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APPARATUS, SYSTEM, AND METHOD FOR BONE LOSS COMPENSATION OF A
PATIENT’S KNEE JOINT DURING AN ORTHOPAEDIC SURGICAL PROCEDURE

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This application claims priority to U.S. Patent Application Serial No.
18/217,224, which was filed on June 30, 2023 and is expressly incorporated by reference
into the present application.

TECHNICAL FIELD

[0002] The present disclosure relates generally to computer-assisted surgery
systems for use in the performance of orthopaedic surgical procedures, and more
particularly to technologies for compensating for bone loss of a patient’s boney anatomy
during a knee orthopaedic surgical procedure.

BACKGROUND

[0003] Joint arthroplasty is a well-known surgical procedure by which a diseased
and/or damaged natural joint is replaced by a prosthetic joint, which may include one or
more orthopaedic implants. For example, in a knee arthroplasty surgical procedure, a
patient’s natural knee joint is partially or totally replaced by a prosthetic knee joint. A
typical prosthetic knee joint includes a tibial tray, a femoral component, and a polymer
insert or bearing positioned between the tibial tray and the femoral component.

[0004] To facilitate the replacement of the natural joint with a prosthetic joint,
orthopaedic surgeons may use a variety of orthopaedic surgical instruments such as, for
example, surgical saws, cutting guides, reamers, broaches, drill guides, drills, positioners,
insertion tools and/or other surgical instruments. For example, a surgeon may prepare
a patient’s tibia to receive the tibial tray by resecting the proximal tibia with a surgical
saw, and the surgeon may prepare the patient’s femur to receive the femoral component
by performing multiple resections of the distal femur with an appropriate orthopaedic
surgical instrument, such as a surgical saw, burr, or the like. A surgeon may use manual
instruments such as cutting blocks or other cutting guides to perform various resections
in an orthopaedic procedure. Alternatively, or in addition, a surgeon may use a computer-
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assisted surgical navigation system, such as a robotic-assisted surgical system, to perform
the various resections in the orthopaedic procedure.

[0005] Typically, an orthopaedic surgeon may perform some amount of pre-
operative and/or intra-operative planning to, for example, determine a positioning of the
knee prosthesis. In situations in which the patient’s boney anatomy has suffered
significant bone loss (e.g., due to disease or trauma), the determination of the positioning
of the prosthesis can be complicated due to the bone loss.

SUMMARY

[0006] According to an aspect of the present disclosure, a method for
compensating for bone loss of a patient’s knee joint during the performance of an
orthopaedic surgical procedure may include determining, by a computer system, an
estimated amount of bone loss of a bone of a patient’s knee joint based on a three-
dimensional model of the bone; determining, by the computer system, an anatomical
distance between a femoral anatomical feature located on the patient’s femur and a tibial
anatomical feature located on the patient’s tibia at a plurality of degrees of flexion of the
patient’s knee joint while the femur of the patient’s knee joint is in contact with the tibia
of the patient’s knee joint; and adjusting, by the computer system, the determined
anatomical distance at each degree of flexion based on the estimated amount of bone
loss of the bone of the patient’s knee joint. The bone may include the femur and/or the
tibia of the patient’s knee joint, and the anatomical distance may be indicative of a
ligament length of a collateral ligament of the patient’s knee joint.

[0007] In some embodiments, determining the estimated amount of bone loss of
the bone of the patient’s knee joint may include applying, by the computer system, a
surface curve fitting algorithm to the three-dimensional model of the bone; and
determining, by the computer system, the estimated amount of bone loss based on a
difference between a damaged surface of the bone of the patient’s knee joint as indicated
in the three-dimensional model and a corresponding surface defined by the surface curve
fitting algorithm. Additionally or alternatively, determining the estimated amount of bone
loss of the bone of the patient’s knee joint may include receiving, by the computer system,
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a defined bone loss amount provided by a user of the computer system; and determining,
by the computer system, the estimated amount of bone loss based on the defined bone
loss amount. In such embodiments, receiving the defined bone loss amount may include
receiving, by the computer system, a defined bone loss amount for a plurality of locations
of a damaged surface of the bone of the patient’s knee joint from the user of the computer
system and each location of the plurality of locations of the damaged surface may contact
the other one of the femur or the tibia of the patient’s knee joint at a corresponding
degree of flexion of the patient’s knee.

[0008] Additionally, in some embodiments, determining the estimated amount of
bone loss of the bone of the patient’s knee joint may include updating the three-
dimensional model of the bone of the patient’s knee joint to include indicia of a damaged
surface of the bone, obtaining a three-dimensional statistical shape model of a reference
bone corresponding to the bone of the patient’s knee joint, and adjusting a set of
parameters of the three-dimensional statistical shape model to approximate the bone of
the patient’s knee joint in a healthy state that does not include the damaged surface; and
comparing the three-dimensional model of the bone of the patient’s knee joint including
the indicia of the damaged surface to the three-dimensional statistical shape model to
determine the estimated amount of bone loss of the bone of the patient’s knee joint. In
such embodiments, the reference bone is indicative of a “healthy” bone and does not
include the damaged surface.

[0009] In some embodiments, determining the anatomical distance between the
femoral anatomical feature and the tibial anatomical feature may include determining an
anatomical distance between an attachment point of the collateral ligament on the
patient’s femur and an attachment point of the collateral ligament on the patient’s tibia.
In such embodiments, determining the anatomical distance between the attachment
point of the collateral ligament on the patient’s femur and the attachment point of the
collateral ligament on the patient’s tibia may include determining an anatomical distance
that is indicative of a length of a medial collateral ligament or a lateral collateral ligament
of the patient’s knee joint while the patient’s knee joint is moved through a range of
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flexion with the femur of the patient’s knee joint in contact with the tibia of the patient’s
knee joint.

[0010] Additionally or alternatively, in some embodiments, determining the
anatomical distance between the tibial anatomical feature and the femoral anatomical
feature may include determining an anatomical distance between an attachment point of
the collateral ligament on the patient’s femur and a planned cutting plane of the patient’s
tibia in each degree of flexion of the plurality of degrees of flexion of the patient’s knee.
In such embodiments, adjusting the determined anatomical distance of the collateral
ligament may include, for example, increasing the determined anatomical distance
between the attachment point of the collateral ligament on the patient’s femur and the
planned cutting plane of the patient’s tibia at each degree of flexion of the plurality of
degrees of flexion of the patient’s knee.

[0011] In some embodiments, adjusting the determined anatomical distance may
include adjusting an estimated length of a medial collateral ligament or a lateral collateral
ligament of the patient’s knee joint at each degree of flexion based on the estimated
amount of bone loss of the bone of the patient’s knee joint.

[0012] Additionally, in some embodiments, the method may further include
determining, by the computer system, a cutting plane of the bone of the patient’s knee
joint based on the adjusted determined anatomical distance and performing an
orthopaedic bone resection on the bone of the patient’s knee joint using the determined
cutting plane as a reference for the orthopaedic bone resection. In some embodiments,
adjusting the determined anatomical distance may include adjusting the determined
anatomical distance by an adjustment amount that is based on the estimated amount of
bone loss of the bone of the patient’s knee joint. In some embodiments, the method
may further include determining, by the computer system, an initial cutting plane of the
bone of the patient’s knee joint. In such embodiments, determining the cutting plane of
the bone of the patient’s knee joint based on the adjusted determined anatomical distance
may include moving the initial cutting plane by the adjustment amount to define a final
cutting plane. Additionally, in such embodiments, performing the orthopaedic bone
resection may include performing the orthopaedic bone resection on the bone of the
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patient’s knee joint using the final cutting plane as a reference for the orthopaedic bone
resection.

[0013] Additionally, in some embodiments, the method may further include
identifying, by the computer system, the femoral anatomical feature and the tibial
anatomical feature based on a location of a navigation pointer. The method may also
include identifying, by the computer system, an attachment point of the collateral
ligament on the femur and on the tibia of the patient’s joint based on indicia, supplied by
a user of the computer system, located on the three-dimensional model of the bone of
the patient’s knee joint.

[0014] According to another aspect of the present disclosure, an orthopedic
surgical planning system for compensating for bone loss of a patient’s knee joint during
the performance of an orthopaedic surgical procedure may include at least one processor
and at least one memory device. The at least one memory device may have stored
therein a plurality of instructions that, when executed by the at least one processor, cause
the orthopedic surgical planning system to determine an estimated amount of bone loss
of a bone of a patient’s knee joint based on a three-dimensional model of the bone,
determine an anatomical distance between a femoral anatomical feature located on the
patient’s femur and a tibial anatomical feature located on the patient’s tibia at a plurality
of degrees of flexion of the patient’s knee joint while the femur of the patient’s knee joint
is in contact with the tibia of the patient’'s knee joint, and adjust the determined
anatomical distance at each degree of flexion based on the estimated amount of bone
loss of the bone of the patient’s knee joint. The bone may include the femur and/or the
tibia of the patient’s knee joint, and the anatomical distance may be indicative of a
ligament length of a collateral ligament of the patient’s knee joint.

