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Title: CUSTOMIZED ORTHOPAEDIC IMPLANTS AND RELATED METHODS

CROSS REFERENCE TO RELATED APPLICATIONS

[0001] The present application claims the benefit of U.S. Provisional Patent Application

Serial No. 61/208,509, filed February 25, 2009 and entitled, DEFORMABLE

ARTICULATING TEMPLATE, and U.S. Provisional Patent Application Serial No.

61/222,560, filed July 2, 2009 and entitled, CUSTOMIZED ORTHOPAEDIC IMPLANTS

AND RELATED METHODS, the disclosure of each of which is hereby incorporated by

reference.

Field of the Invention

[0002] The present disclosure relates to orthopaedic implants and, more specifically, to

methods and devices utilized to design orthopaedic implants and orthopaedic jigs for use with

joint replacement and revision procedures.

INTRODUCTION TO THE INVENTION

[0003] Of primary interest to the knee prosthetics industry is the analysis of the intrinsic

shape differences of the knee joint between different ethnic populations for development of

implantable orthopaedic devices. The study presented is thus three-fold: by developing a

novel automatic feature detection algorithm, a set of automated measurements can be defined

based on highly morphometric variant regions, which then allows for a statistical framework

when analyzing different populations' knee joint differences.

[0004] Ethnic differences in lower limb morphology focuses on the differences between

Asian and Western populations because this variation is of great import in implant design.

For example, Chinese femora are more anteriorly bowed and externally rotated with smaller

intermedullary canals and smaller distal condyles than Caucasian femora. Likewise,

Caucasian femora are larger than Japanese femora in terms of length and distal condyle

dimensions. Ethnic differences in proximal femur bone mineral density (BMD) and hip axis

length also exists between American Blacks and Whites. The combined effects of higher



BMD shorter hip axis length, and shorter intertrochanteric width may explain the lower

prevalence of osteoporotic fractures in Black women compared to their White counterparts.

Similarly, elderly Asian and Black men have been found to have thicker cortices and higher

BMD than White and Hispanic men, which may contribute to greater bone strength in these

ethnic groups. In general, Blacks have thicker bone cortices, narrower endosteal diameters,

and greater BMD than Whites. Interestingly, though, these traits are most pronounced in

African Blacks compared to American Blacks.

[0005] The following analysis considers metric and geometric morphometric variation in the

lower limb of modern American Blacks, Whites and East Asians. Three-dimensional

statistical bone atlases are used in order to facilitate rapid and accurate data collection in the

form of automated measurements, as well as measurements used in biomedical studies and

some newly-devised measurements. The shape analysis is conducted with a statistical

treatment combining Principal Components Analysis (PCA) and Multiple Discriminant

Analysis; metric analysis is performed using t-tests, power tests, and linear discriminant

analysis in the Implant Design and Analysis Suite (see co-pending U.S. Patent Application

Serial No. 12/673,640, entitled, IMPLANT DESIGN ANALYSIS SUITE, the disclosure of

which is incorporated herein by reference) system. The results of these analyses add to the

existing knowledge of morphological variation in the knee joint and provide useful

information that can be extracted for knee prosthesis design as will be outlined in the

remainder of this disclosure.

[0006] The innovativeness of the instant approach derives, in part, from the use of Computed

Tomography (CT) scans for data collection combined with the computational power and

precision offered by statistical bone atlases. An exemplary data set that comprises 943 male

and female individuals (81.5% American White, 9% American Black and 9.5% East Asians,

where the overall male/female ratio 65/35%) was scanned using CT scans. Only normal

femora and tibia were included in this study; femora or tibia with severe osteophytes and

other abnormalities were specifically excluded. Only one femur and tibia was chosen from

each individual, with no preference taken to either right or left side.

[0007] The bones were CT scanned using 0.625 mm X 0.625 mm X 0.625 mm cubic voxels.

The result is high resolution, three dimensional radiographs in the form of DICOM image

slices. This stacked image data was then segmented and surface models were generated.



This process has been found to be reliable with negligible inter- and intra-observer error.

These models were then added to the ethnicity-specific statistical bone atlases.

[0008] Briefly, a bone atlas is an average mold, or template mesh, that captures the primary

shape variation of a bone and allows for the comparison of global shape differences between

groups or populations. Bone atlases were developed initially for automatic medical image

segmentation; however, it can be used as a way to digitally recreate a bone and conduct

statistical shape analyses. In addition, bone atlases have proven useful in biological

anthropology as a means of studying sexual dimorphism and for reconstructing hominid

fossils and making shape comparisons among fossil species.

[0009] For the ethnicity difference analysis, a previously developed technique for creating a

statistical representation of bone shape was employed in a novel manner. Three separate

statistical atlases of femora were compiled with one atlas containing only American White

femora, one atlas containing only American Black femora, and one atlas containing only East

Asian femora. Likewise, three separate atlases were created for the tibia and divided in the

same manner (i.e., American White, Black tibiae and East Asians). The processes of creating

these statistical atlases and adding bones to the atlases are outlined hereafter.

[0010] First, all of the bone models in the dataset were compared, and a bone model with

average shape characteristics was selected to act as a template mesh. The points in the

template mesh were then matched to corresponding points in all of the other training models.

This ensures that all of the bones have the same number of vertices and the same triangular

connectivity. Next, a series of registration and warping techniques was used to select

corresponding points on all the other bone models in the training set. This process of picking

point correspondences on new models to be added to the atlas is 'non-trivial'. The matching

algorithm described hereafter uses several well-known techniques of computer vision, as well

as a novel contribution for final surface alignment.

[0011] During the first step in the matching algorithm, the centroids of the template mesh and

the new mesh were aligned, and the template mesh was pre-scaled to match the bounding box

dimensions of the new mesh. Second, a rigid alignment of the template mesh to the new mesh

was performed using a standard vertex-to-vertex Iterative Closest Point (ICP) algorithm.

Third, after rigid alignment, a general affϊne transformation was performed without iteration.

This method was applied to align the template mesh to the new mesh using 12 degrees of



freedom (including rotations, translations, scaling, and shear). After the affine transformation

step, the template and new model have reached the limits of linear transformation, but local

portions of the models still remain significantly distant. Since the goal of final surface-to-

surface matching is to create new points on the surface of the new model that will have

similar local spatial characteristics as the template model, a novel non-linear iterative

warping approach was developed to reduce misalignment.

[0012] Referring to FIG. 1, to achieve point correspondence, an iterative algorithm is used

where the closest vertex-to-vertex correspondences are found from the template to the new

model as before, but now the correspondences from the new model to the template model are

also found. Using both of these point correspondences, points on the template mesh are

moved toward locations on the new mesh using a non-symmetric weighting of the vectors of

correspondence. Next, a subroutine consisting of an iterative smoothing algorithm is applied

to the now-deformed template mesh. This smoothing algorithm seeks to average the size of

adjacent triangles on the template mesh, thereby eliminating discontinuities. At the

beginning of the warping algorithm, the smoothing algorithm uses the actual areas of the

surrounding triangles to dictate the smoothing vector applied to each point, which aids in

effectively removing outlying points with large triangles. Consequently, at the beginning of

the process, the template mesh makes large steps, and larger smoothing is required. Toward

the end of the process, however, the smoothing vector is normalized by the total area of the

surrounding triangles, which allows for greater expansion of the template mesh into areas of

high curvature. After this procedure has been completed on all the femora and tibiae in their

respective atlases, the atlases are ready for morphological shape analyses and automated

metric comparisons.

[0013] An innovative statistical treatment was used to analyze global shape differences

between the two groups. This method utilizes the power of (linear and nonlinear) PCA both

as a means of variable reduction and as a global shape descriptor. This method is designed to

find points of high discrimination between different gender and/or different ethnic groups

when normalized against the first principal component (PC), which is considered primarily to

scale. This procedure highlights areas on models that would be highly discriminating without

the use of any other information. The landmarks identified by this algorithm provide adequate

discrimination without the use of any other landmarks between ethnic groups. This feature



finder algorithm is used to examine femoral and tibial shape differences independent of the

size differences between American Whites, Blacks and East Asians.

[0014] A wide array of comparisons was made using specific measurements at defined

landmarks on the ethnicity-specific statistical atlases. These landmarks were chosen based on

surgical importance, clinical relevance, and historical measurements. Since the atlas consists

of homologous points on each femur or tibia model, it provides ample information for

automating this process. Also, each bone model in the atlas is aligned to the same coordinate

frame. A total of 99 femur and 23 tibia measurements, angles, and indices were calculated.

