] However, currently available devices do not always provide ideal
alignment with the articular surfaces and the resultant joint congruity. Poor
alignment and poor joint congruity can, for example, lead to instability of the joint.
In the knee joint, instability typically manifests as a lateral instability of the joint.
[0019] Thus, there remains a need for compositions for joint repair,
including methods and compositions that facilitate the integration between the
cartilage replacement system and the surrounding cartilage. There is also a need
for tools that increase the accuracy of cuts made to the bone in a joint In
preparation for surgical implantation of, for example, an artificial joint.

SUMMARY OF THE INVENTION

[0020] The present invention provides novel devices and methods for
replacing a portion (e.g., diseased area and/or area slightly larger than the
diseased area) of a joint (e.g., cartilage and/or bone) with a non-pliable, non-liquid
(e.g., hard) implant material, where the implant_achieves a near anatomic fit with
the surrounding structures and tissues. In cases where the devices and/or

methods include an element associated with the underlying articular bone, the
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invention also provides that the bone-associated element achieves a near
anatomic alignment with the subchondral bone. The invention also provides for

the preparation of an implantation site with a single cut, or a few relatively small
cuts.

[0021] In one aspect, the invention includes a method for providing articular
replacement material, the method comprising the step of producing articular

replacement (e.g., cartilage replacement material) of selected dimensions (e.g.,
size, thickness and/or curvature).

[0022] In another aspect, the invention includes a method of making
cartilage repair material, the method comprising the steps of (a) measuring the
dimensions (e.g., thickness, curvature and/or size) of the intended implantation
site or the dimensions of the area surrounding the intended implantation site; and
(b) providing cartilage replacement material that conforms to the measurements
obtained in step (a). In certain aspects, step (a) comprises measuring the
thickness of the cartilage surrounding the intended implantation site and
measuring the curvature of the cartilage surrounding the intended implantation
site. In other embodiments, step (a) comprises measuring the size of the intended
implantation site and measuring the curvature of the cartilage surrounding the
intended implantation site. In other embodiments, step (a) comprises measuring
the thickness of the cartilage surrounding the intended implantation site,
measuring the size of the intended implantation site, and measuring the curvature
of the cartilage surrounding the intended implantation site. In other embodiments,
step (a) comprises reconstructing the shape of healthy cartilage surface at the
intended implantation site.

[0023] In any of the methods described herein, one or more components of
the articular replacement material (e.g., the cartilage replacement material) can be
non-pliable, non-liquid, solid or hard. The dimensions of the replacement material
can be selected following intraoperative measurements. Measurements can also
be made using imaging techniques such as ultrasound, MRI, CT scan, x-ray



10

15

20

29

CA 02505419 2005-05-06

WO 2004/049981 PCT/US2003/038138

10

imaging obtained with x-ray dye and fluoroscopic imaging. A mechanical probe
(with or without imaging capabilities) can also be used to select dimensions, for
example an ultrasound probe, a laser, an optical probe and a deformable material
or device.

[0024] In any of the methods described herein, the replacement material
can be selected (for example, from a pre-existing library of repair systems), grown
from cells and/or hardened from various materials. Thus, the material can be
produced pre- or post-operatively. .Furthermore, in any of the methods describead
herein the repair material can also be shaped (e.g., manually, automatically or by
machine), for example using mechanical abrasion, laser ablation, radiofrequency
ablation, cryoablation and/or enzymatic digestion.

[0025] In any of the methods described herein, the articular replacement
material can compfise synthetic materials (e.g., metals, liquid metals, polymers,
alloys or combinations thereof) or biological materials such as stem cells, fetal
cells or chondrocyte cells.

[0026] In another aspect, the invention includes a method of repairing a
cartilage in a subject, the method of comprising the step of implanting cartilage
repair material prepared according to any of the methods described herein.

[0027] In yet another aspect, the invention provides a method of
determining the curvature of an articular surface, the method comprising the step
of intraoperatively measuring the curvature of the articular surface using a
mechanical probe. The articular surface can comprise cartilage and/or
subchondral bone. The mechanical probe (with or without imaging capabilities)
can include, for example an ultrasound probe, a laser, an optical probe and/or a
deformable material.

[0028] In a still further aspect, the invention provides a method of producing
an articular replacement material comprising the step of providing an articular
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replacement material that conforms to the measurements obtained by any of the
methods of described herein.

[0029] In a still further aspect, the invention includes a partial or full articular
prosthesis comprising a first component comprising a cartilage replacement
material; and an optional second component comprising one or more metals,
wherein said second component can have a curvature similar to subchondral
bone, wherein said prosthesis comprises less than about 80% of the articular
surface. In certain embodiments, the first and/or second component comprises a
non-pliable material (e.g., a metal, a polymer, a metal alloy, a solid biologicai
material). Other materials that can be included in the first and/or second
components include polymers, biological materials, metals, metal alloys or
combinations thereof. Furthermore, one or both components can be smooth or
porous (or porous coated) using any methods or mechanisms to achieve in-
growth of bone known in the art. In certain embodiments, the first component
exhibits biomechanical properties (e.g., elasticity, resistance to axial loading or
shear forces) similar to articular cartilage. The first and/or second component can
be bioresorbable and, in addition, the first or second components can be adapted

to receive Injections.

[0030] In another aspect, an articular prosthesis comprising an external
surface located in the load bearing area of an articular surface, wherein the
dimensions of said external surface achieve a near anatomic fit with the adjacent,
underlying or opposing cartilage is provided. The prosthesis can comprise one or
more metals or metal alloys.

[0031] In yet another aspect, an articular repair system comprising (a)
cartilage replacement material, wherein said cartilage replacement material has a
curvature similar to surrounding, adjacent, underlying or opposing cartilage; and
(b) at least one non-biologic material, wherein said articular surface repair system
comprises a portion of the articular surface equal to, smaller than, or greater than,
the weight-bearing surface that is provided. In certain embodiments, the cartilage
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replacement material is non-pliable (e.g., hard hydroxyapatite, etc.). In certain
embodiments, the system exhibits biomechanical (e.g., elasticity, resistance to
axial loading or shear forces) and/or biochemical properties similar to articular
cartilage. The first and/or second component can be bioresorbable and, In

addition, the first or second components can be adapted to receive injections.

[0032] In a still further aspect of the invention, an articular surface repair
system comprising a first component comprising a cartilage replacement material,
wherein said first component has dimensions similar to that of adjacent,
surrounding, underlying or opposing cartilage; and a second component, wherein
said second component has a curvature similar to subchondral bone, wherein said
articular surface repair system comprises less than about 80% of the articular
surface (e.g., a single femoral condyle, tibia, etc.) is provided. In certain
embodiments, the first component is non-pliable (e.qg., hard hydroxyapatite, etc.).
In certain embodiments, the system exhibits biomechanical (e.g., elasticity,
resistance to axial loading or shear forces) and/or biochemical properties similar
to articular cartilage. The first and/or second component can be bioresorbable
and, in addition, the first or second components can be adapted to receive
injections. In certain embodiments, the first component has a curvature and
thickness similar to that of adjacent, underlying, opposing or surrounding cartilage.
The thickness and/or curvature can vary across the implant material.

[0033] In a still further embodiment, a partial articular prosthesis comprising
(a) a metal or metal alloy; and (b) an external surface located in the load bearing
area of an articular surface, wherein the external surface designed to achieve a
near anatomic fit with the adjacent surrounding, underlying or opposing cartilage
IS provided.

[0034] Any of the repair systems or prostheses described herein (e.g., the
external surface) can comprise a polymeric material, for example attached to said
metal or metal alloy. Any of the repair systems can be entirely composed of
polymer. Further, any of the systems or prostheses described herein can be
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adapted to receive injections, for example, through an opening in the external
surface of said cartilage replacement material (e.g., an opening in the external
surface terminates in a plurality of openings on the bone surface). Bone cement,
polymers, Liquid Metal, therapeutics, and/or other bioactive substances can be
injected through the opening(s). In certain embodiments, bone cement Is injected
under pressure in order to achieve permeation of portions of the marrow space
with bone cement. In addition, any of the repair systems or prostheses described
herein can be anchored in bone marrow or in the subchondral bone itself. One or

more anchoring extensions (e.g., pegs, pins, etc.) can extend through the bone
and/or bone marrow.

[0035] In any of the embodiments and aspects described herein, the joint
can be a knee, shoulder, hip, vertebrae, elbow, ankle, wrist etc.