[0015] In some embodiments, to determine the estimated amount of bone loss of
the bone of the patient’s knee joint may include to apply a surface curve fitting algorithm
to the three-dimensional model of bone and to determine the estimated amount of bone
loss based on a difference between a damaged surface of the bone of the patient’s knee
joint as indicated in the three-dimensional model and a corresponding surface defined by
the surface curve fitting algorithm. Additionally or alternatively, to determine the
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estimated amount of bone loss of the bone of the patient’s knee joint may include to
receive a defined bone loss amount provided by a user of the computer system and to
determine the estimated amount of bone loss based on the defined bone loss amount.
Furthermore, in some embodiments, to determine the estimated amount of bone loss of
the bone of the patient’s knee joint may include update the three-dimensional model of
the bone of the patient’s knee joint to include indicia of a damaged surface of the bone,
obtain a three-dimensional statistical shape model of a reference bone corresponding to
the bone of the patient’s knee joint, adjust a set of parameters of the three-dimensional
statistical shape model to approximate the bone of the patient’s knee joint in a healthy
state that does not include the damaged surface; and compare the three-dimensional
model of the bone of the patient’s knee joint including the indicia of the damaged surface
to the three-dimensional statistical shape model to determine the estimated amount of
bone loss of the bone of the patient’s knee joint. In such embodiments, the reference
bone is indicative of a “healthy” bone and does not include the damaged surface.

[0016] Additionally, in some embodiments, to determine the anatomical distance
between the femoral anatomical feature and the tibial anatomical feature may include to
determine an anatomical distance between an attachment point of the collateral ligament
on the patient’s femur and an attachment point of the collateral ligament on the patient’s
tibia. Additionally or alternatively, in some embodiments, to determine the anatomical
distance between the tibial anatomical feature and the femoral anatomical feature may
include to determine an anatomical distance between an attachment point of the
collateral ligament on the patient’s femur and a planned cutting plane of the patient’s
tibia in each degree of flexion of the plurality of degrees of flexion of the patient’s knee.
[0017] In some embodiments, to adjust the determined anatomical distance may
include to adjust the determined anatomical distance by an adjustment amount that is
based on the estimated amount of bone loss of the bone of the patient’s knee joint. In
such embodiments, the plurality of instructions, when executed by the at least one
processor, further cause the orthopedic surgical planning system to determine an initial
cutting plane of the bone of the patient’s knee joint and adjust the initial cutting plane
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by the adjustment amount to define a final cutting plane. An orthopaedic surgeon may
subsequently perform a bone resection using the final cutting plane as a reference.
[0018] According to a further aspect of the present disclosure, a method for
compensating for bone loss of a patient’s knee joint during the performance of an
orthopaedic surgical procedure may include determining, by a computer system, an
estimated amount of bone loss of a femur a patient’s knee joint based on a three-
dimensional model of the femur; determining, by the computer system, an estimated
length of a collateral ligament of the patient’s knee joint by determining an anatomical
distance between an attachment point of the collateral ligament on the femur of the
patient’s knee joint and a planned cutting plane of a tibia of the patient’s knee joint; and
increasing, by the computer system, the determined length of the collateral ligament at
each degree of flexion based on the estimated amount of bone loss of the bone of the
patient’s knee joint and the degree of flexion.

In some embodiments, increasing the determined anatomical distance may include
increasing the determined anatomical distance by an adjustment amount that is based
on the estimated amount of bone loss of the femur of the patient’s knee joint. In such
embodiments, the method may further include determining an initial cutting plane of the
femur of the patient’s knee joint, adjusting the initial cutting plane by the adjustment
amount to define a final cutting plane, and performing an orthopaedic bone resection on
the femur of the patient’s knee joint using the final cutting plane as a reference for the
orthopaedic bone resection.

[0019] Additionally, in some embodiments, determining the estimated amount of
bone loss of the femur of the patient’ knee joint may include determining the estimated
amount of bone loss based on a surface curve fitting algorithm applied to the three-
dimensional model, a defined bone loss amount provided by a user of the computer
system, or a comparison of the three-dimensional model of the bone of the patient’s knee
joint that has been updated to include indicia of a damaged surface of the bone and a
three-dimensional statistical shape model of a reference bone that approximates the bone
of the patient’s knee joint in a healthy state that does not include the damaged surface.

BRIEF DESCRIPTION OF THE DRAWINGS



WO 2025/003262 PCT/EP2024/068007

[0020] The detailed description particularly refers to the following figures, in which:
[0021] FIG. 1 is a schematic diagram of at least one embodiment of a system for
planning and assisting an orthopedic surgical procedure;

[0022] FIG. 2 is a side elevation view of a damaged femur of a patient’s knee joint;
[0023] FIG. 3 is an elevation view of a distal end of the damaged femur of FIG. 2
[0024] FIG. 4 is a block diagram of the system of FIG. 1;

[0025] FIGS. 5A-5E are simplified block diagrams of at least one embodiment of a
method for compensation for bone loss of a patient’s knee joint during performance of
an associated orthopaedic surgical procedure;

[0026] FIG. 6 is an elevation view of the patient’s knee joint in a flexed orientation
and identifying registered anatomical locations and landmarks using a navigation pointer;
[0027] FIG. 7 is an elevation view of the patient’s knee joint in a flexed orientation
and showing the medial and lateral collateral ligaments;

[0028] FIG. 8 is a three-dimensional model of the damaged femur of the patient’s
knee joint of FIG. 2 including indicia of an estimated amount of bone loss of the patient’s
knee using a surface curve fitting algorithm, which may be generated using the system
of FIG. 1;

[0029] FIG. 9 is a three-dimensional model of the damaged femur of the patient’s
knee joint of FIG. 2 including indicia of an estimated amount of bone loss of the patient’s
knee based on a surgeon-defined bone loss amount, which may be generated using the
system of FIG. 1;

[0030] FIG. 10 is an illustration of a three-dimensional statistical shape model of a
reference or generic femur that has been adjusted to approximate the patient’s “healthy”
femur in the process of being compared to (e.g., superimposed over) a three-dimensional
model of the damaged femur of the patient’s knee joint of FIG. 2 to provide indicia of an
estimated amount of bone loss of the patient’s knee, which may be performed using the
system of FIG. 1;

[0031] FIG. 11 is an illustration of the three-dimensional statistical shape model
that approximates the patient’s “healthy” femur of FIG. 10 superimposed over the three-
dimensional model of the damaged femur of the patient’s knee joint of FIG. 2 to define
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indicia of an estimated amount of bone loss of the patient’s knee, which may be
performed using the system of FIG. 1;

[0032] FIG. 12 is a three-dimensional model of a patient’s knee joint including the
damaged femur of FIG. 2 positioned at an initial degree of flexion such that a healthy
portion of the patient’s femur is in contact with the patient’s tibia;

[0033] FIG. 13 is a three-dimensional model of a patient’s knee joint including the
damaged femur of FIG. 2 rotated to a degree of flexion at which the damaged portion of
the patient’s femur of FIG. 2 has come into contact with the patient’s tibia;

[0034] FIG. 14 is a three-dimensional model of the patient’s knee joint including
the damaged femur of the FIG. 2 positioned in extension with the damaged portion of
the patient’s femur in contact with the patient’s tibia;

[0035] FIG. 15 is a three-dimensional model of a patient’s knee joint including the
damaged femur of the FIG. 2 positioned in extension with the position of the patient’s
femur adjusted based on an estimated amount of bone loss, which increases the
anatomical distance between the determined anatomical features of the patient’s femur
and tibia as indicated; and

[0036] FIG. 16 is a simplified plot diagram illustrating a present anatomical distance
between anatomical features of the femur and tibia of the patient’s knee joint including
the damaged femur of FIG. 2 through a range of flexion and an adjusted or target
anatomical distance through the range of flexion based on the estimated amount of bone
loss.