Furthermore, for purposes of brevity, only the most significant metric properties are

discussed in the results section. Unless otherwise specified, the measurements outlined

below represent three dimensional (3D) Euclidean distances between pairs of landmarks, and

angles are measured as 3D rotations between vectors. In some instances these measurements

were projected onto a plane for comparison with previous work in the field A subset of these

measurements is shown in FIGS. 2-4. The landmarks that define the measurement endpoints

are first computed and then defined relative to surgical and anatomical axes.

[0015] Presented are novel methods to ascertain ethnic differences on the distal femur and

proximal tibia on a global scale, to discover regions that were likely to offer discriminating

information, and to measure relevant surgical and anatomical features to aid implanted

prosthesis design. Different studies have tried to identify ethnical differences of the femur

and tibia using measurement techniques that lacked accuracy or precision. Unfortunately,

these methods have been unable to find features of smaller consequence.

[0016] The ordered series of methods used pursuant to the instant disclosure evidenced

significant global differences among sex and race, which subsequently allowed for isolation

of regions likely to be highly different using the feature finder method, and finally allowed

for the coding of algorithms to locate and measure surgically relevant anatomic features with

a high degree of accuracy and repeatability. Bones with different scales were considered to

have the possibility of shape changes dependent on size. In this way, correlations between

measured variables and size were removed in order to expose demonstrable shape differences

inherent to the ethnicities.

[0017] The inventor has used the foregoing analysis to determine that American Blacks have

longer, straighter femora with narrower knees than American Whites. In addition, this



analysis revealed differences in the dimensions and orientation of the lateral condyle that

result in overall shape differences in the distal femur: American Blacks have a trapezoidal-

shaped knee, and American Whites have a more square-shaped knee. For each group, the

differences in the distal femur are echoed in the adjacent tibia, whereby American Blacks

have a longer lateral tibial condyle. The mean medial-lateral length of the tibial plateau is

slightly longer in Blacks than in Whites, but this difference was not overly significant given

the sample size. However, American Blacks do have significantly longer and more robust

tibiae. In this study, major shape difference was found between East Asian population and

both American whites and American blacks.

[0018] It is not clear to what extent genetic differences contribute to lower limb morphology,

admixed individuals present a challenge. Indeed, blood type data indicates that since their

arrival in the United States, American Blacks have become more similar to American Whites

and more divergent from their ancestral West African population.

[0019] Although racial differences in lower limb morphology are apparent and register

statistically significant, there may be more statistical noise in the American Black sample

versus the American White sample. This noise may be a result of the combined effects of

genetic admixture since their arrival in the United States, as well as relaxed selection in a

more temperate environment. Nonetheless, as discussed earlier, the effects of admixture have

not erased the distinctive morphological differences between these subgroups of the

American population.

[0020] In order, to understand normal knee joint kinematics, one must first understand the

anatomy of the articulating surfaces of the knee joint. The knee joint is the articulation of the

two largest bones in the human lower extremity, the tibia and the femur. The articular

surfaces at the knee joint consists of the curved surfaces that form the lateral and medial

condyles of the distal portion of the femur and are in contact with the lateral and medial tibial

plateaus of the proximal portion of the tibia.

[0021] The femoral condyles blend into an anterior groove, the trochlea, which is the

articulation for the patella or kneecap. The tibial plateaus are separated by an intercondylar

eminence, which serves as an attachment point for the anterior cruciate ligament and the

menisci. The tibial plateaus are also asymmetric, with the lateral plateau the smaller of the



two. Anatomical studies of the femorotibial articulation have shown that the medial

compartment has greater contact area than the lateral compartment.

[0022] The fibula is attached to the tibia's lateral side by a dense membrane along its length

and at the ends by cartilaginous joints supported by ligaments. The connection of the bones

permits very little relative movement. The proximal tibio-fϊbular joint is below the level of

the tibio-femoral articulation, while the distal ends of the two bones form the proximal end of

the ankle joint.

[0023] In the normal knee, posterior femoral rollback during an increasing flexion routinely

occurs. Greater amounts of posterior femoral rollback have been observed during activities

requiring greater magnitudes of flexion such as a deep knee bend maneuver. Posterior

rollback is substantially greater at the lateral femorotibial articulation than medially, therefore

creating a medial pivot type of axial rotational pattern in which the tibia internally rotates

relative to the femur as flexion increases. Numerous kinematic evaluations have found a

similar pattern and magnitude of posterior femoral rollback during deep flexion activities.

This differs somewhat from axial rotational patterns observed after total knee arthroplasty

(TKA), which showed lower magnitudes of axial rotation and occasional pathologic

rotational patterns such as lateral pivot rotation and reverse screw-home rotation (tibia

externally rotating relative to the femur with increasing flexion).

[0024] Also, the anterior translation of the femur on the tibia observed after TKA has

numerous potential negative consequences. First, anterior femoral translation results in a

more anterior axis of flexion, lessening maximum knee flexion. Second, the quadriceps

moment arm is decreased, resulting in reduced quadriceps efficiency. Third, anterior sliding

of the femoral component on the tibial polyethylene (PE) surface risks accelerated PE wear.

[0025] A primary objective of TKA should be to reproduce the kinematics of a normal knee.

At present, this objective is largely overlooked. Numerous in vivo, weightbearing, and

fluoroscopic analyses have shown that normal knee kinematics are difficult to obtain after

TKA using existing orthopaedic implants. Multiple kinematic abnormalities (reduced

posterior femoral rollback, paradoxical anterior femoral translation, reverse axial rotational

patterns, and femoral condylar lift-off) are commonly present. Understanding these

kinematic variances assisted in design of better TKA implants, which work toward reducing

and eliminating these kinematic abnormalities or at least accommodating them without

creating adverse conditions that limit implant performance or longevity. Most of the knee



implants are off-the shelve-knee systems, which are designed for average motion - not

patient specific kinematics. Accordingly, TKA motion and kinematics of the knee that are

indistinguishable from a normal knee should utilize customization for each patient. Currently,

customization is a difficult task, but the instant disclosure addresses this customization, in

part, by offering a deformable articulating template (DAT) methodology described hereafter.

[0026] For purposes of the instant disclosure, radius of curvature is the radius of a circle

having a circumferential curvature that approximates the curvature of a rounded object. For

example, the radius of curvature is infinite for a straight line, while the radius of decreases

from infinity as the curvature increases. As can be seen in FIG. 5, the radius of curvature for

the smaller circle is less than the radius of curvature for the larger circle because the

curvature of the smaller circle is greater than the curvature of the larger circle. Simply put,

the smaller the radius of curvature, the larger the curvature.

[0027] Referring to FIGS. 6 and 7, the inventor has found that one may map and simulate

the curvature of the natural knee condyles by applying two or more radii of curvature along

the camming surfaces from anterior to posterior. In particular, it has been found that for the

Caucasian population, five distinct radii of curvature (identified as rl-r5) closely track the

curvature of the camming surfaces of the condyles from anterior to posterior. Moreover, it

has been found that asymmetry in the radii of the curvature of the condyles is responsible for

imposing an internal rotation of the tibia with respect to the femur during flexion. Beyond

20° of flexion, sliding motion begins on both condyles.

[0028] Extension of the knee joint produces a coupled external rotation of the tibia with

respect to the femur; this rotation has been described as the "screw-home" movement of the

knee. This screw-home movement is due to the existence of a larger area of bearing surface

on the medial condyle than on the lateral condyle. When the whole articular surface of the

lateral condyle has been used up, the femur rotates around the tibial spine until the joint is

screwed home or close packed in extension. As the knee joint flexes and extends, this

rotation causes the tibial motion on the femur to assume a spiral or helicoid form that results

from the anatomical configuration of the medial femoral condyle As the tibia slides on the

femur from the fully extended position, it descends and ascends the curves of the medial

femoral condyle and simultaneously rotates externally. This motion is reversed as the tibia

moves back into the fully flexed position. The screw-home mechanism gives more stability to



the knee in any position than would be possible if the femorotibial joint was a pure hinge

joint.

[0029] Referring to FIG. 8, the meniscal cartilages (menisci) between the femoral condyles

and the tibial articular surfaces are two crescentic fibrocartilage structures that serve to

deepen the articular surfaces of the tibia for reception of the femoral condyles. On cross-

section, the menisci have a wedge-like appearance. The menisci perform several important

functions, including (1) load transmission across the joint, (2) enhancement of articular

conformity, (3) distribution of the synovial fluid across the articular surface, and (4)

prevention of bone impingement during joint motion. When the menisci are present, the

load-bearing area for each condyle approximates 6 cm2, but this surface area decreases to

approximately 2 cm when the menisci are damaged or severely degraded. Therefore, when

the effective area of load bearing is increased, the stress transferred to the cartilages is

reduced and vice versa.