[0036] In another aspect, a method of designing an articular implant
comprising the steps of obtaining an image of a joint, wherein the image includes
both normal cartilage and diseased cartilage; reconstructing dimensions of the
diseased cartilage surface to correspond to normal cartilage; and designing the
articular implant to match the dimensions of the reconstructed diseasea cartilage
surface or to match an area slightly greater than the diseased cartilage surface is
provided. The image can be, for example, an intraoperative image including a
surface detection method using any techniques known in the art, e.g., mechanical,
optical ultrasound, and known devices such as MRI, CT, ultrasound, digitél
tomosynthesis and/or optical coherence tomography images. In certain
embodiments, reconstruction is performed by obtaining a surface that follows the
contour of the normal cartilage. The surface can be parametric and include
control points that extend the contour of the normal cartilage to the diseased
cartilage and/or a B-spline surface. In other embodiments, the reconstruction is
performed by obtaining a binary image of cartilage by extracting cartilage from the
image, wherein diseased cartilage appears as indentations in the binary image;
and performing, for example, a morphological closing operation (e.g., performed in
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two or three dimensions using a structuring element and/or a dilation operation

followed by an erosion operation) to determine the shape of an implant to fill the
areas of diseased cartilage.

[0037] In yet another aspect, described herein are systems for evaluating
the fit of an articular repair system into a joint, the systems comprising one or
more computing means capable of superimposing a three-dimensional (e.g.,
three-dimensional representations of at least one articular structure and of the
articular repair system) or a two-dimensional cross-sectional image (e.g., cross-
sectional images reconstructed in multiple planes) of a joint and an image of an
articular repair system to determine the fit of the articular repair system. The
computing means can be: capable of merging the images of the joint and the
articular repair system into a common coordinate system; capabie of selecting an
articular repair system having the best fit; capable of rotating or moving the
images with respect to each other; and/or capable of highlighting areas of poor
alighnment between the articular repair system and the surrounding articular
surfaces. The three-dimensional representations can be generated using a
parametric surface representation.

[0038] In yet another aspect, surgical tools for preparing a joint to receive
an implant are described, for example a tool comprising one or more surfaces or
members that conform at least partially to the shape of the articular surfaces of
the joint (e.g., a femoral condyle and/or tibial plateau of a knee joint). In certain
embodiments, the tool comprises Lucite silastic and/or other polymers or suitable
materials. The tool can be re-useable or single-use. The ool can be comprised of
a single component or multiple components. In certain embodiments, the tool
comprises an array of adjustable, closely spaced pins. In any embodiments
described herein, the surgical tool can be designed to further comprise an
aperture therein, for example one or more apertures having dimensions (e.g.,
diameter, depth, etc.) smaller or equal to one or more dimensions of the implant
and/or one or more apertures adapted to receive one or more injectables. Any of
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the tools described herein can further include one or more curable (hardening)
materials or compositions, for example that are injected through one or more

apertures in the tool and which solidify o form an impression of the articular
surface.

[0039] In still another aspect, a method of evaluating the fit of an articular
repair system into a joint is described herein, the method comprising obtaining
one or more three-dimensional images (e.g., three-dimensional representations of
at least one articular structure and of the articular repair system) or two-
dimensional cross-sectional images (e.g., cross-sectional images reconstructed in
multiple planes) of a joint, wherein the joint includes at least one defect or
diseased area; obtaining one or more images of one or more articular repair
systems designed to repair the defect or diseased area; and evaluating the
images to determine the articular repair system that best fits the defect (e.g., by
superimposing the images to determine the fit of the articular repair system into
the joint). In certain embodiments, the images of the joint and the articular repair
system are merged into a common coordinate system. The three-dimensional
representations can be generated using a parametric surface representation. In
any of these methods, the evaluation can be performed by manual visual
inspection and/or by computer (e.g., automated). The images can be obtained,
for example, using a C-arm system and/or radiographic contrast.

[0040] In yet another aspect, described herein is a method of placing an
implant into an articular surface having a defect or diseased area, the method

comprising the step of imaging the joint using a C-arm system during placement of
the implant, thereby accurately placing the implant into a defect or diseased area.

[0041] Also disclosed is a customizable, or patient specific, implant
configured for placement between joint surfaces formed by inserting a hollow

device having an aperture and a lumen into a target joint, and injecting material
into the hollow device to form an implant.
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[0042] A customizable, or patient specific, implant configured for placement
between joint surfaces is also disclosed wherein the implant is formed by
inserting a retaining device that engages at least a portion of one joint surface in a

joint and injecting material into an aperture of the retaining device to form an
implant.

[0043] The invention is also directed to tools. A is disclosed that tool
comprises:a mold having a surface for engaging a joint surface; a block that
communicates with the mold; and at least one guide aperture in the block.
Another tool is disclosed that is formed at least partially in situ and comprises: a
mold formed in situ using at least one of an inflatable hollow device or a retaining
device to conform to the joint surface on at least one surface having a surface for
engaging a joint surface; a block that communicates with the mold; and at least
one guide aperture in the block.

[0044] A method of placing an implant into a joint is also provided. The
method comprises the steps of imaging the joint using a C-arm system, obtaining
a cross-sectional image with the C-arm system, and utilizing the image for placing
the implant into a joint.

BRIEF DESCRIPTION OF THE DRAWINGS

[0045] The file of this patent contains at least one drawing executed In
color. Copies of this patent with color drawing(s) will be provided by the Patent
and Trademark Office upon request and payment of the necessary fee.

[0046] Fic. 1 is a flowchart depicting various methods of the present
invention including, measuring the size of an area of diseased cartilage or
cartilage loss, measuring the thickness of the adjacent cartilage, and measuring
the curvature of the articular surface and/or subchondral bone. Based on this

information, a best-fitting implant can be selected from a library of implants or a
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patient specific custom implant can be generated. The implantation site iIs
subsequently prepared and the implantation is performed.

[0047] Fic. 2 is a color reproduction of a three-dimensional thickness map
of the articular cartilage of the distal femur. Three-dimensional thickness maps
can be generated, for example, from ultrasound, CT or MRI data. Dark holes
within the substances of the cartilage indicate areas of full thickness cartilage loss.

[0048] Fic. 3A shows an example of a Placido disc of concentrically
arranged circles of light. Fic. 38 shows an example of a projected Placido disc on

a surface of fixed curvature.

[0049] Fig. 4 shows a reflection resulting from a projection of concentric
circles of light (Placido Disk) on each femoral condyle, demonstrating the effect of
variation in surface contour on the reflected circles.

[0050] FiG. 5 shows an example of a 2D color-coded topographical map of

an irregularly curved surface.

[0051] FiG. 6 shows an example of a 3D color-coded topographical map of

an irregularly curved surface.

[0052] FiGgs. 7A-H illustrate, in cross-section, various stages of knee
resurfacing. FIG. 7A shows an example of normal thickness cartilage and a
cartilage defect. FiG. 7B shows an imaging technique or a mechanical, optical,
laser or ultrasound device measuring the thickness and detecting a sudden
change in thickness indicating the margins of a cartilage defect. FiG. 7C shows a
weight-bearing surface mapped onto the articular cartilage. FiG. 7D shows an
intended implantation site and cartilage defect. FiG. 7 depicts placement of an
exemplary single component articular surface repair system. FIG. 7F shows an
exemplary multi-component articular surface repair system. FIG. 7G shows an
exemplary single component articular surface repair system. FIG. 7H shows an

exemplary multi-component articular surface repair system.
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[0053] Figs. 8A-E, illustrate, in cross-section, exemplary knee imaging ana
resurfacing. FiG. 8A shows a magnified view of an area of diseased cartilage.
Fic. 8B shows a measurement of cartilage thickness adjacent to the defect.

Fic. 8c depicts placement of a multi-component mini-prosthesis for articular
resurfacing. FiG. 8p is a schematic depicting placement of a single component
mini-prosthesis utilizing stems or pegs. FiG. 8E depicts placement of a single
component mini-prosthesis utilizing stems and an opening for injection of bone
cement.

[0054] FiGs. 9A-C, illustrate, in cross-section, other exemplary knee
resurfacing devices and methods. FIG. 9A depicts normal thickness cartilage In
the anterior and central and posterior portion of a femoral condyle and a large
area of diseased cartilage in the posterior portion of the femoral condyle. FiG. 9B
depicts placement of a single component articular surface repair system. FIG. 9C

depicts a multi-component articular surface repair system.

[0055] Fics. 10A-B are flow charts illustrating steps for forming a device in
situ.
[0056] Figs. 11A-G illustrate, in cross-section, the use of an inflation device

to form an implant. FiG. 11A illustrates a single lumen balloon inserted between
two joint surfaces where the inflation occurs within the bounds of the joint.

FiG. 118 illustrates another single lumen balloon inserted between two joint
surfaces where the inflatable surfaces extend beyond a first and second edge of a
joint. FiG. 11¢ illustrates another single lumen balloon between two joint surfaces.
Fic. 11D illustrates a multi-balloon solution using two balloons where the balloons
are adjacent to each other within the joint. FiG. 11E illustrates an alternative multi-
balloon solution wherein a first balloon is comprised within a second balioon.