DETAILED DESCRIPTION OF THE DRAWINGS

[0037] While the concepts of the present disclosure are susceptible to various
modifications and alternative forms, specific illustrative embodiments thereof have been
shown by way of example in the drawings and will herein be described in detail. It should
be understood, however, that there is no intent to limit the concepts of the present
disclosure to the particular forms disclosed, but on the contrary, the intention is to cover
all modifications, equivalents, and alternatives falling within the spirit and scope of the
invention as defined by the appended claims.
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[0038] Terms representing anatomical references, such as anterior, posterior,
medial, lateral, superior, inferior, etcetera, may be used throughout the specification in
reference to the orthopaedic implants and surgical instruments described herein as well
as in reference to the patient’s natural anatomy. Such terms have well-understood
meanings in both the study of anatomy and the field of orthopaedics. Use of such
anatomical reference terms in the written description and claims is intended to be
consistent with their well-understood meanings unless noted otherwise.

F/A\Y

[0039] References in the specification to “one embodiment,” “an embodiment,” “an
illustrative embodiment,” etc., indicate that the embodiment described may include a
particular feature, structure, or characteristic, but every embodiment may or may not
necessarily include that particular feature, structure, or characteristic. Moreover, such
phrases are not necessarily referring to the same embodiment. Further, when a particular
feature, structure, or characteristic is described in connection with an embodiment, it is
submitted that it is within the knowledge of one skilled in the art to effect such feature,
structure, or characteristic in connection with other embodiments whether or not explicitly
described. Additionally, it should be appreciated that items included in a list in the form
of “at least one A, B, and C” can mean (A); (B); (C); (A and B); (A and C); (B and C); or
(A, B, and C). Similarly, items listed in the form of “at least one of A, B, or C” can mean
(A); (B); (C); (Aand B); (Aand C); (B and C); or (A, B, and C).

[0040] The disclosed embodiments may be implemented, in some cases, in
hardware, firmware, software, or any combination thereof. The disclosed embodiments
may also be implemented as instructions carried by or stored on a transitory or non-
transitory machine-readable (e.g., computer-readable) storage medium, which may be
read and executed by one or more processors. A machine-readable storage medium may
be embodied as any storage device, mechanism, or other physical structure for storing
or transmitting information in a form readable by a machine (e.g., a volatile or non-
volatile memory, a media disc, or other media device).

[0041] In the drawings, some structural or method features may be shown in
specific arrangements and/or orderings. However, it should be appreciated that such
specific arrangements and/or orderings may not be required. Rather, in some



WO 2025/003262 PCT/EP2024/068007
11

embodiments, such features may be arranged in a different manner and/or order than
shown in the illustrative figures. Additionally, the inclusion of a structural or method
feature in a particular figure is not meant to imply that such feature is required in all
embodiments and, in some embodiments, may not be included or may be combined with
other features.

[0042] Referring now to FIG. 1, an illustrative surgical computer system 100 is
configured to assist an orthopaedic surgeon in the planning and performance of an
orthopaedic surgical procedure (e.g., a total knee arthroplasty (TKA) procedure) on a
knee joint of a patient 102. The surgical computer system 100 includes a base station
110 and a robotic-assisted surgical device 112, which may be selectively coupled to a
surgical table 104. The base station 110 includes a surgical planning and assistance
computer system 120, an associated display 122, and a tracking system 124. The robotic-
assisted surgical device 112 includes an automated positioning system 130, which may
include a number of motors or other positioning devices, a surgical tool 132 (e.g., a bone
saw) controlled by the automated positioning system 130, and one or more navigation
markers 134. Each navigation marker 134 may be attached to the automated positioning
system 130 itself and/or the surgical tool 132 (or an attachment for the surgical tool 132)
as shown in FIG. 1. The navigation markers 134 are tracked by the tracking system 124
to determine a position of the robotic-assisted surgical device 112 (via the navigation
marker 134 attached to the device 112) and a position of the surgical tool 132 (via the
navigation marker 134 attached to the surgical tool 132) relative to the patient’s boney
anatomy as discussed in more detail below.

[0043] In some embodiments, the surgical computer system 100 may also include
one or more mobile satellite stations (not shown), which are communicatively coupled to
the base station 110 to provide a duplicated display and input device for the orthopaedic
surgeon to use within the surgical operation envelope. For example, the satellite station
may include a surgical barrier (e.g., a plastic wrapper) to allow the satellite station to be
used in the vicinity of the patient 102 during the performance of the orthopaedic surgical
procedure. Additionally, in some embodiments, the satellite station may be used to
couple and decouple the robotic-assisted surgical device 112 with the surgical table 104.
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[0044] In use, the surgical computer system 100 may be used by an orthopaedic
surgeon to pre-operatively and/or intra-operatively plan and modify the orthopaedic
surgical procedure. For example, in the case of a total knee arthroplasty procedure, the
orthopaedic surgeon may operate the surgical computer system 100 to plan and/or
modify the various cutting planes of the patient’s femur and tibia. The orthopaedic
surgeon may subsequently utilize the robotic-assisted surgical device 112 to perform the
planned/modified cutting planes and other steps of the orthopaedic surgical plan. In use,
the robotic-assisted surgical device 112 controls and limits the orthopaedic surgeon’s
positioning of the surgical tool 132 to the planned cutting planes, which can improve the
accuracy and speed of the corresponding bone cuts. As discussed above, the location of
the surgical tool 132 relative to the patient’s boney anatomy is tracked by the tracking
system 124 based on the location of the navigation marker 134 attached to the surgical
tool 132 (or to which the surgical tool 132 is attached), which can be visualized by the
orthopaedic surgeon on the display 122 along with a digital image (e.g., a three-
dimensional model) of the patient’s relevant boney anatomy.

[0045] As discussed in more detail below, the surgical computer system 100 is also
configured to support the planning and performance of orthopaedic surgical procedures
on patients’ knee joints in various stages of health. To this end, in situations in which
the patient’s femur and/or tibia are damaged (e.g., via trauma or due to disease), the
surgical computer system 100 is configured to compensate for the bone loss of the
patient’s femur and/or tibia in the orthopaedic surgical plan. For example, as shown in
FIGS. 2 and 3, a patient’s damaged femur 200 may include a damaged or diseased area
202 in which the femur 200 has lost some amount of bone material (illustrated in FIGS.
2 and 3 as a hashed region). If the damaged area 202 lies on the distal end of the
patient’s femur 200 as shown in FIG. 2, the damaged area 202 can increase the laxity of
the medial and lateral collateral ligaments of the corresponding knee joint through a
range of flexion because the femur 200 will articulate at a lower position on the patient’s
tibia. As such, in orthopaedic surgical plans endeavoring to recreate or approximate the
collateral ligament tension of the patient’s healthy knee joint (i.e., prior to the damage of
the patient’s knee joint), the bone loss of the femur and/or tibia may be considered in
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determining the appropriate cutting planes of the patient’s knee joint to arrive at a desired
ligament length, which may be an approximation or otherwise indicative of the ligament
tension.

[0046] To do so, the surgical computer system 100 is configured to generate (e.g.,
intraoperatively) or otherwise acquire a three-dimensional model (e.g., based on a three-
dimensional medial image or a set of two-dimensional medical images) of the patient’s
relevant knee joint to which the patient’s actual knee is subsequently registered. For
example, the orthopaedic surgeon may attach navigation markers to each of the patient’s
femur and tibia such that the patient’s knee joint can be tracked in three-dimensional
space by the tracking system 124. The patient’s knee joint may then be registered to the
three dimensional model by identifying anatomical landmarks on the patient’s femur
and/or tibia, which are correlated to landmarks on the three-dimensional model.
[0047] Additionally, the surgical computer system 100 identifies anatomical
features on the patient’s femur and tibia, each femoral-tibial pair of which defines an
anatomical distance therebetween. As discussed in more detail below, the anatomical
distance between the identified femoral and tibial anatomical features is indicative of, or
otherwise provides a representation of, the ligament length of the patient’s knee joint,
which may itself be indicative of an amount of ligament tension of the patient’s knee
joint. For example, in some embodiments, the anatomical features may be embodied as
the femoral and tibial attachment points of the medial and lateral collateral ligaments
and, in such embodiments, the anatomical distance (i.e., the distance between the
femoral and tibial attachment points of the collateral ligaments) is indicative of the
patient’s collateral ligament tension. In other embodiments, other anatomical features
may be used such as the femoral attachment point of the collateral ligaments and a
location on the patient’s tibia corresponding to a planned tibial resection plane (or other
femoral and/or tibial locations).

[0048] The surgical computer system 100 also estimates the amount of bone loss
of the relevant patient’s bone (e.g., the femur). To do so, as discussed in more detail
below, the bone loss may be estimated based on a surface curve fitting algorithm, on a
defined bone loss amount provided by the orthopaedic surgeon, on a comparison of the
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three-dimensional model of the patient’s damaged bone and a three-dimensional
statistical shape model that approximates the of the patient’s “healthy” bone (e.g., prior
to damage), or on some other methodology. Regardless, the estimated bone loss amount
corresponds to a distance between the patient's damaged boney surface (e.g., the
damaged area 202) and an approximated surface of the patient’s healthy bone (i.e., prior
to the trauma or disease).