[0030] Referencing FIGS. 9 and 10, in the normal knee joint, the anterior cruciate ligament

(ACL) and the posterior cruciate ligament (PCL) are intrinsic, lying inside the joint in the

intercondylar space. These ligaments control the anteriorpostrior and axial rotational motion

in the joint. The anterior cruciate ligament provides the primary restraint for anterior

movement of the tibia relative to the femur while the posterior cruciate ligament offers the

primary restraint to posterior movement of the tibia, accounting for over 90% of the total

resistance to this movement. Figure 10 shows the change in length of the ACL and PCL

during different flexion angles of the knee joint. A detailed description of the effect of ACL

and PCL constraints on the design of posterior stabilized knee implants will be discussed in

more detail hereafter.

[0031] The morphologic shape of the distal femur should dictate the shape, orientation, and

kinematics of the prosthetic replacement used for TKA. Traditional prosthetic designs

incorporate symmetric femoral condyles with a centered trochlear groove. Traditional

surgical techniques center the femoral component to the distal femur and position it relative

to variable bone landmarks. However, documented failure patterns and kinematic studies

demonstrate how traditional design and surgical techniques reflect a poor understanding of

distal femoral morphology and knee joint kinematics, in addition to a disregard for the patella

and its tracking of the distal femur.



[0032] The trochlea is designed to guide and hold the patella. Patella tracking is influenced

by many different factors: the geometry of the trochlear groove, the geometry of the posterior

side of the patella, soft tissue extensor mechanism and the orientation of the tibia. The

normal movement of the patella on the femur during flexion is a vertical displacement along

the central groove of the femoral patellar surface down the intercondylar notch. The

geometry of the trochlear groove and the posterior side of the patella constrains patella

tracking, particularly at high flexion angles. The patella is held centrally by the conformity of

the facets with the sulcus of the femur and by the patellofemoral ligaments. These ligaments

represent a conformation of the capsule into thickened structures on the medial and lateral

side of the patella. These ligaments are located superiorly and inferiorly on either side, and

extend from the anterior surface of the patella posteriorly to the side of each femoral condyle.

These ligaments also constrain the motion of the patella, but can be overruled by the sulcus

constraints or by external forces. In a normal knee it is acceptable to presume that the

tracking of the patella will be very similar to the orientation of the trochlea. As a result, the

orientation of the trochlear groove of a knee prosthesis should be similar to the orientation of

the natural trochlea to reproduce this natural patella track.

[0033] In sum, the knee joint is an example of very well balanced system. A slight change

within this system, affects the whole system. Changes within the patella-femoral joint can

have considerable long term effects, as the transmitted forces within this part of the knee joint

are relatively high. TKA easily induces changes within the patella-femoral joint. At present,

the simulated trochlear groove orientation of TKA components does not conform to the

natural trochlear orientation. Accordingly, the groove orientation of future femoral

components should incorporate a trochlear groove that simulates the natural orientation of the

trochlear groove of a natural femur.

BRIEF DESCRIPTION OF THE DRAWINGS

[0034] FIG. 1 is a flow chart outlining the process of atlas creation.

[0035] FIG. 2 is a screen shot and associated image showing automatic calculation of

landmarks using the IDAS software.

[0036] FIG. 3 is a distal end view of a femur showing the axes, landmarks, and

measurements taken.



[0037] FIG. 4 is a frontal view of the femur of FIG. 3 showing certain axes, landmarks, and

measurements taken.

[0038] FIG. 5 is an exemplary diagram showing how curvature on the surface of a bone may

be approximated using circles having different radii.

[0039] FIG. 6 is a profile view of the lateral condyle of a human knee joint having five radii

of curvature applied to approximate the curvature of the camming surfaces from anterior to

posterior

[0040] FIG. 7 is a profile view of the medial condyle of a human knee joint having five radii

of curvature applied to approximate the curvature of the camming surfaces from anterior to

posterior.

[0041] FIG. 8 is a plan view of the proximal end of a human tibia that includes cartilage

forming a portion of a human knee joint

[0042] FIG. 9 is a frontal view of a knee joint showing the anterior cruciate ligament and

posterior cruciate ligament during partial knee flexion.

[0043] FIG. 10 includes a series of frontal views of a knee joint at various degrees of knee

flexion showing the position of the anterior cruciate ligament and the posterior cruciate

ligament.

[0044] FIG. 1 1 is an overall schematic of an exemplary process for designing an orthopaedic

implant that is customized for a patient or comprises one of a series of templates for general

populations.

[0045] FIG. 12 is a bottom view of several electronic 3D distal femur models generated from

medical imaging equipment that correspond to actual natural femurs from human patients.

[0046] FIG. 13 is an electronic model of a human knee joint, including cartilage and

ligaments, based upon medical imaging equipment data of an actual human knee joint, with

the joint shown in the flexed position.

[0047] FIG. 14 is an electronic model of a human knee joint, including cartilage and

ligaments, based upon medical imaging equipment data of an actual human knee joint, with

the joint shown proximate full extension.

[0048] FIG. 15 is a series of 2D vertical slice representations of a knee joint showing the

interaction between the tibia, femur, and patella proximate full extension.



[0049] FIG. 16 is a 3D representation of the 2D slices of FIG. 15 in addition to other vertical

slices to show where the slices are taken and the relative positions of the tibia, femur, and

patella proximate full extension.

[0050] FIG. 17 is a distal view of the femur showing furthest anterior, distal and posterior

points along the medial and lateral camming paths.

[0051] FIG 18 is a compilation of views of the medial and lateral condyles of a distal femur

having a path approximating the most outward portion of the camming surface of each

condyle throughout the range of motion of each condyle.

[0052] FIG. 19 is an elevated posterior view of a 3D representation showing a tibia and

patella relative to the path of the outward most portion of the camming surface of each

condyle for an exemplary distal femur, as well as the inner most surface of the trochlear

groove associated with the distal femur.

[0053] FIG. 20 is a lateral profile view of a knee joint showing the tibia and patella of FIG.

18, as well as the camming paths and trochlear groove path, in addition to showing the distal

femur in phantom.

[0054] FIG. 2 1 is an exemplary chart representing measurements of radii of curvature for a

series of distal femurs for both human males and females, as well as where the measurements

were taken

[0055] FIG. 22 is a lateral profile view of a knee joint showing the tibia and patella relative to

the positions and size of corresponding radii of curvature for the outermost camming surface

paths of the lateral and medial condyles.

[0056] FIG. 23 is a frontal view showing a common differences between the shape of a distal

femur among Asians, American Whites, and American Blacks.

[0057] FIG 24 is a profile view showing a common differences between the shape of a

medial femoral condyle among Asians, American Whites, and American Blacks.

[0058] FIG. 25 is a profile view showing a common differences between the shape of a

lateral femoral condyle among Asians, American Whites, and American Blacks.

[0059] FIG. 26 is an exemplary profile cross-section of an exemplary lateral condyle

prosthetic showing how the measurements of cl-c4 translate into the curvature of a prosthetic

device fabricated in accordance with the instant disclosure.



[0060] FIG. 27 is a 3D representation showing the outermost camming surface paths of the

lateral and medial condyles for an exemplary distal femur, as well as the innermost path of

the trochlear groove, in addition to the arcuate profiling of the lateral and medial condyles

and the trochlear groove.

[0061] FIG. 28 is the 3D representation of FIG. 22 overlaid onto a 3D bone model of a

natural femur.

[0062] FIG. 29 is a magnified view of FIG. 23 showing the distal portion of the femur and

the overlaid 3D representation.

[0063] FIG. 30 is a perspective view of a distal portion of a femur including an exemplary

3D representation of the surface.

[0064] FIG. 3 1 is the mathematical representation of the curvature displayed in FIG. 24.

[0065] FIG. 32A is a graphical image plotting the ratio of the medial and lateral condyles to

one another for 0-30 degrees.

[0066] FIG. 32B is a graphical image plotting the ratio of the medial and lateral condyles to

one another for 40-70 degrees.

[0067] FIG. 32C is a graphical image plotting the ratio of the medial and lateral condyles to

one another for 80-110 degrees.

[0068] FIG. 32D is a graphical image plotting the ratio of the medial and lateral condyles to

one another for 120-150 degrees.

[0069] FIG. 33 is a proximal end of a tibia showing the axes, landmarks, and measurements

taken in accordance with the instant disclosure.

[0070] FIG. 34A is an end view of a distal femur showing the trochlear path of a typical

Asian.

[0Θ71] FIG. 34B is an end view of a distal femur showing the trochlear path of a typical

American White.

[0072] FIG. 34C is an end view of a distal femur showing the trochlear path of a typical

American Black.

[0073] FIG. 35 is a composite view showing the trochlear paths for a typical Asian,

American White, and American Black.



[0074] FIG. 36 is a composite profile view showing the shape of trochlear paths for a typical

Asian, American White, and American Black.

[0075] FIG. 37 is a distal view of a femur showing areas of maximum difference between an

Asian and an American White.