Fic. 11F illustrates another multi-balloon solution where a first balloon lies within
the lumen of a second balloon and further wherein the second balloon is adjacent
a third balloon. FiG. 11a illustrates a 3 balloon configuration wherein a first balloon
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lies adjacent a second balloon and a third balloon fits within the lumen of one of
the first or second balloon.

[0057] Fics. 12A-E illustrate a variety of cross-sectional shapes achievea
using balloons with variable wall thicknesses or material compositions. In FiG. 12A
the inflation device enables the implant to achieve a surface conforming to the
irregularities of the joint surface. In FiG. 12B the inflation device enables the
implant to achieve a surface that sits above the irregular joint surface; FiG. 12C
illustrates a device formed where a central portion of the device sits above the
joint surface irregularities while the proximal and distal ends illustrated form a
lateral abutting surface to the joint defects. FiG. 12D illustrates a device formed
using a first inflation device within a second inflation device, with an exterior
configuration similar to that shown in FiG. 12A; while FIG. 12E illustrates an
alternative device formed using at least two different inflation devices having an
exterior shape similar to the device shown in FiG. 12cC.

[0058] Figs. 13A-J(1-3) show a variety of cross-sectional views of the
inflation devices shown in Figs. 11 and 12 taken at a position perpendicular to the
views shown in FiGs. 11 and 12.

[0059] Figs. 14A-J illustrate the use of a retaining device to form an implant
in situ.
[0060] Figs. 15A-B show single and multiple component devices. FiG. 15A

shows an exemplary single component articular surface repair system with
varying curvature and radii. FiG. 15B depicts a multi-component articular surface
repair system with a second component that mirrors the shape of the subchondral
bone and a first component closely matches the shape and curvature of the
surrounding normal cartilage.

[0061] Figs. 16A-B show exemplary articular repair systems having an outer
contour matching the surrounding normal cartilage. The systems are implanted
into the underlying bone using one or more pegs.
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[0062] FiG. 17 shows a perspective view of an exemplary articular repair
device including a flat surface to control depth and prevent toggle; an exterior
surface having the contour of normal cartilage; flanges to prevent rotation and
control toggle; a groove to facilitate tissue in-growth.

[0063] Figs. 18A-D depict, in cross-section, another example of an implant
with multiple anchoring pegs. FiG. 18B-D show various cross-sectional
representations of the pegs: FiG. 188 shows a peg having a groove; FiG. 18C
shows a peg with radially-extending arms that help anchor the device in the
underlying bone; and FiG. 18D shows a peg with multiple grooves or flanges.

[0064] Fic. 19A-B depict an overhead view of an exemplary implant with
multiple anchoring pegs and depict how the pegs are not necessarily linearly
aligned along the longitudinal axis of the device.

[0065] Figs. 20A-E depict an exemplary implant having radially extending
arms. Fi1Gs. 20B-E are overhead views of the implant showing that the shape of

the peg need not be conical.

[0066] FiGg. 21A illustrates a femur, tibia and fibula along with the
mechanical and anatomic axes. FiGs. 21B-E illustrate the tibia with the anatomic

and mechanical axis used to create a cutting plane along with a cut femur and
tibia. FiGc. 21F illustrates the proximal end of the femur including the head of the

femur.

[0067] FiGc. 22 shows an example of a surgical tool having one surface
matching the geometry of an articular surface of the joint. Also shown is an
aperture in the tool capable of controlling drill depth and width of the hole and
allowing implantation of an insertion of implant having a press-fit design.

[0068] Fic. 23 is a flow chart depicting various methods of the invention

used to create a mold for preparing a patient’s joint for arthroscopic surgery.
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[0069] FiG. 24A depicts, in cross-section, an example of a surgical tool
containing an aperture through which a surgical drill or saw can fit. The aperture
guides the drill or saw to make the proper hole or cut in the underlying bone.
Dotted lines represent where the cut corresponding to the aperture will be made in
bone. FIG. 24B depicts, in cross-section, an example of a surgical tool containing
apertures through which a surgical drill or saw can fit and which guide the drill or
saw to make cuts or holes in the bone. Dotted lines represent where the cuts
corresponding to the apertures will be made in bone.

[0070] Figs. 25A-Q illustrate tibial cutting blocks and molds used to create

a surface perpendicular to the anatomic axis for receiving the tibial portion of a
knee implant.

[0071] Fics. 26A-0 illustrate femur cutting blocks and molds used to create
a surface for receiving the femoral portion of a knee implant.

[0072] FiG. 27A-G illustrate patellar cutting blocks and molds used to

prepare the patella for receiving a portion of a knee implant.

[0073] FiG. 28A-H illustrate femoral head cutting blocks and molds used to

create a surface for receiving the femoral portion of a knee implant.

[0074] Fic. 29A-D illustrate acetabulum cutting blocks and molds used to

create a surface for a hip implant.

DETAILED DESCRIPTION OF THE INVENTION

[0075] The following description is presented to enable any person skilled

in the art to make and use the invention. Various modifications to the
embodiments described will be readily apparent to those skilled in the art, and the
generic principles defined herein can be applied to other embodiments and
applications without departing from the spirit and scope of the present invention as
defined by the appended claims. Thus, the present invention is not intended to be
limited to the embodiments shown, but is o be accorded the widest scope
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consistent with the principles and features disclosed herein. To the extent
necessary to achieve a complete understanding of the invention disclosed, the
specification and drawings of all issued patents, patent publications, and patent
applications cited in this application are incorporated herein by reference.

[0076] As will be appreciated by those of skill in the art, the practice of the
present invention employs, unless otherwise indicated, conventional methods of x-
ray imaging and processing, x-ray tomosynthesis, ultrasound including A-scan, B-
scan and C-scan, computed tomography (CT scan), magnetic resonance imaging
(MRI), optical coherence tomography, single photon emission tomography
(SPECT) and positron emission tomography (PET) within the skill of the art. Such
techniques are explained fully in the literature and need not be described herein.
See, e.g., X-Ray Structure Determination: A Practical Guide, 2nd Edition, editors
Stout and Jensen, 1989, John Wiley & Sons, publisher; Body CT: A Praciical
Approach, editor Slone, 1999, McGraw-Hill publisher; X-ray Diagnosis: A
Physician's Approach, editor Lam, 1998 Springer-Verlag, publisher; and Dental
Radiology: Understanding the X-Ray Image, editor Laetitia Brocklebank 1997,
Oxford University Press publisher. See also, The Essential Physics of Medical
Imaging (2" Ed.), Jerrold T. Bushberg, et al.

[0077] The present invention provides methods and compositions for
repairing joints, particularly for repairing articular cartilage and for facilitating the
integration of a wide variety of cartilage repair materials into a subject. Among
other things, the techniques described herein allow for the customization of
cartilage repair material to suit a particular subject, for example in terms of size,
cartilage thickness and/or curvature. When the shape (e.g., size, thickness and/or
curvature) of the articular cartilage surface is an exact or near anatomic fit with the
non-damaged cartilage or with the subject's original cartilage, the success of
repair is enhanced. The repair material can be shaped prior to implantation and
such shaping can be based, for example, on electronic images that provide
information regarding curvature or thickness of any "normal” cartilage surrounding
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the defect and/or on curvature of the bone underlying the defect. Thus, the
current invention provides, among other things, for minimally invasive methods for
partial joint replacement. The methods will require only minimal or, in some
instances, no loss in bone stock. Additionally, unlike with current techniques, the
methods described herein will help to restore the integrity of the articular surface
by achieving an exact or near anatomic match between the implant and the
surrounding or adjacent cartilage and/or subchondral bone.

[0078] Advantages of the present invention can include, but are not limited
to, (i) customization of joint repair, thereby enhancing the efficacy and comfort
level for the patient following the repair procedure; (ii) eliminating the need for a
surgeon to measure the defect to be repaired intraoperatively in some
embodiments; (iii) eliminating the need for a surgeon to shape the material during
the implantation procedure; (iv) providing methods of evaluating curvature of the
repair material based on bone or tissue images or based on intraoperative probing
techniques; (v) providing methods of repairing joints with only minimal or, in some

instances, no loss in bone stock; and (vi) improving postoperative joint congruity.

[0079] Thus, the methods described herein allow for the design and use of

joint repair material that more precisely fits the defect (e.g., site of implantation)

and, accordingly, provides improved repair of the joint.