[0049] The orthopaedic surgeon may subsequently articulate the patient’s knee
joint through a range of flexion, ensuring the patient’s femur 200 is in contact with the
patient’s tibia through the range of flexion. The surgical computer system 100 tracks the
relative positioning of the patient’s femur 200 and tibia based on the navigation makers
attached thereto and determines an anatomical length or distance (i.e., a distance
between the identified anatomical features, such as the attachment points of the
collateral ligaments) that is indicative of the length of the associated medial and lateral
collateral ligaments through the range of flexion. The surgical computer system 100
subsequently adjusts the determined anatomical distance based on the estimated amount
of bone loss and the particular degree of flexion and updates the orthopaedic surgical
plan based on the adjusted anatomical distance (e.g., by moving or adjusting related
cutting planes). That is, the surgical plan may be updated automatically by the surgical
computer system 100 (e.g., by modifying the cutting planes, selecting different
orthopaedic prostheses, modifying the implantation position of the orthopaedic
prostheses, etc.) or manually by the orthopaedic surgeon such that the relative position
of the patient’s femur and tibia is maintained post-implantation. The orthopaedic surgeon
may then operate the surgical computer system 100 to perform the updated orthopaedic
surgical procedure.

[0050] Referring now to FIG. 4, the illustrative surgical computer system 100
includes the surgical planning and assistance computer system 120 and the robotic-
assisted surgical device 112, which communicate with each other over a wired or wireless
network 400. The surgical computer system 100 may also include a remote imaging
device 402 (e.g., a magnetic resonance imaging (MRI) device, an X-ray device, etc.)
and/or a secondary tracking system 124, each of which may communicate with the
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surgical planning and assistance computer system 120 over the network 400.
Additionally, the surgical computer system 100 includes multiple navigation markers 406,
which include the navigation marker 134 attached to the robotic-assisted surgical device
112 and the navigation marker 134 attached to the surgical tool 132. Furthermore, as
discussed above, the surgical computer system 100 may also include one or more satellite
stations, which may include a duplicate display 122 and associated input devices to
facilitate interaction by the orthopaedic surgeon within the surgical sterile envelope.
[0051] The surgical planning and assistance computer system 120 may be
embodied as any type of computer system capable of performing the functions described
herein. For example, the surgical planning and computer system 120 may be embodied
as, without limitation, a workstation, a desktop computer, a laptop computer, a special-
purpose compute device, a server, a rack-mounted server, a blade server, a network
appliance, a web appliance, a tablet computer, a smartphone, a consumer electronic
device, a distributed computing system, a multiprocessor system, and/or any other
computing device capable of performing the functions described herein. As discussed
above, in the illustrative embodiment, the surgical planning and assistance computer
system 120 forms a portion of, or is otherwise included in, the base station 110.
[0052] Although the surgical planning and assistance computer system 120 is
illustrated in FIG. 4 as embodied as a single computer, it should be appreciated that the
surgical planning and assistance computer system 120 may be embodied as multiple
devices cooperating together to facilitate the functionality described below. For example,
in some embodiments, the surgical planning and assistance computer system 120 may
be embodied as a “virtual server” formed from multiple computer systems distributed
across a network and operating in a public or private cloud.

[0053] As shown in FIG. 1, the illustrative surgical planning and assistance
computer system 120 includes an analysis engine 410, an input/output (“I/O") subsystem
412, a data storage 414, a communication system 416, the display 122, the tracking
system 124, and, in some embodiments, one or more peripheral devices 418. Of course,
the analysis engine 410 may include additional or other components, such as those
commonly found in a typical computer device, in other embodiments. Additionally, in
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some embodiments, one or more of the illustrative components may be incorporated in,
or otherwise form a portion of, another component.

[0054] The analysis engine 410 may be embodied as any type of controller,
functional block, digital logic, or other component, device, circuitry, or collection thereof
capable of performing the functions described herein. In illustrative embodiment, the
analysis engine 410 includes a processor 422 and a memory 424. The processor 422
may be embodied as any type of processor capable of performing the functions described
herein. For example, the processor 422 may be embodied as a single or multi-core
processor(s), digital signal processor, microcontroller, or other processor or
processing/controlling circuit. Similarly, the memory 424 may be embodied as any type
of volatile and/or non-volatile memory or data storage capable of performing the
functions described herein. In operation, the memory 424 may store various data and
software used during operation of the surgical planning and assistance computer system
120 such as operating systems, applications, executable software, programs, libraries,
and drivers, which may be executed or otherwise used by the processor 422.

[0055] The analysis engine 410 is communicatively coupled to other components
of the computer system 120 via the I/O subsystem 412, which may be embodied as
circuitry and/or components to facilitate input/output operations between the analysis
engine 410 (e.g., the processor 422 and the memory 424) and the other components of
the computer system 120. For example, the I/O subsystem 412 may be embodied as, or
otherwise include, memory controller hubs, input/output control hubs, firmware devices,
communication links (i.e., point-to-point links, bus links, wires, cables, light guides,
printed circuit board traces, etc.) and/or other components and subsystems to facilitate
the input/output operations. In some embodiments, the I/O subsystem 412 may form a
portion of a system-on-a-chip (SoC) and be incorporated, along with the analysis engine
410 (e.g., the processor 422 and the memory 424) and other components of the
computer system 120, on a single integrated circuit chip. Additionally, in some
embodiments, the memory 424, or portions of the memory 424, may be incorporated
into the processor 422.
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[0056] The data storage 414 may be embodied as any type of device or devices
configured for short-term and/or long-term storage of data such as, for example, solid-
state drives, hard disk drives, memory devices and circuits, memory cards, non-volatile
flash memory, or other data storage devices. For example, in the illustrative embodiment,
the data storage 414 may store medical images and/or associated three-dimensional
models of the patient’s knee joint.

[0057] The communication subsystem 416 may be embodied as any type of
communication circuit, device, or collection thereof, capable of enabling communications
between the surgical planning and assistance computer system 120 and the robotic-
assisted surgical device 112 and/or imaging device 402 and/or other devices of the
surgical computer system 100. To do so, the communication subsystem 416 may be
configured to use any one or more communication technologies (e.g., wireless or wired
communications) and associated protocols (e.g., Ethernet, Bluetooth®, Wi-Fi®, WiMAX,
LTE, 5G, etc.) to effect such communication.

[0058] The display 122 may be embodied as any type of display capable of
displaying digital images or other information, such as a liquid crystal display (LCD), a
light emitting diode (LED), a plasma display, a cathode ray tube (CRT), or other type of
display device. In some embodiments, the display 122 may be coupled to a touch screen
to allow user interaction with the surgical planning and assistance computer system 120.
[0059] As discussed above, the surgical planning and assistance computer system
120 includes the tracking system 124, which is configured to determine a location in
three-dimensional space of the robotic-assisted surgical device 112 and the bones (i.e.,
femur and tibia) of the patient’s knee joint based by sensing the location of associated
navigation markers 406 (e.g., the navigation marker 134 attached to the surgical tool
132). To do so, the tracking system 124 includes one or more cameras 420, each of
which may be embodied as a digital camera or other digital imaging device capable of
tracking one or more of the navigation markers 406. To do so, each camera 420 includes
an electronic image sensor, such as an active-pixel sensor (APS), e.g., a complementary
metal-oxide-semiconductor (CMOS) sensor, or a charge-coupled device (CCD). In the

illustrative embodiment, the tracking system 124 includes multiple cameras 420 arranged
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in an array so as to be capable of determining distance to objects imaged by the cameras
420.

[0060] The robotic-assisted surgical device 112 may be embodied as any type of
robot or similar machine capable of performing the functions described herein.
Illustratively, the robotic-assisted surgical device 112 is embodied as a robotic arm
configured to be attached to the surgical table 104 or otherwise positioned near the
patient 102 during the orthopaedic surgical procedure. As discussed above, the robotic-
assisted surgical device 112 includes the surgical tool 132, which is illustratively embodied
as a surgical saw 142, and the automated positioning system 130, which is configured to
control the positioning of the surgical saw 142. In use, the robotic-assisted surgical
device 112 supports the surgical saw 142 and may constrain movement of the surgical
saw 142 within a resection plane specified in an associated surgical plan. The orthopedic
surgeon may activate the surgical saw 142 and perform the resection with the surgical
saw 142 while the robotic-assisted surgical device 112 constrains movement of the
surgical saw 142 to the resection plane. Although illustrated with a surgical saw 142, it
should be understood that, in other embodiments, the surgical tool 132 may be embodied
as, or otherwise include, other surgical instruments, such as, for example, surgical burrs,
impactors, reamers, and other powered surgical tools. The surgical planning and
assistance computer system 120 and the robotic-assisted surgical device 112 may
illustratively be embodied as a VELYS™ Robotic-Assisted Solution, commercially available
from DePuy Synthes Products, Inc. of Warsaw, Indiana.