[0076] FIG. 38 is a distal view of a femur showing areas of maximum difference between an

American White and an American Black.

[0077] FIG. 39 is a elevated perspective view of a tibia showing areas of maximum

difference between an American White and an American Black.

[0078] FIG. 40 is a proximal view of a tibia showing areas of maximum difference between

an Asian and an American White.

[0079] FIG. 4 1 is a diagram showing an exemplary process for restoring deformed or missing

anatomy using C1/C2 ratio in accordance with the instant disclosure.

[0080] FIG. 42 is an exemplary plot of AP height versus ML width.

[0081] FIG. 43 is a plot for determining the optimum number of clusters using Dunn's Index

and modified Dunn's Index.

[0082] FIG. 44 is an alternative Dunn's Index Equation (ADI).

[0083] FIG. 45 is a collection of views depicting an exemplary approximation of a tibial

plateau using a series of contours normal to the principal axes of the medial and lateral

plateaus.

[0084] FIG. 46 is an exemplary plot of AP height versus ML width.

[0085] FIG. 47 is a perspective view of an exemplary polyethylene implant.

[0086] FlG. 48 is a series of perspective views of an exemplary implant.

[0087] FIG. 49 is a perspective view of an exemplary implant.

[0088] FIG. 50 is a cross sectional view of an exemplary implant.

[0089] FIG. 51 is a perspective view of an exemplary implant.

[0090] FIG. 52 is an anterior view of exemplary femoral and tibial components fabricated to

correspond to the anatomical shape of the patient's knee for a cruciate retaining implant.



[0091J FIG. 53 is a cross-sectional view taken across the lateral condyle and condyle receiver

for exemplary femoral and tibial components fabricated to correspond to the anatomical

shape of the patient's knee for a cruciate retaining implant.

[0092] FIG. 54 is a cross-sectional view taken across the medial condyle and condyle

receiver for exemplary femoral and tibial components fabricated to correspond to the

anatomical shape of the patient's knee for a cruciate retaining implant.

[0093] FIG. 55 is a comparison showing the difference between the anatomical implants and

existing functional implants.

[0094] FIG. 56 is a comparison showing the difference in the restoration of the correct ratio

between the medial and lateral anterior portions of the knee.

[0095] FIGS. 57 and 58 show the profiles of many functional implants.

[0096] FIG. 59 is an exemplary shaded map showing the variation between African

American and Caucasian populations, where less shading corresponds to greater differences,

whereas more shading corresponds to less differences.

[0097] FIG. 60 is an exemplary flow diagram for generating a patient specific implant from

the 3D bone model.

[0098] FIG. 6 1 is a depiction of the point cloud used to represent the surface of patient's

bone and used to calculate bone cross sectional contours.

[0099] FIG. 62 is a depiction of updating parameterized implant constraints with the patient

specific contours at an early stage of creation of a patient specific implant.

[0100] FIG 63 is a depiction showing sweeping contours to generate smooth articulating

implant surfaces that are patient-specific in accordance with the instant disclosure.

[0101] FIG. 64 is an exemplary process flow diagram for updating existing legacy implant

systems with anatomical friendly templates.

[0102] FIG. 65 is a depiction of an updated existing legacy implant system that incorporates

a more anatomically accurate patellar groove.

[0103] FIG. 66 is an exemplary listing of parameters used to describe an exemplary femoral

component designed in accordance with the instant disclosure.



[0104] FIG. 67 is an exemplary flow chart describing a process of automatically updating the

template parameters and generating an implant CAD.

[0105] FIG. 68 is a distal femur shown with corresponding contact areas that are highlighted.

[0106] FIG. 69 is a proximal tibia shown with corresponding contact areas that are

highlighted for between 0-40 degrees of knee flexion.

[0107] FIG. 70 is a proximal tibia shown with corresponding contact areas that are

highlighted for between 60-140 degrees of knee flexion.

[0108] FIG. 7 1 are overhead views of a tibial tray insert having been modified or redesigned

to simulate or approximate normal knee kinematics.

[0109] FIG. 72 is a conventional PS knee implant having limited axial rotation.

[0110] FIG. 73 is an elevated perspective view of an exemplary knee prosthesis designed in

accordance with the instant disclosure that provides for retention of the anterior cruciate

ligament.

[0111] FIG. 74 is a frontal view of an exemplary knee prosthesis designed in accordance with

the instant disclosure for use after an anterior cruciate ligament revision surgical procedure.

[0112] Table 1 lists important femur measurements means, standard deviations, t-tests, and

power test results for typical Asians, typical American Whites, and typical American Blacks.

[0113] Table 2 lists important tibia measurements - means, standard deviations, t-tests, and

power test results for typical Asians, typical American Whites, and typical American Blacks.

[0114] Table 3 lists percentage length change in anterior cruciate ligament and posterior

cruciate ligament with respect to knee flexion angle.

DETAILED DESCRIPTION OF EXEMPLARY EMBODIMENTS

[0115] The exemplary embodiments of the present invention are described and illustrated

below to encompass methods and devices for designing prosthetic knee implants and, more

specifically, to devices and methods for designing knee implants that more closely track the

biomechanics of the natural knee and the resulting implants themselves. Of course, it will be

apparent to those of ordinary skill in the art that the preferred embodiments discussed below

are exemplary in nature and may be reconfigured without departing from the scope and spirit



of the present invention. However, for clarity and precision, the exemplary embodiments as

discussed below may include optional steps, methods, and features that one of ordinary skill

should recognize as not being a requisite to fall within the scope of the present invention.

[0116J The following are definitions that relate to axes, landmarks, and measurements with

respect to the distal femur (see FIGS. 2-4). These definitions also govern the proper

construction of these terms as used in the instant disclosure.

[0117] Transepicondylar Axis (TEA)—This measurement is known in the anthropological

literature as biepicondylar breadth. To compute the clinical transepicondylar axis (TEA),

rough sets of vertices were manually defined on an average femur on the most lateral

prominence of the lateral epicondyle and the most medial prominence of the medial

epicondyle. This step was only performed once, since vertices in the atlas femora are

homologous. Using these rough sets of points, a search region of 10 mm radius was defined

from the centroid of the rough sets of vertices on both the lateral and medial sides. Defining

the vector from each of these centroids then gives a rough direction for the TEA. A pair of

points was selected by maximizing the distance in this rough direction; these selected points

form the endpoints of the TEA measurement (see FIG. 2).

[0118] Distal Anatomical Axis—The distal anatomical axis was defined by locating the

shaft centroids at the distal one-third and distal one-fifth of the overall femur length.

[0119] Central AP Axis (CAP)—Using the distal anatomical axis and the TEA, a mutually

perpendicular axis was defined with termini at the posterior aspect of the intercondylar notch

and the most anterior portion of the intercondylar groove. The length of this axis is recorded

as CAP (Fig. 3).This axis is similar to 'height of intercondylar notch'.

[0120] Femoral Saddle Point A landmark located at the most distal extension of the

intercondylar groove.

[0121] Knee Center (K)—Using the two endpoints of the CAP measurement and the

femoral saddle point, a plane is defined which bisects the femur into medial and lateral sides.

The intersection of this plane with the TEA is the knee center, which forms the distal

endpoint of the mechanical axis (MA) of the femur. The proximal endpoint of the MA is the

center of the femoral head (see proximal femur measurements below).



[0122] AP Direction —Using the MA and the TEA, a mutually perpendicular vector with its

origin at the knee center is used to define the antero-posterior (AP) direction, resulting in a

direction similar to Whiteside's line.

[0123] Anterior Medio-lateral Width (AML) and Posterior Medio-lateral Width

(PML)—The AP direction was used to locate four landmarks: the most anterior and posterior

points on the medial and lateral condyles of the distal femur. Connecting the two most

anterior points gives a measurement of anterior medio-lateral width (AML) along the

trochlear line, while connecting the two most posterior points gives a measure of posterior

medio-lateral width (PML) measured along the posterior condylar axis (PCA) (see FIG. 2).

[0124] AP Length of Medial and Lateral Condyles (LAP and MAP)— Connecting the

pairs of lateral and medial vertices defined above, respectively, gives the AP length of the

lateral condyle (LAP) and medial condyle (MAP) (see FlG. 3).

[0125] Posterior Plane—A unique plane containing the endpoints of the PML measurement,

which is also parallel to the MA, was used to define the posterior plane.

[0126] Overall AP Length—The minimum distance between the prominences of the lateral

anterior condyle and the posterior plane (see FIG. 3).

[0127] AP Angle—The angle of the AML vector relative to the posterior plane (see FIG. 3).

[0128] Distal Medial-lateral Length (DML) The most distal aspects of the medial and

lateral condyles were recorded using MA as a reference direction. The distance between these

two landmarks was denoted as DML.