10080] l. ASSESSMENT OF JOINTS AND ALIGNMENT

[0081] The methods and compositions described herein can be used to
treat defects resulting from disease of the cartilage (e.g., osteoarthritis), bone
damage, cartilage damage, trauma, and/or degeneration due to overuse or age.
The invention allows, among other things, a health practitioner to evaluate and
treat such defects. The size, volume and shape of the area of interest can include
only the region of cartilage that has the defect, but preferably will also include
contiguous parts of the cartilage surrounding the cartilage defect.
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[0082] As will be appreciated by those of skill in the art, size, curvature
aﬁd/or thickness measurements can be obtained using any suitable technique.
For example, one-dimensional, two-dimensional, and/or three-dimensional
measurements can be obtained using suitable mechanical means, laser devices,
electromagnetic or optical tracking systems, molds, materials applied to the
articular surface that harden and “memorize the surface contour,” and/or one or

more imaging techniques known in the art. Measurements can be obtained non-

“invasively and/or intraoperatively (e.g., using a probe or other surgical device). As

will be appreciated by those of skill in the art, the thickness of the repair device

can vary at any given point depending upon the depth of the damage to the
cartilage and/or bone to be corrected at any particular location on an articular

surface.

[0083] As illustrated in Fi1G. 1, typically the process begins by first
measuring the size of the area of diseased cartilage or cartilage loss 70.
Thereafter the user can optionally measure the thickness of adjacent cartilage 20.
Once these steps are performed, the curvature of the articular surface is
measured 30. Alternatively, the curvature of subchondral bone can be measuread.

[0084] Once the size of the defect is known, either an implant can be
selected from a library 32 or an implant can be generated based on the patient
specific parameters obtained in the measurements and evaluation 34. Prior to
installing the implant in the joint, the implantation site is prepared 40 and then the
implant is installed 42. One or more of these steps can be repeated as necessary
or desired as shown by the optional repeat steps 11, 21, 31, 33, 35, and 41.

[0085] A. IMAGING TECHNIQUES
[0086] . Thickness and Curvature
[0087] As will be appreciated by those of skill in the art, imaging techniques

suitable for measuring thickness and/or curvature (e.q., of cartilage and/or bone)

or size of areas of diseased cartilage or cartilage loss include the use of x-rays,
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magnetic resonance imaging (MRI), computed tomography scanning (CT, also
known as computerized axial tomography or CAT), optical coherence tomography,
ultrasound imaging technigques, and optical imaging techniques. (See, also,
International Patent Publication WO 02/22014 to Alexander, et al., published
March 21, 2002; U.S. Patent No. 6,373,250 to Tsoref et al., issued April 16, 2002;
and Vandeberg et al. (2002) Radiology 222:430-436). Contrast or other enhancing

agents can be employed using any route of administration, e.g. intravenous, intra-
articular, etc.

[0088] In certain embodiments, CT or MRI is used to assess tissue, bone,
cartilage and any defects therein, for example cartilage lesions or areas of
diseased cartilage, to obtain information on subchondral bone or cartilage
degeneration and to provide morphologic or biochemical or biomechanical
information about the area of damage. Specifically, changes such as fissuring,
partial or full thickness cartilage loss, and signal changes within residual cartilage
can be detected using one or more of these methods. For discussions of the
basic NMR principles and techniques, see MRI Basic Principles and Applications,
Second Edition, Mark A. Brown and Richard C. Semelka, Wiley-Liss, Inc. (1999).
For a discussion of MRI including conventional T1 and T2-weighted spin-echo
imaging, gradient recalled echo (GRE) imaging, magnetization transfer contrast
(MTC) imaging, fast spin-echo (FSE) imaging, contrast enhanced imaging, rapid
acquisition relaxation enhancement (RARE) imaging, gradient echo acquisition in
the steady state (GRASS), and driven equilibrium Fourier transform (DEFT)
imaging, to obtain information on cartilage, see Alexander, et al., WO 02/22014.
Other techniques include steady state free precision, flexible equilibrium MRI and
DESS. Thus, in preferred embodiments, the measurements produced are based
on three-dimensional images of the joint obtained as described in Alexander, et
al., WO 02/22014 or sets of two-dimensional images ultimately yielding 3D
information. Two-dimensional, and three-dimensional images, or maps, of the

cartilage alone or in combination with a movement pattern of the joint, e.g. flexion
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— extension, translation and/or rotation, can be obtained. Three-dimensional
images can include information on movement patterns, contact points, contact
zone of two or more opposing articular surfaces, and movement of the contact
point or zone during joint motion. Two- and three-dimensional images can include
information on biochemical composition of the articular cartilage. In addition,
imaging techniques can be compared over time, for example to provide up-to-aate
information on the shape and type of repair material needed.

[0089] As will be appreciated by those of skill in the art, imaging techniques
can be combined, if desired. For example, C-arm imaging or x-ray fluoroscopy can
be used for motion imaging, while MRI can yield high resolution cartilage
information. C-arm imaging can be combined with intra-articular contrast to
visualize the cartilage.

[0090] Any of the imaging devices described herein can also be used intra-
operatively (see, also below), for example using a hand-held ultrasound and/or
optical probe to image the articular surface intra-operatively. FIG. 2 illustrates a
color reproduction of a three-dimensional thickness map of the articular surface on
the distal femur. The dark holes within the cartilage indicate areas of full cartilage

loss.
[0091] i. Anatomical and Mechanical Axes
[0092] Imaging can be used to determine the anatomical and

biomechanical axes of an extremity associated with a joint. Suitable tests include,
for example, an x-ray, or an x-ray combined with an MRI. Typically, anatomical
landmarks are identified on the imaging test results (e.g., the x-ray film) and those
landmarks are then utilized to directly or indirectly determine the desired axes.
Thus, for example, if surgery is contemplated in a hip joint, knee joint, or ankle
joint, an x-ray can be obtained. This x-ray can be a weight-bearing film of the
extremity, for example, a full-length leg film taken while the patient is standing.

This film can be used to determine the femoral and tibial anatomical axes and to
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estimate the biomechanical axes. As will be appreciated by those of skill in the art,
these processes for identifying, e.g., anatomical and biomechanical axis of the

joint can be applied to other joints without departing from the scope of the
invention.

[0093] Anatomical and biomechanical axes can also be determined using
other imaging modalities, including but not limited to, computed tomography anad
MRI. For example, a CT scan can be obtained through the hip joint, the knee
joint, and the ankle joint. Optionally, the scan can be reformatted in the sagittal,
coronal, or other planes. The CT images can then be utilized to identify
anatomical landmarks and to determine the anatomical ahd biomechanical axes of
the hip joint, knee joint, and/or ankle joint. Similarly, an MRI scan can be obtained
for this purpose. For example, an MRI scan of the thigh and pelvic region can be
obtained using a body coil or a torso phased array coil. A high resolution scan of
the knee joint can be obtained using a dedicated extremity coil. A scan of the
calf/tibia region and the ankle joint can be obtained again using a body coll or a
torso phased array coil. Anatomical landmarks can be identified in each joint on
these scans and the anatomical and biomechanical axes can be estimated using
this information.

[0094] An imaging test obtained during weight-bearing conditions has some
inherent advantages, in that it demonstrates normal as well as pathological
loading and load distribution. A cross-sectional imaging study such as a CT scan
or MRI scan has some advantages because it allows one to visualize and
demonstrate the anatomical landmarks in three, rather than two, dimensions,
thereby adding accuracy. Moreover, measurements can be performed in other
planes, such as the sagittal or oblique planes, that may not be easily accessible in
certain anatomical regions using conventional radiography. In principle, any
imaging test can be utilized for this purpose.
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[0095] The biomechanical axis can be defined as the axis going from the
center of the femoral head, between the condylar surfaces and through the ankle
joint.

[0096] Computed Tomography imaging has been shown to be highly
accurate for the determination of the relative anatomical and biomechanical axes
of the leg (Testi Debora, Zannoni Cinzia, Cappello Angelo and Viceconti Marco.
“Border tracing algorithm implementation for the femoral geometry reconstruction.”
Comp. Meth. and Programs in Biomed., Feb. 14, 2000; Farrar MJ, Newman RJ,
Mawhinney RR, King R. “Computed tomography scan scout film for measurement
of femoral axis in knee arthroplasty.” J. Arthroplasty. 1999 Dec; 14(8): 1030-1;
Kim JS, Park TS, Park SB, Kim JS, Kim lY, Kim Sl. “Measurement of femoral neck
anteversion in 3D. Part 1: 3D imaging method.” Med. and Biol. Eng. and
Computing. 38(6): 603-609, Nov. 2000;; Akagi M, Yamashita E, Nakagawa T,
Asano T, Nakamura T. “Relationship between frontal knee alignment and
reference axis in the distal femur.” Clin. Ortho. and Related Res..No. 388, 147-
156, 2001; Mahaisavariya B, Sitthiseripratip K, Tongdee T, Bohez E, Sloten JV,
Oris P. "Morphological study of the proximal femur: a new method of geometrical
assessment using 3 dimensional reverse engineering.” Med. Eng. and Phys. 24

(2002) 617-622; L.am Li On, Shakespeare D. “Varus/Valgus alignment of the
femoral component in total knee arthroplasty.” The Knee, 10 (2003) 237-241).