[0061] The surgical planning and assistance computer system 120 and the robotic-
assisted surgical device 112 may be configured to transmit and receive data with each
other and/or other devices of the surgical computer system 100 over the network 400.
The network 400 may be embodied as any number of various wired and/or wireless
networks. For example, the network 400 may be embodied as, or otherwise include, a
direct wired connection, a wired or wireless local area network (LAN), a wired or wireless
wide area network (WAN), a cellular network, and/or a publicly-accessible, global network
such as the Internet. As such, the network 400 include any number of additional devices,
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such as additional computers, routers, stations, and switches, to facilitate
communications among the devices of the surgical computer system 100.

[0062] As discussed above, the surgical planning and assistance computer system
120 is configured to track the location of the robotic-assisted surgical device 112 and the
bones (i.e., femur and tibia) of the patient’s knee joint using the navigation markers 406.
Each navigation marker 406 includes a number of hydrophobic optical reflectors arranged
in a predetermined pattern visible to the cameras 420 of the tracking system 124.
Illustratively, the navigation markers 406 include the navigation marker 134 attached to
the robotic-assisted surgical device 112, the navigation marker 134 attached to the
surgical tool 132, and a plurality of navigation markers 450, each of which is configured
to be attached to a corresponding bone of the patient 102. The navigation markers 406
also include a navigation pointer marker 452 configured to be temporarily positioned by
a surgeon relative to anatomical features or landmarks of the patient (e.g., with an end
of the pointer marker 452 in contact those anatomical features/landmarks) while the
pointer marker 452 is observed by the cameras 420. In this way, the navigation markers
406 may be used for registration and tracking of the patient’s bony anatomy during the
orthopaedic surgical procedure.

[0063] Referring now to FIGS. 5A-5C, in use, the surgical planning and assistance
computer system 120 may perform a method 500 for compensating for bone loss of a
patient’s knee joint during performance of an associated orthopaedic surgical procedure.
The method 500 begins with block 502 in which the computer system 120 determines
whether to initiate the surgical procedure. For example, the computer system 120 may
prompt the orthopaedic surgeon for confirmation to begin. As discussed above, the
orthopaedic surgeon may interact with the computer system 120 via the base station 110
or, if during the performance of the orthopaedic surgeon, via a protected satellite station
located in the surgical envelope.

[0064] In block 504, the orthopaedic surgeon exposes the patient’s knee joint and,
in block 506, attaches a navigation marker 450 to each of the patient’s femur 200 and
tibia 700. As discussed above, the navigation markers 450 allow the tracking of the
relative position of the patient’s femur 200 and tibia 700 via the tracking system 124.
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[0065] After the orthopaedic surgeon has attached the navigation markers 450 to
the patient’s boney anatomy, the surgeon registers the patient’s knee joint with the
computer system 120 in block 508. Registration of the patient’s knee joint allows the
surgical computer system 120 to properly track the patient’s knee joint so as to display a
three-dimensional model of the patient's knee joint in the proper corresponding
orientation and position. Various methodologies may be used to register the patient’s
knee joint to the surgical computer 120.

[0066] For example, in the illustrative embodiment, a three-dimensional model of
the patient’s knee joint is generated in block 510. To do so, in some embodiments, the
surgical computer system 120 may obtain three-dimensional medical images (e.g.,
images generated by a magnetic resonance imaging MRI device), which may be used
directly as the three-dimensional model itself (i.e., with little or no further processing).
Alternatively, in block 514, the surgical computer system 120 may obtain two-dimensional
medical images (e.g., images generated by an X-ray device), which may be subsequently
converted to a three-dimensional image by stitching or otherwise combining the two-
dimensional images. In yet other embodiments, the set of two dimensional images may
be used directly as an approximation of a three-dimensional model. Regardless, it should
be appreciated that the two- or three-dimensional medical images may be generated or
otherwise obtained pre-operatively or intra-operatively (i.e., the blocks 512, 514 may
occur prior to or subsequent to the block 504). In the illustrative embodiment, the
medical images are generated by the imaging device 402 and transmitted to the computer
system 120 over the network 400.

[0067] Subsequently, in block 516, the patient’s knee is registered to the three-
dimensional model. Registration of the patient’s knee to the three-dimensional model
allows the surgical computer system 120 to properly orient the three-dimensional model
on the display 122 such that the three-dimensional model tracks the positioning of the
patient’s knee joint in three-dimensional space (e.g., as the orthopaedic surgeon
articulates the patient’s knee joint). To do so, in the illustrative embodiment, the surgeon
may intraoperatively register anatomical points or landmarks of the patient’s femur and
tibia to the computer system using the navigation pointer 452. For example, as shown
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in FIG. 6, the surgeon may contact a pointer end or tip of the navigation pointer 452 to
various anatomical landmarks or sites 600 on the patient’s femur and tibia. Once so
placed and in response to an activation command or input from the surgeon, the
computer system 120 determines the location of the pointer end of the navigation pointer
452 on the three-dimensional model based on the location of the navigation pointer 452
in three-dimensional space as tracked by the tracking system 124. In this way, the
contacted anatomical landmark is associated with or otherwise correlated to a
corresponding point on the three-dimensional model. In some embodiments, the surgical
computer system 120 is configured to walk the orthopaedic surgeon through a
registration process by requesting the surgeon identify, using the navigation pointer 452,
particular anatomical landmarks on the patient’s femur and/or tibia.

[0068] Alternatively, in other embodiments, the three-dimensional model of the
patient’s knee joint may be generated intra-operatively in block 518 (see FIG. 5B). For
example, the patient’s knee joint may registered to a three-dimensional model of a
generic knee joint. To do so, the orthopaedic surgeon may contact the navigation pointer
452 to a large number of anatomical landmarks 600 and/or “paint” the surface of the
patient’s femur/tibia by moving the navigation pointer around area of interest (or
substantially the entirety of the patient’s femur and/or tibia). For example, as shown in
FIG. 6, for areas of particular interest that the surgeon desires to have an increased
accuracy, the surgeon may generate a set of highly clustered registration points 600 as
shown in the location 602. In some embodiments, the generic three-dimensional model
may be “*morphed” or otherwise modified based on the set of registration points 600 to
provide a better indication of the patient’s actual boney anatomy.

[0069] Regardless of how the three-dimensional model is generated in block 510,
the model may be updated in block 520 to include indicia of the damaged area 202 in
some embodiments. To do so, similar to block 518, the orthopaedic surgeon may contact
the pointer end or tip of the navigation pointer 452 to multiple locations of the damaged
area 202 of the patient’s femur 200 so as to “paint” the damaged area 202. Such
“painting” of the damaged area 202 using the navigation pointer 452 improves the
granularity of the mapping of that area on the three-dimensional model of the patient’s
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femur 200 via the registration of the highly clustered points 600. In this way, the three-
dimensional model of the patient’s knee joint (e.g., of the femur 200) may include visual
indicia of the damaged area 202 when displayed on the display 122.

[0070] After the three-dimensional model of the patient’s knee joint has been
registered to the surgical computer system 120 in block 508, the method 500 advances
to block 522 of FIG. 5C. In block 522, the computer system 120 identifies, on the three-
dimensional model, the location of the femoral and tibial anatomical features that are to
be used to determine that anatomical distance indicative of the tension of the patient’s
collateral ligaments. As discussed above, in some embodiments, the anatomical features
may be embodied as the femoral and tibial attachment points of the medial collateral
ligament (MCL) and the lateral collateral ligament (LCL). In other embodiments, the
attachment features may be embodied as the tibial attachment point of the MCL/LCL and
a point or site on the patient’s tibia that corresponds to the planned tibial resection plane.
[0071] For example, in some embodiments, the anatomical features may be
embodied as the femoral and tibial attachment points of the medial and lateral collateral
ligaments and, in such embodiments, the anatomical distance (i.e., the distance between
the femoral and tibial attachment points of the collateral ligaments) is indicative of the
patient’s collateral ligament length(s). In other embodiments, other anatomical features
may be used such as the femoral attachment point of the collateral ligaments and a
location on the patient’s tibia corresponding to a planned tibial resection plane (or other
femoral and/or tibial locations).