[0129] Posterior Angle (PA)—The angle between the vector connecting the DML length

and the mean axis of the femur (see FIG. 4).

[0130] Condylar Twist Angle (CTA)—The angle between the TEA and PCA.

[0131] Patellar Groove Height (GH)—Calculated between the posterior aspect of the

intercondylar notch and the midpoint between the two DML axis points (see FIG. 4).

[0132] Femoral Shaft Curvature (SC) The radius of curvature of the femoral mean axis.

End of definitional section



[0133] Referring to FIG. 11, a schematic overview of the exemplary knee design process

100 includes obtaining one or more electronic three dimensional (3D) bone representations

102 that are stored in an electronic database. For purposes of designing a total knee implant,

in the case of total knee arthroplasty, that will replace the distal portion of the femur, the

proximal portion of the tibia, the cartilage therebetween, and at least a portion of the patella,

it is useful to have 3D bone representations of the distal femur, the proximal tibia, and the

patella, as well as 3D jig representations utilized to prepare the femur, tibia, and patella for

accepting TKA orthopaedic components. To generate these 3D bone representations and 3D

jig representations, a patient or cadaver may undergo a CT scan, a series of X-rays, an MRI,

and/or ultrasound imaging. The images of the bones and soft tissues from these tests, and

possibly interpolated aspects of bone or soft tissue, are utilized to construct one or more 3D

bone representations and one or more 3D jig representations.

[0134] The images from the foregoing tests are loaded into a computer for data analysis. As

is known to those skilled in the art, an MRI creates a series of 2D "slices" of the relevant

portion of the human anatomy. These 2D slices may then be segmented and stacked upon

one another to create a 3D model or representation of the human anatomy. To the extent

MRI is used to construct the slices, the precision of the 3D model depends in part upon how

"thick" the slices are from the MRI. An analogous process is utilized for CT scans, X-rays,

and ultrasounds where the 2D images are taken from distinct points and utilized to construct a

3D model of the anatomical feature in question, for exemplary purposes only this anatomical

feature in question is described in the context of a human knee joint.

[0135] This same process for taking 2D images and using these images to create a 3D model

is applicable to generating any 3D model of a human joint or bone(s). This same process

may be applied to a living or dead human being in order to generate a plurality of bone or

joint models for further analysis. It should also be understood that these same 2D images are

useful to construct 3D models of cartilage that may be selectively interposed between bones,

in exemplary form the femur and tibia, to more accurately depict the anatomy of each human

feature (bone, joint, etc.). As will be discussed hereafter, the 3D models of the cartilage may

be useful in constructing the 3D jig models.

[0136] Referring to FIG. 12, a series of 3D distal femoral representations are shown. As will

be discussed in more detail hereafter, the exemplary knee design process 100 may be utilized

to design and construct a customized knee implant that is unique to the anatomy of each



patient. In addition, the exemplary knee design process 100 may be utilized to design and

construct one or more generic implants that may be utilized to approximate the anatomies of

larger populations where customization costs are not commercially feasible or preferable.

[0137] Referring back to FIG. 113 after one or more bones have been modeled so that 3D

representations, in electronic form, have been generated, the 3D representations are stored in

a database 104 that correlates additional data with the 3D representations. In exemplary

form, the database 104 also includes data specific to each 3D representation in order to

classify the representation including, without limitation, age, gender, race, and height of the

human from which the bones, joint, etc., were scanned. At the same time, each 3D

representation may include a grade or evaluation as to the condition of the bone, joint, etc. In

exemplary form, when a 3D depiction of a knee joint (at least the proximal tibia and distal

femur) is saved in the database 104, classifications for cartilage wear, bone degeneration, and

osteophyte growth can be identified.

[0138] Referring to FIGS. 13 and 14, subsequent to the generation of each individual bone

model, the exemplary process 100 includes generation of a 3D model of the knee joint 300.

This 3D model 300 of the knee joint includes orienting the distal femur 302, proximal tibia

304, and patella 306 as each would be when the joint was in full extension. Thereafter,

computer software is operative to reposition the bones of the 3D model to create a virtual

range of motion for the knee joint through full flexion. At the same time, the 3D models 300

may include cartilage (not shown) that interposes the bones 302, 304, 306 to represent the

natural cartilage that cooperates with the proximal end of the tibia 304 to form medial and

lateral condyle receivers.

[0139] Referencing FIGS. 15 and 16, the 3D joint model 300 is useful to generate 2D contact

profiles or "slices" showing how the orientation of each slice changes as knee joint is taken

through its range of motion. In particular, these 2D representations are useful in

understanding that a prosthetic implant, just like a natural knee, can be thought of as a series

of slices that combine and work together to form the entire joint. As a result, by evaluating

and understanding the geometry of each slice, specific contours may be seen that will be

unique to each patient or may be generalized over a more encompassing population. It

should be noted that the 3D joint model 300 may incorporate different topographies

depending upon ethnicity, gender, and/or age. These differing topographies result in

differing slices.



[0140] Referring to FIGS. 17-20, after each 3D model 300 has been generated and saved, a

series of radii of curvature measurements are taken for both the medial and lateral condyles

308, 310 associated with each 3D model. In exemplary form, a distal femoral 3D model

includes corresponding medial and lateral condyles 308, 310 separated by a trochlear groove

312. Each lateral and medial condyle 308, 310 includes a camming surface having points

along the camming surface that are farthest away from the center of the bone as the femur

rotates through its range of motion. In order to calculate medial profile, a plane defined by

the medial anterior point (most anterior point in medial condyle), the medial distal point

(most distal point on medial condyle) and the medial posterior point (most posterior point in

medial condyle) is intersected with the distal femora this results in contour that corresponds

to the most protruding points on medial condyle surface, the same method is used to calculate

the lateral profile as shown in FIGS. 17, 19 and 20. These 3D paths are then converted to a

single best-fit path within one plane for each condyle.

[0141] For the sulcus profile calculation, a set of contours is extracted by intersecting the

distal femur with a series of planes rotating around the transepicondylar axis with a 10 degree

increment. The lowest points on these contours are then used to define the sulcus points as

shown in FIG. 19.

[0142] A similar procedure is utilized to generate a set of points along a 3D path of the

trochlear groove using the points along the surface that are closest to the center of the bone as

the femur rotates through its range of motion. These closest points (i.e., lowest portion of the

trough) are shown in FIGS. 19 and 20. This 3D path is then converted to a single best-fit

path within one plane (as shown in FIGS. 19 and 20).

[0143] Referring to FIGS. 2 1 and 22, the inventors of the present invention have found that

the shape of the 2D paths for both the medial and lateral condyle bearing surfaces, as well as

the 2D path for the trochlear groove, arc important in attempting to design a prosthetic

femoral component that closely resembles the natural shape of the distal femur. In order to

generate specific sizing and curvature measurements for generation of the femoral

component, the inventors have found that application of four radii of curvature to each

femoral condyle accurately resembles the curvature of the natural femur condyles.

[0144] Referencing FIGS. 23-25, FIG. 23 is a composite view of the lateral and medial

femoral condyles for the Whites, Blacks, and Asians, whereas FIG. 24 shows the medial



profile for a medial femoral condyle for Whites, Blacks, and Asians, and FIG. 25 shows the

lateral profile for a lateral femoral condyle for Whites, Blacks, and Asians.

[0145] Referring back to FIGS. 6 and 21, as well as FIG. 26, each path for the outermost

medial condyle camming surface and the outermost lateral condyle camming surface is

segmented into four zones. It has been identified by the inventors that the curvature of each

of these zones can be approximated by the curvature of a circle. In other words, each zone

has a curvature that approximates the constant arc of a circle. For example, the first zone has

a radius of curvature, identified as cl. Simply put, this c l value is the radius of a circle that

most closely approximates the curvature of this portion of the camming surface 2D path,

which is the most posterior portion of the path. The second zone, immediately adjacent to the

first zone, has a radius of curvature of c2. Again, this c2 value is the radius of a circle that

most closely approximates the curvature of this second zone. The third zone follows the

second zone and also includes a radius of curvature, c3. Finally, the fourth zone, which

approximates the contour of the anterior portion of each of the respective condyles, has a

radius of curvature of c4.

[0146] In the circumstances where a series of knee joints are electronically modeled from X-

rays, CT scans, MRIs, etc., a comparison may be carried out to discern how the radii of

curvature vary within each zone and across all zones. The chart in FIG. 2 1 is derived from

actual 3D bone models derived from human X-rays, CT scans, MRIs, and/or ultrasounds.

This chart includes mean radii of curvature in metric units (in centimeters) for each zone

based upon gender. In addition to giving the mean radius of curvature for each zone, the

table also represents the standard deviation for each zone to provide a quick comparison

between the zones for the lateral and medial condyles.