[0097] The angles of the anatomical structures of the proximal and distal
femur also show a certain variability level (i.e. standard deviation) comparable
with the varus or valgus angle or the angle between the anatomical femoral axis
and the biomechanical axis (Mahaisavariya B, Sitthiseripratip K, Tongdee T,
Bohez E, Sloten JV, Oris P. *Morphological study of the proximal femur: a new
method of geometrical assessment using 3 dimensional reverse engineering.”
Med. Eng. and Phys. 24 (2002) 617-622).. Thus, a preferred approach for
assessing the axes is based on CT scans of the hip, knee and ankle joint or femur
rather than only of the knee region.
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[0098] CT has been shown to be efficient in terms of the contrast of the
bone tissue with respect to surrounding anatomical tissue so the bone structures
corresponding to the femur and tibia can be extracted very accurately with sem
automated computerized systems (Mahaisavariya B, Sitthiseripratip K, Tongdee
T Bohez E, Sloten JV, Oris P. “Morphological study of the proximal femur: a new
method of geometrical assessment using 3 dimensional reverse engineering.”
Med. Eng. and Phys. 24 (2002) 617-622; Testi Debora, Zannoni Cinzia, Cappello
Angelo and Viceconti Marco. “Border tracing algorithm implementation for the
femoral geometry reconstruction.” Comp. Meth. and Programs in Biomed., Feb.
14, 2000).

[0099] While 2-D CT has been shown to be accurate in the estimation of
the biomechanical axis (Mahaisavariya B, Sitthiseripratip K, Tongdee T, Bohez E,
Sloten JV, Oris P. “Morphological study of the proximal femur: a new method of
geometrical assessment using 3 dimensional reverse engineering.” Med. Eng. and
Phys. 24 (2002) 617-622; Testi Debora, supra.; Lam Li On, Supra, 3-D CT has
been shown to be more accurate for the estimation of the femoral anteversion
angle (Kim JS, Park TS, Park SB, Kim JS, Kim Y, Kim Sl. Measurement of
femoral neck anteversion in 3D. Part 1: 3D imaging method. Medical ana
Biological engineering and computing. 38(6): 603-609, Nov. 2000; Kim JS, Park
TS, Park SB, Kim JS, Kim 1Y, Kim SI. Measurement of femoral neck anteversion
in 3D. Part 1: 3D modeling method. Medical and Biological engineering and
computing. 38(6): 610-616, Nov. 2000). Farrar used simple CT 2-D scout views 1o
estimate the femoral axis (Farrar MJ, Newman RJ, Mawhinney RR, King R.

Computed tomography scan scout film for measurement of femoral axis in knee
arthroplasty. J. Arthroplasty. 1999 Dec; 14(8): 1030-1).

[0100] In one embodiment, 2-D sagittal and coronal reconstructions of CT
slice images are used to manually estimate the biomechanical axis. One skilled in
the art can easily recognize many different ways to automate this process. For
example, a CT scan covering at least the hip, knee and ankle region is acquired.
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This results in image slices (axial) which can be interpolated to generate the
sagittal and coronal views.

[0101] Preprocessing (filtering) of the slice images can be used to improve
the contrast of the bone regions so that they can be extracted accurately using

simple thresholding or a more involved image segmentation tool like LiveWire or
active contour models. |

[0102] |dentification of landmarks of interest like the centroid of the tibial
shaft, the ankle joint, the intercondylar notch and the centroid of the femoral head
can be performed. The biomechanical axis can be defined as the line connecting
the proximal and the distal centroids, i.e. the femoral head centroid, the tibial or
ankle joint centroid. The position of the intercondylar notch can be used for

evaluation of possible deviations, errors or deformations including varus and
valgus deformity.

[0103] In one embodiment, multiple imaging tests can be combined. For
example, the anatomical and biomechanical axes can be estimated using a
weight-bearing x-ray of the extremity or portions of the extremity. The anatomical
information derived in this fashion can then be combined with a CT or MRI scan of
one or more joints, such as a hip, knee, or ankle joint. Landmarks seen on
radiography can then, for example, be cross-referenced on the CT or MRI scan.
Axis measurements performed on radiography can be subsequently applied to the
CT or MRI scans or other imaging modalities. Similarly, the information obtainea
from a CT scan can be compared with that obtained with an MRI or ultrasound
scan. In one embodiment, image fusion of different imaging modalities can be
performed. For example, if surgery is contemplated in a knee joint, a full-length
weight-bearing x-ray of the lower extremity can be obtained. This can be
supplemented by a spiral CT scan, optionally with intra-articular contrast of the
knee joint providing high resolution three-dimensional anatomical characterization

of the knee anatomy even including the menisci and cartilage. This information,
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along with the axis information provided by the radiograph can be utilized to select

or derive therapies, such as implants or surgical instruments.

[0104] In certain embodiments, it may be desirable to characterize the
shape and dimension of intra-articular structures, including subchondral bone or
the cartilage. This can be done using a CT scan, preferably a spiral CT scan of
one or more joints. The spiral CT scan can optionally be performed using intra-
articular contrast. Alternatively, an MRI scan can be performed. If CT is utilized,
a full spiral scan, or a few selected slices, can be obtained through neighboring
joints. Typically, a full spiral scan providing full three-dimensional characterization
would be obtained in the joint for which therapy is contemplated. If implants, or
molds, for surgical instruments are selected or shaped, using this scan, the
subchondral bone shape can be accurately determined from the resultant image
data. A standard cartilage thickness and, similarly, a standard cartilage loss can
be assumed in certain regions of the articular surface. For example, a standard
thickness of 2 mm of the articular cartilage can be applied to the subchondral
bone in the anterior third of the medial and lateral femoral condyles. Similarly, a
standard thickness of 2 mm of the articular cartilage can be applied to the
subchondral bone in the posterior third of the medial and lateral femoral condyies.
A standard thickness of 0 mm of the articular cartilage can be applied in the
central weight-bearing zone of the medial condyle, and a different value can be
applied to the lateral condyle. The transition between these zones can be
gradual, for example, from 2 mm to 0 mm. These standard values of estimated
cartilage thickness and cartilage loss in different regions of the joint can optionally
be derived from a reference database. The reference database can include
categories such as age, body mass index ("BMI"), severity of disease, pain,
severity of varus deformity, severity of valgus deformity, Kellgren-Lawrence score,
along with other parameters that are determined to be relative and useful. Use of
a standard thickness for the articular cartilage can facilitate the imaging profocols
required for pre-operative planning.



10

15

20

29

CA 02505419 2005-05-06

WO 2004/049981 PCT/US2003/038138

32

[0105] Alternatively, however, the articular cartilage can be fully
characterized by performing a spiral CT scan of the joint in the presence of intra-
articular contrast or by performing an MRI scan using cartilage sensitive pulse

sSeguences.

[0106] The techniques described herein can be used to obtain an image of
a joint that is stationary, either weight bearing or not, or in motion or combinations
thereof. Imaging studies that are obtained during joint motion can be useful for
assessing the load bearing surface. This can be advantageous for designing or
selecting implants, e.g. for selecting reinforcements in high load areas, for surgical

tools and for implant placement, e.g. for optimizing implant alignment relative to
high load areas.

[0107] B. INTRAOPERATIVE MIEASUREMENTS

[0108] Alternatively, or in addition to, non-invasive imaging techniques
described above, measurements of the size of an area of diseased cartilage or an
area of cartilage loss, measurements of cartilage thickness and/or curvature of
cartilage or bone can be obtained intraoperatively during arthroscopy or open
arthrotomy. Intraoperative measurements can, but need not, involve actual
contact with one or more areas of the articular surfaces.

[0109] Devices suitable for'obtaining intraoperative measurements of
cartilage or bone or other articular structures, and to generate a topographical
map of the surface include but are not limited to, Placido disks and laser
interferometers, and/or deformable materials or devices. (See, for example,

U.S. Patent Numbers 6,382,028 to Wooh et al., issued May 7, 2002; 6,057,927 to
Levesque et al., issued May 2, 2000; 5,523,843 to Yamane et al. issued June 4,

1996; 5,847,804 to Sarver et al. issued December 8, 1998; and 5,684,562 to
Fujieda, issued November 4, 1997).