[0072] The computer system 120 may utilize any suitable methodology to
determine the location of the anatomical features on the three-dimensional model. For
example, in block 524, the orthopaedic surgeon may utilize the navigation pointer 452 to
identify the location of the anatomical features (e.g., attachment points) to the computer
system 120. For example, as discussed above in regard to FIG. 6, the orthopaedic
surgeon may contact a pointer end of the navigation pointer 452 on the anatomical
feature of the patient’s knee joint (i.e., via the exposed knee joint) and, in response to
an activation command or input, the computer system 120 determines the location of the
pointer end on the three-dimensional model based on the location of the navigation
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pointer 452 in three-dimensional space as tracked by the tracking system 124. For
example, as shown in FIG. 7, the orthopaedic surgeon may, in turn, contact the navigation
pointer 452 on an attachment site 710 of the medial collateral ligament 720 to the
patient’s femur 200, on an attachment site 704 of the medial collateral ligament 720 to
the patient’s tibia 700, on an attachment site 730 of the lateral collateral ligament to the
patient’s femur 200, and on an attachment site 732 of the lateral collateral ligament to
the patient’s tibia 700 to register each of the attachment sites to the computer system
120 as discussed above.

[0073] Again, as discussed above, other anatomical features may be used in other
embodiments. For example, in some embodiments, the attachment site 710 of the medial
collateral ligament to the patient’s femur 200 may be used along with an anatomical
feature or location 750 on the patient’s tibia 700 and the attachment site 730 of the
lateral collateral ligament of the patient’s femur 200 may be used along with an
anatomical feature or location 760 on the patient’s tibia 700. As discussed above, the
anatomical features 750, 760 may correspond to a planned or determined tibial resection
plane 770.

[0074] Referring back to FIG. 5C, additionally or alternatively, the orthopaedic
surgeon may annotate the three-dimensional model itself with indicia of the location of
the anatomical features in block 526. For example, the orthopaedic surgeon may mark
the approximated location of the attachment sites of the patient’'s MCL and LCL on the
three-dimensional model based on an examination of the patient’s exposed knee joint.
[0075] Regardless, after the anatomical features have been identified and
registered with the computer system 120, the method 500 advances to block 528. In
block 528, the computer system 120 determines the anatomical distance between the
identified anatomical features. For example, as shown in FIG. 7, the computer system
120 may determine an anatomical distance 780 between the attachment site 730 of the
lateral collateral ligament to the patient’s femur 200 and the attachment site 732 of the
lateral collateral ligament to the patient’s tibia 700. Alternatively, the computer system
120 may determine anatomical distance 790 between the attachment site 730 of the
lateral collateral ligament to the patient’s femur 200 and a planned tibial resection plane
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770. The planned tibial resection plane 770 may be determined using any suitable
methodology such as based on a specified distance below the distal-most point on the
medial and/or lateral tibial plateau. Additionally, the planned tibial resection plane 770
may be angled in various planes (e.g., the planned tibial resection plane 770 may be
perpendicular to the longitudinal axis of the tibia in the coronal plane and sloped
posteriorly relative to the longitudinal axis of the tibia in the sagittal plane). Furthermore,
it should be appreciated that the computer system 120 may also determine an anatomical
distance for the medial side of the patient’s knee joint in the same manner. Additionally,
as discussed above, it should be appreciated that the determined anatomical distance is
indicative of the length of the corresponding medial/lateral collateral ligament, which is
itself indicative of the tension of such ligament.

[0076] Subsequently, in block 530, the computer system 120 determines an
estimate of the bone loss of the patient’s femur (and/or tibia). To do so, the computer
system 120 may utilize one or more methodologies to estimate the amount of bone loss
of the patient’s bone based on the three-dimensional model of the patient’s knee joint.
In some embodiments in block 532, for example, the computer system 120 may estimate
the amount of bone loss of the patient’s femur 200 (and/or tibia 700) on the three-
dimensional model of the patient’s knee joint based on a surface curve fitting algorithm.
For example, as shown in FIG. 8, the computer system 120 may be configured to use a
curve-fitting algorithm to determine a surface curvature 800 that approximates the
exterior curvature of the patient’s healthy femur 200 (and/or tibia 700). The curve-fitting
algorithm may identify the best-fitted surface curvature 800 by matching the surface
curvature 800 to “healthy” portions of the patient’s femur 200. The amount of bone loss
may be then be determined based on a distance 802 between the damaged surface of
the patient’s femur 200 and the fitted surface curvature 800. As discussed in more detail
below, the determined amount of bone loss may be based on, or otherwise vary according
to, a degree of flexion established between the patient’s femur 200 and tibia 700. For
example, as shown in FIG. 7, less bone loss has occurred toward the anterior and
posterior sides of the damaged area 202.
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[0077] Referring back to FIG. 5C, in other embodiments in block 534, the computer
system 120 may estimate the amount of bone loss of the patient’s femur 200 (and/or
tibia 700) on the three-dimensional model of the patient’s knee joint based on a surgeon-
defined bone loss amount. That is, the orthopaedic surgeon may enter an amount of
bone loss to be used with the three-dimensional model. For example, as shown in FIG.
9, the surgeon-defined bone loss amount may define a distance 902 between the
damaged area/surface 202 of the patient’s femur 200 and an approximated surface 900
of the patient’s healthy femur 200. To facilitate the determination of the approximated
surface 900, the surgeon-defined bone loss amount may be supplied to the computer
system 120 in associated with a degree of flexion (e.g., 2 millimeters at 0 degrees of
flexion and 0.5 millimeters at 45 degrees of flexion) such that the surface 900 may be
approximated.

[0078] Referring now to FIG. 5D, in other embodiments in block 536, the computer
system 120 may estimate the amount of bone loss of the patient’s femur 200 (and/or
tibia 700) on the three-dimensional model of the patient’s knee joint using a three-
dimensional statistical shape model of the patient’s “healthy” femur. To do so, in block
538, the computer system 120 may obtain a three-dimensional statistical shape model of
a generic “healthy” knee joint. The three-dimensional statistical shape model may be
developed or generated using one of a number of different methodologies. For example,
in the illustrative embodiment, the statistical shape model is developed based on a
collection of medical images of “healthy” knee joints (e.g., from a pool of healthy patients)
and parametrized to allow “morphing” of the shape model by adjusting the associated
parameters such that the three-dimensional model approximates (e.g., size and shape)
the patient’s “healthy” femur 200 (i.e., prior to the damage of the damage area 202).
[0079] Subsequently, in block 540, the patient’s knee joint is registered to the
three-dimensional statistical shape model. To do so, a registration process similar to that
described above in regard to blocks 516 and 518 may be used. That is, the orthopaedic
surgeon may contact the navigation pointer 452 to particular anatomical landmarks 600
of the surface of the patient’s femur/tibia. In response to the registration of the

anatomical landmarks/sites to the computer system 120, the parameters of the three-
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dimensional statistical shape model are adjusted based on the registered sites in block
542. The adjusted parameters “morphs” or otherwise modifies the three-dimensional
statistical shape model to approximate the shape of the patient’s actual boney anatomy.
[0080] In block 544, the computer system 120 compares the three-dimensional
model of the patient’s bone (e.g., femur and/or tibia) to the modified three-dimensional
statistical shape model and determines or estimates the amount of bone loss based on a
difference between the two models in or around that damaged area 202. The computer
system 120 may utilize any suitable methodology to compare the two models, such as
superimposing one over the other, via various mathematical processes, and so forth. For
example, a three-dimensional statistical shape model 1000 of a generic “healthy” femur
is shown in FIG. 10 in the process of being superimposed over the three-dimensional
model of the patient’s damaged femur 200. In FIG. 11, the statistical shape model 1000
has been superimposed over the three-dimensional model of the patient’s femur 200,
and the computer system 120 is configured to determine the amount of bone loss of the
patient’s femur 200 based on a distance 1002 between the damaged surface of the
patient’s femur 200 and the corresponding outer surface of the three-dimensional
statistical shape model 1000 of the patient’s “healthy” femur. Again, the determined
amount of bone loss may be based on, or otherwise vary according to, a degree of flexion
established between the patient’s femur 200 and/or tibia 700 as discussed below.
[0081] Referring back to FIG. 5D, in some embodiments in block 546, the computer
system 120 may determine or otherwise estimate the amount of bone loss as a function
of the degree of flexion between the patient’s femur 200 and tibia 700. That is, as
discussed above, the bone loss of the patient’s femur 200, relative the patient’s tibia 700,
may vary as a function of the degree of flexion. For example, in the illustrative
embodiments, the relevant bone loss (i.e., the bone loss at the point of contact between
the femur 200 and tibia 700) is greatest at 0 degrees of flexion and less at greater degrees
of flexion. As such, the computer system 120 may determine an amount of bone loss of
the patient’s femur 200 throughout a range of flexion or at a collection of particular flexion
angles to approximate the range of flexion.
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[0082] Regardless, after the computer system 120 has determined the estimated
amount of bone loss of the patient’s bone in block 530, the method 500 advances to
block 548 of FIG. 5E. In some embodiments, as discussed above, the patient’s tibia 700
may include a damaged articular surface in addition to or rather than the patient’s femur
200. In such embodiments, the computer system 120 may be configured to estimate or
otherwise determine an amount of bone loss of the patient’s tibia in block 548 using a
similar methodology as discussed above in regard to the patient’s femur 200. For
example, the computer system 120 may estimate the amount of bone loss of the patient’s
tibia 700 based on a surface curve-fitting algorithm, based on a surgeon-defined bone
loss amount, or based on a comparison of a three-dimensional statistical shape model of
the patient’s healthy tibia and a three-dimensional model of the patient’s damaged tibia
as discussed above.