[0147] Referring back to FIGS. 22 and 26, a profile view of a human knee joint removes the

distal portion of the femur and replaces it with circles corresponding to the radii of curvature

for each of the four zones (cl-c4) for both the medial and lateral condyles. This figure

provides a representative view of what radii of curvature represent in terms of arc and the

relative sizes of the circles in relation to the adjacent anatomical features of the distal femur.

As will be discussed hereafter, these circles are relevant in attempting to approximate the

curvature of a native distal femur in a prosthetic implant. The locations of the centers of the

circles may be used inside an exemplary model. They may be calculated using linear square



fitting of a circle in each set of curve points, which gives radii and centers of best

approximating circles for the curves.

[0148] Referring to FIGS. 27-32, as discussed above, 3D paths are created that track the

outermost camming points throughout the range of motion for both the medial and lateral

condyles, as well as the innermost points throughout the range of motion of the trochlear

groove. Each outermost camming path is utilized in conjunction with the path for the

trochlear groove to mathematically map the topography of both condyles and the trochlear

groove. Curvature of the medial, lateral and sulcus profiles are then calculated by finding

best number of circles passing that accurately approximate the curve as shown in FIG. 27. To

capture the curvature of the condylar surface, the curves produced earlier by intersecting the

femur with the planes around TEA are trimmed around the medial, lateral and sulcus profiles,

the circle of curvature of each of these trimmed contours are then calculated as shown in FIG.

27.

[0149] Each outermost condyle camming path, in addition to the trochlear groove trough

path, is divided into variable degree increments along the range of motion of the distal femur

as it rotates with respect to the tibia. In the images provided, ten degree increments were

used, although other increments are within the scope of the disclosure (e.g., 5-15 degree

increments may be employed in some exemplary embodiments). The length of each path is

divided into ten degree increments, with a curve being applied at the boundary of each

increment. A separate medial-lateral curve is applied to the widthwise portion (medial to

lateral) of each condyle and the trochlear groove at each ten degree increment. The arch of

each separate medial-lateral curve is chosen to most closely approximate the medial-lateral

curvature at each point along the respective paths. Thereafter, a radius of curvature is

determined for each medial-lateral curve.

[0150] Referring to FIG. 33, the following landmarks and measurements were identified

automatically for the distal femur:

1) Intercondylar Eminence Points The two highest projecting points on the

medial and lateral intercondylar eminences.

2) Eminence Midpoint—The midpoint between the lateral and medial

intercondylar eminence points.



3) Tibial Tuberosity—The most anteriorly protruding point on the tibial

tuberosity.

4) ML—Maximum width of the tibia plateau in the medial-lateral direction.

5 p—Length of the tibial plateau in the anterior-posterior (AP) direction and

passing through the midpoint of the tibial intercondylar eminence (i.e.

eminence midpoint).

6) Eminence Width (EW)—Distance between medial and lateral intercondylar

eminence points.

7) Tibial Twist Angle (TTA)—Angle between the AP direction and a line

connecting the intercondylar eminence midpoint and tibial tuberosity.

8) Lateral Plateau Height (LPH)- -Length of the lateral tibial plateau in the AP

direction.

9) Lateral Plateau Width (LPW)—Length of the lateral tibial plateau in the ML

direction.

10) Medial Plateau Height (MPH) Length of the medial tibial plateau in the AP

direction.

11) Medial Plateau Width (MPW)—Length of the medial tibial plateau in the ML

direction.

12) Eminence ML Ratio (EMLR)- Ratio of MPW (i.e. medial plateau width) over

ML.

13) Maximum Length—Length of the tibia from the medial malleolus to the

intercondylar eminence.

[0151] Referring to FIGS. 34A-36, it can be seen that the trochlear groove for different

ethnicities has a different shape and path. FIG. 34A represents the trochlear groove path for a

typical Asian, while FIG. 34B represents the trochlear groove path for a typical American

White, while FIG. 34C represents the trochlear groove path for a typical American Black. In

addition, FIG. 35 provides a composite view of the trochlear groove path for a typical Asian,

a typical American White, and a typical American Black. Finally, FIG. 36 provides a profile

view showing how the shape of the trochlear groove also varies among Asians, American

Whites, and American Blacks. The results from the feature finder shape analysis tool, as



described above, highlight shape differences in the femoral shaft, lateral condyle, and greater

trochanter, in addition to the distal femur.

[0152] Referring to Table 1 and FIGS. 37-40, the results from the t-tests and power tests for

the automated measurements. In American Blacks, the lateral condyle has higher AP height

(p<0.01) whereas the medial condyle height wasn't significant , thereby creating a more

trapezoidal-shaped knee as opposed to the more square-shaped knee in American Whites

which resulted in larger AP condyle angle in American blacks. On the other hand, our

analysis performed on the distal femur of the East Asian population identified a distinct

pattern in the AP and ML where the AP and ML measurements are smaller in the East Asian

population as compared to both the Caucasian and African American populations (p<0.01).

In general, the Asian population exhibits a more trapezoidal shape than the Caucasian and

African American populations (p<0.01). In addition, the East Asian population also has a

narrower anterior width (p<0.01).

[0153] Analyzing the curvature of both lateral and medial profiles it has been found that they

can be accurately approximated by four distinct radii of curvature for American black and

American white and three distinct radii for East Asians (see FIG. 6). These four radii were

found to be consistent between both ethnicities (American Black and American White),

however the value of these radii were different in each ethnicity as shown in FIGS. 23-25.

[0154] The feature finder results for the tibia indicate that ethnic shape differences between

American white and American black are not as significant at the medial and lateral plateau

areas as opposed to more shape differences around tibial tuberocity area. Besides minor

differences in the proximal anterior tibia, the only area that registered significant was the tip

of the medial malleolus (see FIGS. 39 and 40). However, a major shape difference was

found between East Asian population and both Ameπcan White and American Black (FIGS.

23-35). The results from the t-tests and power test underscore these findings, as well. The

most significant variables are those related to scale, including maximum length, measures of

shaft robusticity, and several measurements of the tibial plateau. In short, American Black

tibiae are longer with a more robust shaft and slightly larger tibial plateau.

[0155] Table 2 shows the automated measurements for the tibia with lateral plateau height as

the most significant measurement (p<0.05) which correlates to the significant difference in

the lateral femoral condyle height.



[0156] Referring back to FIG. 31, the radii of curvature for the medial-lateral curves are

determined for both the medial condyle and the lateral condyle at each ten degree increment,

from posterior to anterior. The first column is structured in ten degree increments along each

outwardmost camming surface path for both the medial and the lateral condyles. The second

and third columns refer to the radius of curvature for the medial and lateral condyles at the

respective angle increments. The final two columns are ratios corresponding to the curvature

of the medial-lateral radius of curvature divided by the radius of curvature for the respective

camming surface paths. In other words, the ratio has a numerator that is the radius of

curvature from side to side of each condyle, and a denominator that is the radius of curvature

for the zone (which is the same number for a zone) along the path of the outermost camming

surface of each condyle. This ratio is then plotted for each zone, for various planes taken at

specific angles with respect to the mechanical axis (MA).

[0157] Referring to FIG. 41, the ratio of C1/C2 (see FIG. 29) can be used to restore deformed

anatomy to generate a smooth articulating surface of patient specific implant. The process

may begin by calculating lateral and medial profile and the curves for the condylar surface

for the patient as outlined in the previous point, these contours are then evaluated to verify

that the curvature of each sectional curve is within the normal anatomical range. Deformed

sections are then highlighted and C1/C2 ratios are calculated for the anatomical correct

sections, these sections are then used to interpolate the ratio for the deformed section, upon

completion of this process a smooth implant articulating curvature that mimics the patient

correct anatomy is generated.

[0158] The results are utilized to approximate the radii of curvature along the condyles, C2,

when abnormalities exist within the bone. A relationship between ratios of Cl and C2 for the

medial and lateral condyles has been identified and can be used calculated the radius of

curvature for a specific location along either condyle, C2.

[0159] Using the radii of curvature for the outermost camming surface paths for the medial

and lateral condyles, as well as the mapping of the curvature for the medial-lateral arcs, a

novel prosthetic implant may be fabricated that is patient specific. At each degree increment,

a smooth curve is generated using the radii of curvature and three points along the medial

condyle, trochlear groove, and lateral condyle (see FIG. 29). The articular surface of the

implant is then approximated using a sweep surface of these smooth curves.



[0160] Referring to FIGS. 4 1 and 26, four distinct radii of curvature have been identified for

the outermost camming surface of the lateral and medial condyles.