[0110] Fic. 3A illustrates a Placido disk of concentrically arranged circles of

light. The concentric arrays of the Placido disk project well-defined circles of light
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of varying radii, generated either with laser or white light transported via optical
fiber. The Placido disk can be attached to the end of an endoscopic device (or to
any probe, for example a hand-held probe) so that the circles of light are projected
onto the cartilage surface. FiG. 3B illustrates an example of a Placido disk
projected onto the surface of a fixed1 curvature. One or more imaging cameras can
be used (e.g., attached to the device) to capture the reflection of the circles.
Mathematical analysis is used to determine the surface curvature. The curvature
can then, for example, be visualized on a monitor as a color-coded, topographical
map of the cartilage surface. Additionally, a mathematical model of the
topographical map can be used to determine the ideal surface topography to
replace any cartilage defects in the area analyzed.

[0111] = FiG. 4 shows a reflection resulting from the projection of concentric
circles of light (Placido disk) on each femoral condyle, demonstrating the effect of
variation in surface contour on reflected circles.

[0112] Similarly a laser interferometer can also be attached to the end of an
endoscopic device. In addition, a small sensor can be attached to the device In
order to determine the cartilage surface or bone curvature using phase shift
interferometry, producing a fringe pattern analysis phase map (wave front)
visualization of the cartilage surface. The curvature can then be visualized on a
monitor as a color coded, topographical map of the cartilage surface. Additionally,
a mathematical model of the topographical map can be used to determine the
ideal surface topography to replace any cartilage or bone defects in the area
analyzed. This computed, ideal surface, or surfaces, can then be visualized

on the monitor, and can be used to select the curvature, or curvatures, of the
replacement cartilage.

[0113] One skilled in the art will readily recognize that other techniques for
optical measurements of the cartilage surface curvature can be employed without

departing from the scope of the invention. For example, a 2-dimentional or 3-
dimensional map, such as that shown in Fic. 5 and FIG. 6, can be generated.
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[0114] Mechanical devices (e.g., probes) can also be used for
intraoperative measurements, for example, deformable materials such as gels,
molds, any hardening materials (e.g., materials that remain deformable until they
are heated, cooled, or otherwise manipulated). See, e.g., WO 02/34310 to
Dickson et al., published May 2, 2002. For example, a deformable gel can be
applied to a femoral condyle. The side of the gel pointing towards the condyle can
yield a negative impression of the surface contour of the condyle. The negative
Impression can then be used to determine the size of a defect, the depth of a
defect and the curvature of the articular surface in and adjacent to a defect. This
Information can be used to select a therapy, e.g. an articular surface repair
system. In another example, a hardening material can be applied to an articular
surface, e.g. a femoral condyle or a tibial plateau. The hardening material can
remain on the articular surface until hardening has occurred. The hardening
material can then be removed from the articular surface. The side of the
hardening material pointing towards the articular surface can yield a negative
Impression of the articular surface. The negative impression can then be used to
determine the size of a defect, the depth of a defect and the curvature of the
articular surface in and adjacent to a defect. This information can then be used to
select a therapy, e.g. an articular surface repair system. In some embodiments,
the hardening system can remain in place and form the actual articular surface
repair system.

[0115] In certain embodiments, the deformable material comprises a
plurality of individually moveable mechanical elements. When pressed against
the surface of interest, each element can be pushed in the opposing direction and
the extent to which it is pushed (deformed) can correspond to the curvature of the
surface of interest. The device can include a brake mechanism so that the
elements are maintained in the position that conforms to the surface of the
cartilage and/or bone. The device can then be removed from the patient and
analyzed for curvature. Alternatively, each individual moveable element can
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sudden changes in curvature can be used to detect the boundaries of diseased
cartilage or cartilage defects.

[0119] As described above, measurements can be made while the joint is
stationary, either weight bearing or not, or in motion.

[0120] 1. REPAIR MATERIALS

[0121] A wide variety of materials find use in the practice of the present
invention, including, but not limited to, plastics, metals, crystal free metals,
ceramics, biological materials (e.g., collagen or other extracellular matrix
materials), hydroxyapatite, cells (e.g., stem cells, chondrocyte cells or the like), or
combinations thereof. Based on the information (e.g., measurements) obtained
regarding the defect and the articular surface and/or the subchondral bone, a
repair material can be formed or selected. Further, using one or more of these
techniques described herein, a cartilage replacement or regenerating material
having a curvature that will fit into a particular cartilage defect, will follow the
contour and shape of the articular surface, and will match the thickness of the
surrounding cartilage. The repair material can include any combination of
materials, and typically include at least one non-pliable material, for example
materials that are not easily bent or changed.

[0122] A. METAL AND POLYMERIC REPAIR MATERIALS

[0123] Currently, joint repair systems often employ metal and/or polymeric
materials including, for example, prostheses which are anchored into the
underlying bone (e.g., a femur in the case of a knee prosthesis). See, e.g., U.S.
Patent No. 6,203,576 to Afriat, et al. issued March 20, 2001 and 6,322,588 10
Ogle, et al. issued November 27, 2001, and references cited therein. A wide-
variety of metals are useful in the practice of the present invention, and can be
selected based on any criteria. For example, material selection can be based on
resiliency to impart a desired degree of rigidity. Non-limiting examples of suitable
metals include silver, gold, platinum, palladium, iridium, copper, tin, lead,
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antimony, bismuth, zinc, titanium, cobalt, stainless steel, nickel, iron alloys, cobalt
alloys, such as Elgiloy®, a cobalt-chromium-nickel alloy, and MP35N, a nickel-
cobalt-chromium-molybdenum alloy, and Nitinol™, a nickel-titanium alloy,

aluminum, manganese, iron, tantalum, crystal free metals, such as Liquidmetal®

alloys (available from LiquidMetal Technologies, www.liquidmetal.com), other
metals that can slowly form polyvalent metal ions, for example to inhibit

calcification of implanted substrates in contact with a patient's bodily fluids or
tissues, and combinations thereof.

[0124] Suitable synthetic polymers include, without limitation, polyamides
(e.g., nylon), polyesters, polystyrenes, polyacrylétes, vinyl polymers (e.g.,
polyethylene, polytetrafluoroethylene, polypropylene and polyvinyl chloride),
polycarbonates, polyurethanes, poly dimethyl siloxanes, cellulose acetates,
polymethyl methacrylates, polyether ether ketones, ethylene vinyl acetates,
polysulfones, nitrocelluloses, similar copolymers and mixtures thereof.
Bioresorbable synthetic polymers can also be used such as dextran, hydroxyethyl
starch, derivatives of gelatin, polyvinylpyrrolidone, polyvinyl alcohol, poly[N-(2-
hydroxypropyl) methacrylamide], poly(hydroxy acids), poly(epsilon-caprolactone),
polylactic acid, polyglycolic acid, poly(dimethyl glycolic acid), poly(hydroxy
butyrate), and similar copolymers can also be used.

[0125] Other materials would also be appropriate, for example, the
polyketone known as polyetheretherketone (PEEK™). This includes the material
PEEK 450G, which is an unfilled PEEK approved for medical implantation
available from Victrex of Lancashire, Great Britain. (Victrex is located at
www.matweb.com or see Boedeker www.boedeker.com). Other sources of this

material include Gharda located in Panoli, India (www.ghardapolymers.com).

[0126] It should be noted that the material selected can also be filled. For
example, other grades of PEEK are also available and contemplated, such as
30% glass-filled or 30% carbon filled, provided such materials are cleared for use
in implantable devices by the FDA, or other regulatory body. Glass filled PEEK
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reduces the expansion rate and increases the flexural modulus of PEEK relative
to that portion which is unfilled. The resulting product is known to be ideal for
improved strength, stiffness, or stability. Carbon filled PEEK is known to enhance
the compressive strength and stiffness of PEEK and lower its expansion rate.
Carbon filled PEEK offers wear resistance and load carrying capability.

10127] As will be appreciated, other suitable similarly biocompatible
thermoplastic or thermoplastic polycondensate materials that resist fatigue, have
good memory, are flexible, and/or deflectable have very low moisture absorption,
and good wear and/or abrasion resistance, can be used without departing from
the scope of the invention. The implant can also be comprised of
polyetherketoneketone (PEKK).

[0128] Other materials that can be used include polyetherketone (PEK),
polyetherketoneetherketoneketone (PEKEKK), and polyetheretherketoneketone
(PEEKK), and generally a polyaryletheretherketone. Further other polyketones
can be used as well as other thermoplastics.

10129} Reference to appropriate polymers that can be used for the implant
can be made to the following documents, all of which are incorporated herein by
reference. These documents include: PCT Publication WO 02/02158 A1, dated
Jan. 10, 2002 and entitled Bio-Compatible Polymeric Materials; PCT Publication
WO 02/00275 A1, dated Jan. 3, 2002 and entitled Bio-Compatible Polymeric
Materials: and PCT Publication WO 02/00270 A1, dated Jan. 3, 2002 and entitled
Bio-Compatible Polymeric Materials.