[0083] Subsequently, in block 550, the orthopaedic surgeon articulates the
patient’s knee joint through a range of flexion and, in block 552, the computer system
120 determines and records the anatomical distance between the identified femoral and
tibial anatomical features (e.g., between attachment sites of the medial and lateral
collateral ligaments of the patient’s knee joint of between the femoral attachment site of
the medial and lateral collateral ligament and tibial features indicative of a tibial resection
plane). For example, as shown in FIG. 12, the patient’s knee joint may be initially
positioned in a degree of flexion at which a healthy potion of the patient’s femur 200 is
in contact with the patient’s tibia 700 (i.e., the damaged area 202 of the patient’s femur
200 is not in contact with the patient’s tibia 700). At such degree of flexion, the computer
system 120 may be configured to determine and record the anatomical distance between
the identified anatomical features. To do so, in an illustrative embodiment, the computer
system 120 is configured to determine a distance 1200 defined between the identified
attachment site 710 on the patient’s femur 200 of the patient’s medial collateral ligament
(and the attachment site 730 of the patient’s femur 200 of the patient’s lateral collateral
ligament) and the planned resection plane 770 of the patient’s tibia 700. Again, the
planned resection plane 770 corresponds to an amount of bone to be removed from the
patient’s tibia 700 to prepare the proximal end of the tibia 700 for a tibial prosthesis. In
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other embodiments, however, the computer system 120 may be configured to determine
the anatomical distance by determining a distance between the attachment sites 710,
730 of the collateral ligaments on the patient’s femur 200 and the attachment sites 712,
732 of the collateral ligaments on the patient’s tibia 700 as discussed above.

[0084] Regardless, as the orthopaedic surgeon articulates the patient’s knee joint
through the range of flexion, the computer system 120 continues to determine and record
the anatomical distance. For example, in FIG. 13, the orthopaedic surgeon has moved
the patient’s knee to a lesser degree of flexion at which a portion of the damaged area
202 of the patient’s femur 200 is now in contact with the patient’s tibia 700. As such,
due to the bone loss occurring in the damaged area 202, the patient’s femur 200 sits at
a lower position on the tibia 700 relative to the patient’s healthy femur and a distance
1300 defined between the identified attachment site 710 on the patient’s femur 200 and
the planned resection plane 770 of the patient’s tibia 700 is less than the distance 1200
of FIG. 12. Furthermore, as shown in FIG. 14, at full extension, the damaged area 202
of the patient’s femur 200 is in full contact with the patient’s tibia 700 and, as such, the
patient’s femur 200 sits at an even lower position on the tibia 700 relative to the patient’s
healthy femur. Additionally, a distance 1400 defined between the identified attachment
site 710 on the patient’s femur 200 and the planned resection plane 770 of the patient’s
tibia 700 is less than the distance 1300 of FIG. 13 and the distance 1200 of FIG. 12.
[0085] Referring now back to FIG. 5E, it should be appreciated that, due to the
damaged area 202 of the patient’s femur 200, the anatomical distance identified in FIGS.
13 and 14 are less or otherwise reduced relative to the same anatomical distance of the
patient’s healthy knee joint. As such, in block 554, the computer system 120 is configured
to adjust the determined anatomical distance based on the amount of bone loss estimated
in block 530. To do so, the computer system 120 may be configured to increase the
measured or identified anatomical distance by the estimated amount of bone loss. For
example, as shown in FIG. 15, the distance 1400 defined between the identified
attachment site 710 on the patient’s femur 200 and the planned resection plane 770 of
the patient’s tibia 700 is increased by a distance 1502 to define a new distance 1500
between the identified attachment site 710 on the patient’s femur 200 and the planned
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resection plane 770 of the patient’s tibia 700. As shown via comparison of FIGS. 14 and
15, the distance 1500 is greater than the distance 1400, implying an increase in the
determined anatomical distance. Again, as discussed above, the amount at which the
determined anatomical distance is increased (i.e., the estimated amount of bone loss)
may be based on the particular degree of flexion. For example, in the illustrative
embodiment, the determined anatomical distance is increased more at extension of the
patient’s knee joint as shown in FIG. 15 than at a degree of flexion of the patient’s knee
joint as shown in FIG. 13.

[0086] Referring now back to FIG. 5E, after the computer system 120 has adjusted
the determined anatomical distance of the patient’s knee joint based on the estimated
amount of bone loss in block 546, the computer system 120 may generate a graph of
anatomical distance through the range of flexion in block 556. For example, as shown in
FIG. 16, the computer system 120 may generate a graph 1600 of the identified anatomical
distance of the patient’s knee joint through a range of flexion. The graph 1600 includes
a curve 1602 showing the measured or determined anatomical distance and a curve 1604
of the adjusted anatomical distance. As illustrated in graph 1600, the amount at which
the anatomical distance is adjusted may vary based on the degree of flexion of the
patient’s knee joint. In some embodiments, the computer system 120 may be configured
to display the graph 1600 to the orthopaedic surgeon, who may further modify or adjust
the determined anatomical distance indicative of the collateral ligament lengths by a
desired amount as discussed above in regard to block 554 by, for example, instructing
the computer system 120 to further increase or decrease the determined anatomical
distance, which may resultantly adjusts the planned cutting planes of the patient’s knee
joint.

[0087] Referring again back to FIG. 5E, after the computer system 120 has
generated and displayed the graph of the anatomical distance(s) in block 556 or if no
graph is generated, the method 500 advances to block 558. In block 558, the orthopaedic
surgeon may continue with the orthopaedic surgical procedure using the adjusted
anatomical distance(s) for surgical planning.
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[0088] For example, the orthopaedic surgeon and/or computer system 120 may
adjust resection planes, select orthopaedic prosthesis, and/or perform other surgical
operations based on the adjusted lengths. In some embodiments, for example, the
orthopaedic surgeon and/or computer system 120 may determine an initial cutting plane
of the femur 200 and/or tibia 700 (e.g., prior to execution of method 500, prior to
execution of block 528, or as a sub-component of another block of method 500). The
initial cutting plane may then be adjusted based on the estimated bone loss. For example,
the initial cutting plane may be moved by an amount equal to the estimated bone loss
amount (or equal to the amount at which the anatomical distance is adjusted in block
554). In embodiments in which the bone to be resected is embodied as the femur 200,
an initial distal cutting plane may be adjusted superiorly by an amount equal to the
estimated bone loss amount (or equal to the amount at which the anatomical distance is
adjusted in block 554). It should be appreciated that additional or other cutting planes
and associated bone cuts may be adjusted (e.g., femoral posterior cuts, femoral chamfer
cuts, femoral anterior cuts, femoral box cuts, tibial proximal cuts, etc.). Additionally, it
should be appreciated that the cutting planes may be so adjusted based on the estimated
bone loss and/or adjusted anatomical distance such that the updated bone resectioning
results in a femoral-tibial distance (i.e., the distance between the identified anatomical
features of the femur 200 and tibia 700 or other reference distance between the femur
200 and tibia 700) that matches the corresponding femoral-tibial distance of the patient’s
“healthy” knee joint when the corresponding orthopaedic prosthesis is implanted into the
patient’s boney anatomy. For example, the cutting plane may be adjusted or otherwise
moved such that the implanted orthopaedic prosthesis results in a positioning of the
femur 200 and tibia 700 in respective locations that match the estimated location of the
femur 200 and tibia 700 of the patient’s “healthy” knee joint (i.e., prior to the damage of
the patient’s knee joint).