[0161] Referring to FIG. 42-44, six cutting box sizes were identified by analyzing the aspect

ratio between the anterior-posterior height and ML Width. The AP height is defined as the

distance between the sizing point and most posterior point on the femur while the ML width

is defined as the size of the femur in the medial lateral dimension. This aspect ratio are then

calculated for all population this ratio along with and not limited to features highlighted in

table I are then used as a multidimensional feature vector to cluster the population, best

number of clusters are determined using both Dunn's Index and alternative Dunn's Index (see

FIGS. 43 and 44) which are used to identify of how compact and well separated the clusters

are. In exemplary form, twelve clusters were found that best represent the American White

population which are divided into six clusters for males and six for females)

[0162] Referring to FIG. 45, the tibial plateau is approximated using a series of contours

normal to the principal axis of the medial and lateral plateau. These contours are used to

parameterize the surface of the polyethylene for the tibial implant.

[0163] Referring to FIG. 46, six tibial plate sizes were identified by measuring the length of

the tibial surface in the anterior-posterior direction and measuring the tibia length in the

medial-lateral direction. The ratio between these two measurements was then clustered using

fuzzy c-means to identify six sizes the best fit the population.

[0164] Referring to FIG. 47-51, the polyethylene reflects the anatomical shape of the tibial

plateau for a cruciate retaining implant (see FIG. 47) and for a bi-cruciate implant (see FIGS.

48-51). The polyethylene can also be modular and may include medial and lateral

polyethylene inserts which preserve the tibial eminence. A connector is used (FIG. 39) to

ensure the accurate placement of the inserts. Once secured, the connector is removed leaving

only the medial and lateral polyethylene inserts and tibial trays in place (FIG. 51).

[0165] Referring to FIGS. 52-54, the femoral and tibial components of the implant

corresponding to the anatomical shape of the knee showing the curvature matching between

the two components radii.

[0166] Referring to FIGS. 55-58, a comparison shows the difference between the anatomical

implants and existing functional implants. FIG. 55 shows the difference in the restoration of

the correct ratio between the medial and lateral anterior portions of the knee. Existing



functional implant (blue) does not properly restore this ratio causing more tension along the

quadriceps which can alter the motion of the knee and can cause sublaxation of the patella.

FIGS. 56-58 show the curvature of the medial and lateral profiles for the anatomical implant

as compared to existing functional implants. FIG 56 illustrates a direct comparison to a

typical implant, whereas FIGS. 57 and 58 shows the profiles of many functional implants.

[0167] Referring to FIG. 59, the color map shows the variation between African American

and Caucasian populations. The brighter colors show higher differences than darker colors.

Little variation exists on the distal end of the femur although the lateral condyle does show

slight differences.

[0168] An exemplary process of selecting a template that best fit patient anatomy can be

described as following. A patient knee will first be imaged and a 3D surface of the patient

femur and tibia will be generated. The femoral bone is then analyzed to calculate the medial

and lateral camming paths. Medial and lateral sagital curves are then calculated. Anterior

posterior size and medial lateral size of the femur are also calculated. The curvature of the

camming paths along with the sagital curves, AP size and/or medial lateral width may be

used to locate the best template that fit the patient. For patients where implant template

doesn't fit their anatomy, a custom implant is generated as shown by the right branch of FIG.

11.

[0169] Referring to FIG. 60, an exemplary process for generating a patient specific implant

from any imaging modality includes generating three dimensional patient specific models,

these models are then added to the foregoing discussed (DAT) statistical atlas to achieve

point correspondence and normalization, upon completion of this process relevant surgical

landmarks are automatically calculated (TEA, MA, PCA, . . . etc).

[0170] Referencing FIGS. 61-63, a rotating plane around the TEA is then used to calculate

bone cross sectional contours (see FIG. 61) and another set of contours normal to the MA are

then calculated (see FIG. 62). These two sets of contours are then used to update the

constraints of the parameterized implant template automatically, upon updating of these

constraints, the implant articulating surface is then swept to generate a smooth continuous

surface (see FIG. 63). Measurements of the anterior-posterior height and medial-lateral width

from the patient's bone are also used to update a template cutting box. This box is then

combined with the smooth articulating surface to generate a patient specific implant CAD

model. This implant 3D CAD model is then evaluated against the 3D model of the patient



specific bone to verify the placement and a simulation of range of motion is performed with

the 3D implant model and the 3D bone model. Upon completion of the verification process,

the 3D implant model is output from a computer to a manufacturing facility in order to

manufacture the implant. In exemplary form, the computer output of the 3D implant model

may be in the form of G-code for a CNC machine.

[0171] Referring to FIG. 64, an exemplary flow chart outlines how implant templates

generated from the clusters that best fit the population can also be used to update existing

legacy systems to ensure conformity with the patient's anatomical trends. This process

involves importing a CAD model of an existing implant system and transforming it to same

parameterization space as the anatomical templates. This process includes generating a set of

three dimensional contours around the implant mid axis. These contours are used to generate

a set of constraints in same manner as the anatomical templates. Once the implant is

parameterized just as are the templates, the templates parameter values are used to update the

parameterized implant features. These parameterized implant features include, but are not

limited to, patellar groove curvature, condylar curvature, AP height, and ML width.

[0172] Figure 65 shows how anatomical friendly templates can be used to update existing

implant families to create an implant that mimics an anatomical patellar groove.

[0173] Referring to FIGS. 66 and 67, an exemplary parametric femoral CAD model consists

of 300+ parameters. The CAD model is defined by cross sections around the TEA axis at 10

degrees increment. The parameters define specific points and curvatures of each cross

section. The patella-femoral section of the implant is defined by three points from the medial,

lateral, and groove curvatures along with 3 radii, as has been previously discussed. As for the

condylar cross sections, the medial side and lateral side are defined by two points and a single

radius. Shaping information is inherent within the cross-sections in order to create a full

implant CAD model automatically.

[0174] Referring to FIG. 68-70, in order to design a functional implant that best mimics the

normal knee motion, the full range of the femur relative to the tibia should be completely

characterized. To achieve this goal, a set of anatomical areas are localized on the femur and

projected on the tibia during the full range of motion. First, the most distal area on the medial

side of the femur was localized, which is the area of contact between the femur and tibia in

case of full extension (Al) (see FIG. 69). The second area is the most distal area of the lateral



condyle (A2), while the third area is the most posterior area of the medial condyle (A3) and

the fourth area is the most posterior area of the lateral condyle (A4) (see FIG. 70). During the

full range of motion, each of the areas on the femur was projected on the tibia to characterize

the motion of these areas relative to the tibial plateau surface. A distinct motion pattern is

observed on the medial side where area A l moves anteriorly until 40 degrees flexion and

then disengages from any contact with the tibia surface. At the same time after 40 degrees,

the area A3 starts to move anteriorly while performing axial rotation tracking. On the lateral

side, the area A2 moves anteriorly with less magnitude compared to Al until 40 degrees

flexion, where it disengages in a similar fashion as Al. At the same time, area A4 comes in

contact with and moves anteriorly in a smaller area compared to area A3.

[0175] Referring to FIGS. 68-72, in order to achieve the normal motion pattern with a

functional PS implant, the design of both the femoral implant curvature and the polyethylene

component should be modified to provide a more natural motion. In addition, modifying the

cam location on the polyethylene component provides constraint for the femur motion and

allows for more axial rotation (see FIG. 71). None of the existing functional implants is

operative to provide the same axial rotation as is observed in the normal knee. When a PS

implant (see, e.g., FIG. 72) was implanted and thereafter X-ray fluoroscopy studies were

carried out to observe the location of the femoral component relative to the cam, it was

observed that the cam position intruded into the femoral implant, thereby implying that the

cam location does not allow for sufficient axial rotation. In order to improve the axial

rotation of the implant joint, the cam position was modified to tilt laterally according to the

loci on the medial side. This modification allowed for a better range of axial rotation, which

more closely approximated the normal range of motion of a natural knee joint.

[0176] As seen in FIGS. 69 and 70, the lateral side of the tibia has two distinct loci. The

lateral curvatures of the PS polyethylene in FIG. 7 1 are designed to accommodate such

unique conditions. During the flexion from 0 to 40 degrees, the anterior portion of the

polyethylene component is defined by four sets of curvatures. This geometry also angles to

prevent excessive anterior sliding of the femoral component during these flexion angles. The

posterior portion of the polyethylene component is also defined by four sets of curvatures,

which engage the lateral condyle from 60 to 140 degrees of flexion. This portion is designed

to be flatter to provide smoother motion and prevent impingements. The medial side has one

set of curvature that is shaped as a deep dish for the rolling motion during the 60 to 140



degrees of flexion. A second set of curvatures introduce a unique track that first follow the

loci from 60 to 120 degrees of flexion and blends into the loci from 0 to 40 degrees of

flexion, which allows for a smooth transition between the two loci tracks.