[0130] The polymers can be prepared by any of a variety of approaches
including conventional polymer processing methods. Preferred approaches
include, for example, injection molding, which is suitable for the production of
polymer components with significant structural features, and rapid prototyping
approaches, such as reaction injection molding and stereo-lithography. The
substrate can be textured or made porous by either physical abrasion or chemical
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alteration to facilitate incorporation of the metal coating. Other processes are also
appropriate, such as extrusion, injection, compression molding and/or machining
techniques. Typically, the polymer is chosen for its physical and mechanical
properties and is suitable for carrying and spreading the physical load between
the joint surfaces.

[0131] More than one metal and/or polymer can be used in combination
with each other. For example, one or more metal-containing substrates can be
coated with polymers in one or more regions or, alternatively, one or more
polymer-containing substrate can be coated in one or more regions with one or
more metals.

[0132] The system or prosthesis can be porous or porous coated. The
porous surface components can be made of various materials including metals,
ceramics, and polymers. These surface components can, in turn, be secured by
various means to a multitude of structural cores formed of various metals.
Suitable porous coatings include, but are not limited to, metal, ceramic, polymeric
(e.g., biologically neutral elastomers such as silicone rubber, polyethylene
terephthalate and/or combinations thereof) or combinations thereof. See, e.g.,
U.S. Pat. No. 3.605.123 to Hahn, issued September 20, 1971. U.S. Pat. No.
3,808,606 to Tronzo issued May 7, 1974 and U.S. Pat. No. 3,843,975 to Tronzo
issued October 29, 1974: U.S. Pat. No. 3,314,420 to Smith issued April 18, 1967,
U.S. Pat. No. 3,987,499 to Scharbach issued October 26, 1976; and German
Offenlegungsschrift 2,306,552. There can be more than one coating layer and the
layers can have the same or different porosities. See, e.g., U.S. Pat. No.
3,938,198 to Kahn, et al., issued February 17, 1976.

[0133] The coating can be applied by surrounding a core with powdered
polymer and heating until cured to form a coating with an internal network of
interconnected pores. The tortuosity of the pores (e.g., a measure of length to
diameter of the paths through the pores) can be important in evaluating the
probable success of such a coating in use on a prosthetic device. See, also, U.S.
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Pat. No. 4,213,816 to Morris issued July 22, 1980. The porous coating can be
applied in the form of a powder and the article as a whole subjectea to an
elevated temperature that bonds the powder to the substrate. Selection of
suitable polymers and/or powder coatings can be determined in view of the

teachings and references cited herein, for example based on the melt index of

each.
[0134] . B. BIOLOGICAL REPAIR MATERIAL
[0135] Repair materials can also include one or more biological material

either alone or in combination with non-biological materials. For example, any
base material can be designed or shaped and suitable cartilage replacement or
regenerating material(s) such as fetal cartilage cells can be applied to be the
base. The cells can be then be grown in conjunction with the base until the
thickness (and/or curvature) of the cartilage surrounding the cartilage defect has
been reached. Conditions for growing cells (e.g., chondrocytes) on various
substrates in culture, ex vivo and in vivo are described, for example, in U.S.
Patent Nos. 5,478,739 to Slivka et al. issued December 26, 1995; 5,842,477 to
Naughton et al. issued December 1, 1998; 6,283,980 to Vibe-Hansen et al.,
issued September 4, 2001, and 6,365,405 to Salzmann et al. issued April 2, 2002.
Non-limiting examples of suitable substrates include plastic, tissue scaffold, a
bone replacement material (e.g., a hydroxyapatite, a bioresorbable material), or
any other material suitable for growing a cartilage replacement or regenerating
material on It.

[0136] Biological polymers can be naturally occurring or produced in vitro
by fermentation and the like. Suitable biological polymers include, without
limitation, collagen, elastin, silk, keratin, gelatin, polyamino acids, cat gut sutures,
polysaccharides (e.g., cellulose and starch) and mixtures thereof. Biological
polymers can be bioresorbable.
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[0137] Biological materiais used in the methods described herein can be
autografts (from the same subject); allografts (from another individual of the same
species) and/or xenografts (from another species). See, also, International Patent
Publications WO 02/22014 to Alexander et al. published March 21, 2002 and WO
97/27885 to Lee published August 7, 1997. In certain embodiments autologous
materials are preferred, as they can carry a reduced risk of immunological
complications to the host, including re-absorption of the materials, inflammation

and/or scarring of the tissues surrounding the implant site.

[0138] In one embodiment of the invention, a probe is used to harvest
tissue from a donor site and to prepare a recipient site. The donor site can be
located in a xenograft, an allograft or an autograft. The probe is used to achieve a
good anatomic match between the donor tissue sample and the recipient site. The
probe is specifically designed to achieve a seamless or near seamless match
between the donor tissue sample and the recipient site. The probe can, for
example, be cylindrical. The distal end of the probe is typically sharp in order to
facilitate tissue penetration. Additionally, the distal end of the probe is typically
hollow in order to accept the tissue. The probe can have an edge at a defined
distance from its distal end, e.g. at 1 cm distance from the distal end and the edge
can be used to achieve a defined depth of tissue penetration for harvesting. The
edge can be external or can be inside the hollow portion of the probe. For
example, an orthopedic surgeon can take the probe and advance it with physical
pressure into the cartilage, the subchondral bone and the underlying marrow in
the case of a joint such as a knee joint. The surgeon can advance the probe until
the external or internal edge reaches the cartilage surface. At that point, the edge
will prevent further tissue penetration thereby achieving a constant and
reproducible tissue penetration. The distal end of the probe can include one or
more blades, saw-like structures, or tissue cutting mechanism. For example, the
distal end of the probe can include an iris-like mechanism consisting of several
small blades. The blade or blades can be moved using a manual, motorized or
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electrical mechanism thereby cutting through the tissue and separating the tissue
sample from the underlying tissue. Typically, this will be repeated in the donor and
the recipient. In the case of an iris-shaped blade mechanism, the individual blades
can be moved so as to close the iris thereby separating the tissue sample from
the donor site.

[0139] In another embodiment of the invention, a laser device or a
radiofrequency device can be integrated inside the distal end of the probe. The
laser device or the radiofrequency device can be used to cut through the tissue
and to separate the tissue sample from the underlying tissue.

10140] In one embodiment of the invention, the same probe can be used In
the donor and in the recipient. In another embodiment, similarly shaped probes of
slightly different physical dimensions can be used. For example, the probe used in
the recipient can be slightly smaller than that used in the donor thereby achieving
a tight fit between the tissﬁe sample or tissue transplant and the recipient site. The
probe used in the recipient can also be slightly shorter than that used in the donor
thereby correcting for any tissue lost during the separation or cutting of the tissue
sample from the underlying tissue in the donor material.

[0141] Any biological repair material can be sterilized to inactivate biological
contaminants such as bacteria, viruses, yeasts, molds, mycoplasmas and
parasites. Sterilization can be performed using any suitable technique, for
example radiation, such as gamma radiation.

[0142] Any of the biological materials described herein can be harvested
with use of a robotic device. The robotic device can use information from an

electronic image for tissue harvesting.

[0143] In certain embodiments, the cartilage replacement material has a
particular biochemical composition. For instance, the biochemical composition of
the cartilage surrounding a defect can be assessed by taking tissue samples and
chemical analysis or by imaging techniques. For example, WO 02/22014 to
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Alexander describes the use of gadolir;ium for imaging of articular cartilage to
monitor glycosaminoglycan content within the cartilage. The cartilage replacement
or regenerating material can then be made or cultured in a manner, to achieve a
biochemical composition similar to that of the cartilage surrounding the
implantation site. The culture conditions used to achieve the desired biochemical
compositions can include, for example, varying concentrations. Biochemical
composition of the cartilage replacement or regenerating material can, for
example, be influenced by controlling concentrations and exposure times of
certain nutrients and growth factors.

[0144] ll. DEVICES DESIGN
[0145] A. CARTILAGE MODELS
[0146] Using information on thickness and curvature of the cartilage, a

physical model of the surfaces of the articular cartilage and of the underlying bone
can be created. This physical model can be representative of a limited area within
the joint or it can encompass the entire joint. For example, in the knee joint, the
physical model can encompass only the medial or lateral femoral condyle, both
femoral condyles and the notch region, the medial tibial plateau, the lateral tibial
plateau, the entire tibial plateau, the medial patella, the lateral patella, the entire
patella or the entire joint. The location of a diseased area of cartilage can be

determined, for example using a 3D coordinate system or a 3D Euclidian distance
as described in WO 02/22014.

[0147] In this way, the size of the defect to be repaired can be determined.
As will be apparent, some, but not all, defects will include less than the entire
cartilage. Thus, in one embodiment of the invention, the thickness of the normal
or only mildly diseased cartilage surrounding one or more cartilage defects is
measured. This thickness measurement can be obtained at a single point or,
preferably, at multiple points, for example 2 point, 4-6 points, 7-10 points, more
than 10 points or over the length of the entire remaining cartilage. Furthermore,
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once the size of the defect is determined, an appropriate therapy (e.g., articular

repair system) can be selected such that as much as possible of the healthy,
surrounding tissue is preserved.

[0148] In other embodiments, the curvature of the articular surface can be
measured to design and/or shape the repair material. Further, both the thickness
of the remaining cartilage and the curvature of the articular surface can be
measured to design and/or shape the repair material. Alternatively, the curvature
of the subchondral bone can be measured and the resuitant measurement(s) can
be used to either select or shape a cartilage replacement material. For example,
the contour of the subchondral bone can be used to re-create a virtual cartilage
surface: the margins of an area of diseased cartilage can be identified. The
subchondral bone shape in the diseased areas can be measured. A virtual
contour can then be created by copying the subchondral bone surface into the
cartilage surface, whereby the copy of the subchondral bone surface connects the
margins of the area of diseased cartilage.

[0149] Turning now to FIGS. 7A-H, various stages of knee resurfacing steps
are shown. FIG. 7A illustrates an example of normal thickness cartilage 700 in the
anterior, central and posterior portion of a femoral condyle 702 with a cartilage
defect 705 in the posterior portion of the femoral condyle. FiG. 7B shows the
detection of a sudden change in thickness indicating the margins of a cartilage
defect 710 that would be observed using the imaging techniques or the
mechanical, optical, laser or ultrasound techniques described above. FIG. 7C
shows the margins of a weight-bearing surface 715 mapped onto the articular
cartilage 700. Cartilage defect 705 is located within the weight-bearing surface
715.

[0150] Fig. 7D shows an intended implantation site (stippled line) 720 and
cartilage defect 705. In this depiction, the implantation site 720 is slightly larger
than the area of diseased cartilage 705. FiG. 7E depicts placement of a single
component articular surface repair system 725. The external surface of the
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articular surface repair system 726 has a curvature that seamlessly extends from
the surrounding cartilage 700 resulting in good postoperative alignment between
the surrounding normal cartilage 700 and the articular surface repair system 728.

[0151] Fic. 7F shows an exemplary multi-component articular surface repair
system 730. The distal surface 733 of the second component 732 has a curvature
that extends from that of the adjacent subchondral bone 735. The first component
736 has a thickness t and surface curvature 738 that extends from the
surrounding normal cartilage 700. In this embodiment, the second component 732
could be formed from a material with a Shore or Rockwell hardness that is greater
than the material forming the first component 736, if desired. Thus it Is
contemplated that the second component 732 having at least portion of the
component in communication with the bone of the joint is harder than the first
component 736 which extends from the typically naturally softer cartilage material.

Other configurations, of course, are possible without departing from the scope of
the invention.

[0152] By providing a softer first component 736 and a firmer second
component 732, the overall implant can be configured so that its relative hardness
is analogous to that of the bone-cartilage or bone-meniscus area that it abuts.
Thus, the softer material first component 736, being formed of a softer material,

could perform the cushioning function of the nearby meniscus or cartilage.

[0153] FiG. 7G shows another single component articular surface repair
system 740 with a peripheral margin 745 which is configured so that it is
substantially non-perpendicular to the surrounding or adjacent normal cartilage
700. FiG. 7H shows a multi-component articular surface repair system 730 with a
first component 767 and a second component 752 similar fo that shown in FIG. 7G
with a peripheral margin 745 of the second component 745 substantially non-
perpendicular to the surrounding or adjacent normal cartilage 700.
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[0154] Now turning to FIGS. 8A-E, these figures depict exemplary knee
imaging and resurfacing processes. FIG. 8A depicts a magnified view of an area
of diseased cartilage 805 demonstrating decreased cartilage thickness when
compared to the surrounding normal cartilage 800. The margins 810 of the defect
have been determined. FI1G. 8B depicts the measurement of cartilage thickness
815 adjacent to the defect 805. FiG. 8¢ depicts the placement of a mulii-
component mini-prosthesis 824 for articular resurfacing. The thickness 820 of the
first component 823 closely approximates that of the adjacent normal cartilage
800. The thickness can vary in different regions of the prosthesis. The curvature of
the distal portion 824 of the first component 823 closely approximates an
extension of the normal cartilage 800 surrounding the defect. The curvature of the
distal portion 826 of the second component 825 is a projection of the surface 827
of the adjacent subchondral bone 830 and can have a curvature that is the same,

or substantially similar, to all or part of the surrounding subchondral bone.

[0155] FiG. 8D is a schematic depicting placement of a single component
mini-prosthesis 840 utilizing anchoring stems 845. As will be appreciated by those
of skill in the art, a variety o configurations, including stems, posts, and nubs can

be employed. Additionally, the component is depicted such that its internal surface
829 is located within the subchondral bone 830. In an alternative construction, the

interior surface 829 conforms to the surface of the subchondral bone 831.

[0156] FiG. 8E depicts placement of a single component mini-prosthesis
840 utilizing anchoring stems 848 and an opening at the external surface 850 for
injection of bone cement 855 or other suitable material. The injection material 855
can freely extravasate into the adjacent bone and marrow space from several
openings at the undersurface of the mini-prosthesis 860 thereby anchoring the

mini-prosthesis.

[0157] FiGs. 9A-C, depict an alternative knee resurfacing device. FIG. 9A

depicts a normal thickness cartilage in the anterior, central and posterior portion of
a femoral condyle 900 and a large area of diseased cartilage 909 toward the
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posterior portion of the femoral condyle. Fi1G. 9B depicts placement of a single
component articular surface repair system 970. Again, the implantation site has
been prepared with a single cut 921, as illustrated. However, as will be
appreciated by those of skill in the art, the repair system can be perpendicular to
the adjacent normal cartilage 900 without departing from the scope of the
invention. The articular surface repair system is not perpendicular to the adjacent
normal cartilage 900. Fi1G. 9¢ depicts a multi-component articular surface repair
system 920. Again, the implantation site has been prepared with a single cut (cut
line shown as 927). The second component 930 has a curvature similar to the
extended surface 930 adjacent subchondral bone 933%. The first component 940
has a curvature that extends from the adjacent cartilage 900.

[0158] B. DEVICE MODELING IN SITU

[0159] Another approach to repairing a defect is to model defect repair
system in situ, as shown in FiGs. 10A-B. As shown in FIG. 10A, one approach
would be to insert a hollow device, such as a balloon, into the target joint 7000.
Any device capable of accepting, for example, injections of material would be
suitable. Suitable injection materials include, for example, polymers and other
materials discussed in Section |l, above, can be used without departing from the
scope of the invention.

[0160] In one embodiment it is contemplated that an insertion device has a
substantially fixed shape that matches at least one articular surface or
subchondral bone of the joint. After inserting the insertion device 71000, material is
injected into the joint through the insertion device 7070 where it then hardens in
situ, forming an implant 1052. The injection material can optionally bond to the
device while hardening.

[0161] Alternatively, the implant can be removed after hardening 71020 for
further processing 7030, such as polishing, e.g. as described Section V.
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[0162] Where the implant is removable after hardening in situ, it can be
preferable to have the implant be formed so that it is collapsible, foldable or

generally changeable in shape to facilitate removal. After processing, the implant
can be reinstalled 7040.

[0163] One or more molds can be applied to one or more articular surfaces.
The mold can have an internal surface facing the articular surface that
substantially conforms to the shape of the articular cartilage and/or the shape of
the subchondral bone. A hardening material including a polymer or metals can
then be injected through an opening in the mold. The opening can include a
membrane that allows insertion of an injection device such as a needle. The
membrane helps to avoid reflux of the injected material into the joint cavity.
Alternatively, the mold can be made of a material that provides sufficient structural
rigidity to allow hardening of the injected substance with the proper shape while
allowing for placement of needles and other devices through the mold.

[0164] Additionally, the implant device can be composed of a plurality of
subcomponents, where the volume or size of each of the subcomponents is
smaller than the volume of the implant. The different subcomponents can be
connected or assembled prior to insertion into the joint 7060 (whether outside the
body or adjacent the joint but within or substantially within the body), or, in some
instances, can be assembled after insertion to the joint 7082. The subcomponents
can be disassembled inside the joint, or adjacent the joint, once hardening of the
injectable material has occurred.

[0165] Additionally, the implant can be fixed to the surface of the bone afte