[0177] Referring to FIGS. 73-74 and Table 3 in order to design anatomically friendly

bicruicate, ACL, and PCL implants, the location of the PCL and the ACL should be studied

as the knee joint is taken through its range of motion. A statistical atlas was utilized to

localize and propagate the location of insertions of the ACL and the PCL across an entire

population. Both the ACL and PCL were deformed by taking the knee joint through a range

of motion in order to map the change in shape and length of the ligament during range of

motion. Table 3 highlights the differences in length of the ACL and the PCL as percentage of

the ACL length. Using this data, an implant may be designed to accommodate retention of

either the PCL or the ACL or both the ACL and PCL.

[0178] Following from the above description and invention summaries, it should be apparent

to those of ordinary skill in the art that, while the methods and apparatuses herein described

constitute exemplary embodiments of the present invention, the invention contained herein is

not limited to this precise embodiment and that changes may be made to such embodiments

without departing from the scope of the invention as defined by the claims. Additionally, it is

to be understood that the invention is defined by the claims and it is not intended that any

limitations or elements describing the exemplary embodiments set forth herein are to be

incorporated into the interpretation of any claim element unless such limitation or element is

explicitly stated. Likewise, it is to be understood that it is not necessary to meet any or all of

the identified advantages or objects of the invention disclosed herein in order to fall within

the scope of any claims, since the invention is defined by the claims and since inherent and/or

unforeseen advantages of the present invention may exist even though they may not have

been explicitly discussed herein.

[0179] What is claimed is:



1. A method of generating an implant based upon unique anatomical features of a patient

comprising:

using at least one medical scan of a human anatomical feature from a unique patient

to generate a three dimensional electronic representation of the human anatomical feature that

incorporate size and curvature features that mimic size and curvature features of the human

anatomical feature;

designing a prosthetic implant to imitate the size and curvature features of the human

anatomical feature that are specific to the unique patient; and

virtually test fitting the designed prosthetic implant using the three dimensional

electronic representation of the human anatomical feature.

2. The method of claim 1, wherein using the at least one medical scan includes identifying a

contact line, dividing the contact line into a plurality of sections, and creating a model of the

curvature of the contact line by identifying a radius of curvature corresponding to each

section, and incorporating the model into the electronic representation.

3. The method of claim 1 or claim 2, wherein using the at least one medical scan includes

identifying a plurality of angularly separated points along the contact line, approximating the

surface of the anatomical feature near the contact line using a radius of curvature associated

with each point, and incorporating the radii of curvature associated with the points into the

electronic representation, where the radii of curvature associated with individual points are

representative of the surface of the anatomical feature in a direction generally orthogonal to

the contact line.

4. The method of any one of claims 1-3, wherein designing the prosthetic implant includes

designing the prosthetic implant to approximate the model of the contact line.

5. A method of generating a patient specific prosthetic implant, comprising:

using at least one medical scan of a human anatomical feature from a unique patient

to generate a three dimensional electronic representation of the human anatomical feature that



incorporates size and curvature features mimicking size and contour features of the human

anatomical feature;

using the three dimensional electronic representation of the human anatomical feature

to select at least one of a plurality of prosthetic implant templates to construct a patient

specific implant, at least five of the plurality of prosthetic implants differing from one another

in at least one of contour and size;

customizing the selected prosthetic implant template to imitate the size and curvature

features of the human anatomical feature that are specific to the unique patient; and

virtually test fitting the customized prosthetic implant using the three dimensional

electronic representation of the human anatomical feature

6. A method of generating a series of prosthetic implant templates, comprising:

generating a plurality of electronic three dimensional models representing the same

human anatomical feature across a population of humans;

grouping the plurality of models in a database;

associating at least one of age, race, and gender with each of the plurality of models in

the database; and

designing a plurality of orthopaedic implant templates, where each of the plurality of

orthopaedic implant templates is generic to at least a portion of the population of humans for

which three dimensional models were generated.

7. The method of claim 6, wherein the designing act includes incorporating at least one of a

size and a contour that approximates at least one of the mean size and mean contour of at

least a portion of the population of humans for which three dimensional models were

generated

8. The method of claim 6 or 7, further comprising virtually test fitting at least one of the

plurality of orthopaedic implant templates to at least one of the plurality of electronic three

dimensional model.

9. The method of any one of claims 6-8, further comprising measuring at least one of a

medial condyle camming surface topography, a lateral condyle surface topography, and a



trochlear groove topography for at least two of the plurality of electronic three dimensional

models.

10. The method of any one of claims 6-9, further comprising:

generating an electronic three dimensional model of a human anatomical feature using

at least one medical scan of a natural human anatomical feature, where the electronic three

dimensional model incorporates size and curvature features that mimic size and curvature

features of the natural human anatomical feature;

measuring at least one of a medial condyle camming surface topography, a lateral

condyle surface topography, and a trochlear groove topography for at least two of the

plurality of electronic three dimensional models;

wherein the generation of the electronic three dimenational model is repeated to

generate the plurality of electronic three dimensional models representing the same human

anatomical feature across a population of humans.

11. A method of generating a patient specific prosthetic implant, comprising:

generating a three dimensional electronic representation of the human anatomical

feature that incorporates size and curvature features mimicking size and contour features of

the human anatomical feature using at least one medical scan of a human anatomical feature

from a unique patient;

selecting at least one of a three dimensional electronic representation of a plurality of

prosthetic implant templates taking into consideration the size and curvature features

exhibited by the three dimensional electronic representation of the human anatomical feature;

wherein the selecting act includes assessing which of the plurality of prosthetic

implant templates has the lowest percent deviation from the three dimensional electronic

representation of the human anatomical feature.

12. The method of claim 11, wherein the three dimensional electronic representation of the

human anatomical feature includes a model of a contact line, the model comprising a

plurality radii of curvature, where each radii of curvature is associated with a portion of the

contact line



13. The method of claim 11 or claim 12, wherein the selecting act includes comparing the

radii of curvature associated with the model of the contact line with corresponding radii of

curvature associated with at least one of the plurality of prosthetic implant templates.

14. A method of generating a shell of a femur from bone mapping, then generating

profiles/points generated from the shell by sweeping around the bone every ten degrees, then

generating a curve from the profiles/points, and then matching at least four radii to the curve.

15. A method of modeling a bone, the method comprising:

identifying a plurality of points associated with a contact surface of a bone;

dividing the plurality of points associated with the contact surface into a plurality of

zones, where each of the plurality of zones includes some of the plurality of the points;

approximating the plurality of the points in each zone using a first curve defined by a

radius of curvature; and,

combining each first curve to create a model of the contact surface.

16. The method of claim 15, further comprising:

identifying a plurality of spaced-apart locations along the model of the contact

surface; and

approximating the shape of the bone near each of the spaced-apart locations using a

second curve defined by a radius of curvature, where the second curve is arranged generally

orthogonally to the model of the contact surface.

17. The method of claim 16, wherein identifying the plurality of spaced-apart locations

includes identifying the plurality of spaced-apart locations by angularly dividing the model of

the contact surface into a plurality of substantially angularly equal portions.

18. The method of claim 17, wherein the substantially angularly equal portions are between

about 5 degrees and about 15 degrees.

18. The method of claim 17, wherein the substantially angularly equal portions are about 10

degrees.



19. A method of generating a patient-specific bone shell representative of at least a portion

of a patient's bone in its current state, the method comprising:

imaging at least a portion of a patient's anatomy to create a plurality of 2D image

slices of the patient's anatomy taken orthogonal to an axis extending through the patient's

anatomy, where each of the plurality of 2D image slices includes a bone segment comprising

an enclosed boundary corresponding to an exterior of the patient's bone;

constructing a 3D image bone shell of at least the portion of the patient's bone for

which the plurality of 2D image slices of the patient's bone were taken, where the

construction of the 3D image bone shell includes using software to recognize the enclosed

boundary of each bone segment by using a template 3D image bone shell that is not patient

specific, and where the 3D image bone shell depicts a current state of the patient's bone.

20. The method of claim 19, wherein the imaging comprises at least one of magnetic

resonance imaging and computed tomography.

21. The method of claim 19, wherein the patient's bone comprises at least one of a femur, a

tibia, and a humerus.

22. The method of claim 19, further comprising generation of a 3D image surgical jig, by a

software component, to mate with the 3D image bone shell, where the 3D image surgical jig

includes topographical features customized to the exterior features of the 3D image bone

shell.

23. The method of claim 22, wherein the software component is operative to output an

instruction file for fabricating a surgical jig having tangible topographical features of the 3D

image surgical jig.

24. The method of claim 19, further comprising constructing a 3D image cartilage shell

representing at least a portion of a patient's cartilage using the plurality of 2D image slices of

the patient's anatomy, where the construction of the 3D image cartilage shell includes using

software to recognize an outline of cartilage appearing in a 2D image slice.
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