[0089] In this way, the computer system 120 may be used by an orthopaedic
surgeon to estimate the length of the collateral ligaments of the patient’s knee joint prior
to the effects of disease or trauma. Additionally, by comparing the determined anatomical
distance (which is indicative of the collateral ligament tension) of the patient’s knee joint
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prior to and subsequent to the orthopaedic procedure, the surgeon can assess the effect
of the procedure on the compartment of the patient’s knee joint. Depending on the
particular surgical approach, the surgeon may desire that the measured anatomical
distance post-surgery matches the anatomical distance estimated for the patients” healthy
knee joint. Alternatively, in other surgical approaches, the anatomical distance post-
surgery may not match the estimated anatomical distance of the patient’s healthy knee
joint. Additionally, it should be appreciated that the desired anatomical distance may be
achieved based on amount of resected bone, the thickness of the orthopaedic prostheses,
and/or the relative positioning of the orthopaedic prostheses, each of which can be
facilitated by the computer system 120.

[0090] While the disclosure has been illustrated and described in detail in the
drawings and foregoing description, such an illustration and description is to be
considered as illustrative and not restrictive in character, it being understood that only
illustrative embodiments have been shown and described and that all changes and
modifications that come within the spirit of the disclosure are desired to be protected.
[0091] There are a plurality of advantages of the present disclosure arising from
the various features of the methods, apparatuses, and systems described herein. It will
be noted that alternative embodiments of the methods, apparatuses, and systems of the
present disclosure may not include all of the features described yet still benefit from at
least some of the advantages of such features. Those of ordinary skill in the art may
readily devise their own implementations of the methods, apparatuses, and systems that
incorporate one or more of the features of the present invention and fall within the spirit
and scope of the present disclosure as defined by the appended claims.



WO 2025/003262 PCT/EP2024/068007
32

CLAIMS:

1. A method for compensating for bone loss of a patient’s knee joint
during the performance of an orthopaedic surgical procedure, the method comprising:

determining, by a computer system, an estimated amount of bone loss of
a bone of a patient’s knee joint based on a three-dimensional model of the bone, wherein
the bone comprises at least one of a femur and a tibia of the patient’s knee joint;

determining, by the computer system, an anatomical distance between a
femoral anatomical feature located on the patient’s femur and a tibial anatomical feature
located on the patient’s tibia at a plurality of degrees of flexion of the patient’s knee joint
while the femur of the patient’s knee joint is in contact with the tibia of the patient’s knee
joint, wherein the anatomical distance is indicative of a ligament length of a collateral
ligament of the patient’s knee joint; and

adjusting, by the computer system, the determined anatomical distance at
each degree of flexion based on the estimated amount of bone loss of the bone of the
patient’s knee joint.

2. The method of claim 1, wherein determining the estimated amount
of bone loss of the bone of the patient’s knee joint comprises:

applying, by the computer system, a surface curve fitting algorithm to the
three-dimensional model of the bone; and

determining, by the computer system, the estimated amount of bone loss
based on a difference between a damaged surface of the bone of the patient’s knee joint
as indicated in the three-dimensional model and a corresponding surface defined by the
surface curve fitting algorithm.

3. The method of any of claims 1 and 2, wherein determining the
estimated amount of bone loss of the bone of the patient’s knee joint comprises:

receiving, by the computer system, a defined bone loss amount provided
by a user of the computer system; and
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determining, by the computer system, the estimated amount of bone loss

based on the defined bone loss amount.

4. The method of claim 3, wherein receiving the defined bone loss
amount comprises receiving, by the computer system, a defined bone loss amount for a
plurality of locations of a damaged surface of the bone of the patient’s knee joint from
the user of the computer system, wherein each location of the plurality of locations of
the damaged surface contacts the other one of the femur or the tibia of the patient’s
knee joint at a corresponding degree of flexion of the patient’s knee.

5. The method of any preceding claim, wherein determining the
estimated amount of bone loss of the bone of the patient’s knee joint comprises:

updating the three-dimensional model of the bone of the patient’s knee
joint to include indicia of a damaged surface of the bone;

obtaining a three-dimensional statistical shape model of a reference bone
corresponding to the bone of the patient’s knee joint, wherein the reference bone does
not include the damaged surface;

adjusting a set of parameters of the three-dimensional statistical shape
model to approximate the bone of the patient’s knee joint in a healthy state that does
not include the damaged surface; and

comparing the three-dimensional model of the bone of the patient’s knee
joint including the indicia of the damaged surface to the three-dimensional statistical
shape model to determine the estimated amount of bone loss of the bone of the patient’s
knee joint.

6. The method of any preceding claim, wherein determining the
anatomical distance between the femoral anatomical feature and the tibial anatomical
feature comprises determining an anatomical distance between an attachment point of
the collateral ligament on the patient’s femur and an attachment point of the collateral

ligament on the patient’s tibia.
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7. The method of claim 6, wherein determining the anatomical distance
between the attachment point of the collateral ligament on the patient’s femur and the
attachment point of the collateral ligament on the patient’s tibia comprises determining
an anatomical distance that is indicative of a length of a medial collateral ligament or a
lateral collateral ligament of the patient’s knee joint while the patient’s knee joint is moved
through a range of flexion with the femur of the patient’s knee joint in contact with the
tibia of the patient’s knee joint.

8. The method of any of claims 1-5, wherein determining the
anatomical distance between the tibial anatomical feature and the femoral anatomical
feature comprises determining an anatomical distance between an attachment point of
the collateral ligament on the patient’s femur and a planned cutting plane of the patient’s
tibia in each degree of flexion of the plurality of degrees of flexion of the patient’s knee.

9. The method of claim 8, wherein adjusting the determined anatomical
distance of the collateral ligament comprises increasing the determined anatomical
distance between the attachment point of the collateral ligament on the patient’s femur
and the planned cutting plane of the patient’s tibia at each degree of flexion of the
plurality of degrees of flexion of the patient’s knee.

10. The method of any of claims 1-5, wherein adjusting the determined
anatomical distance comprises adjusting an estimated length of a medial collateral
ligament or a lateral collateral ligament of the patient’s knee joint at each degree of
flexion based on the estimated amount of bone loss of the bone of the patient’s knee

joint.

11. The method of any preceding claim, further comprising:
determining, by the computer system, a cutting plane of the bone of the
patient’s knee joint based on the adjusted determined anatomical distance; and
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performing an orthopaedic bone resection on the bone of the patient’s knee
joint using the determined cutting plane as a reference for the orthopaedic bone

resection.

12. The method of claim 11, wherein adjusting the determined
anatomical distance comprises adjusting the determined anatomical distance by an
adjustment amount that is based on the estimated amount of bone loss of the bone of
the patient’s knee joint; and further comprising determining, by the computer system, an
initial cutting plane of the bone of the patient’s knee joint,

wherein determining the cutting plane of the bone of the patient’s knee
joint based on the adjusted determined anatomical distance comprises moving the initial
cutting plane by the adjustment amount to define a final cutting plane, and

wherein performing the orthopaedic bone resection comprises performing
the orthopaedic bone resection on the bone of the patient’s knee joint using the final
cutting plane as a reference for the orthopaedic bone resection.

13.  An orthopedic surgical planning system for compensating for bone
loss of a patient’s knee joint during the performance of an orthopaedic surgical procedure,
the orthopedic surgical planning system comprising:

at least one processor; and

at least one memory device having stored therein a plurality of instructions
that, when executed by the at least one processor, cause the orthopedic surgical planning
system to:

determine an estimated amount of bone loss of a bone of a patient’s knee
joint based on a three-dimensional model of the bone, wherein the bone comprises at
least one of a femur and a tibia of the patient’s knee joint;

determine an anatomical distance between a femoral anatomical feature
located on the patient’s femur and a tibial anatomical feature located on the patient’s
tibia at a plurality of degrees of flexion of the patient’s knee joint while the femur of the
patient’s knee joint is in contact with the tibia of the patient’s knee joint, wherein the
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anatomical distance is indicative of a ligament length of a collateral ligament of the
patient’s knee joint; and

adjust the determined anatomical distance at each degree of flexion based
on the estimated amount of bone loss of the bone of the patient’s knee joint.

14. The orthopedic surgical planning system of claim 13, wherein to
determine the estimated amount of bone loss of the bone of the patient’s knee joint
comprises to:

apply a surface curve fitting algorithm to the three-dimensional model of
bone; and

determine the estimated amount of bone loss based on a difference
between a damaged surface of the bone of the patient’s knee joint as indicated in the
three-dimensional model and a corresponding surface defined by the surface curve fitting
algorithm.

15.  The orthopedic surgical planning system of any of claims 13 and 14,
wherein to determine the estimated amount of bone loss of the bone of the patient’s
knee joint comprises to:

receive a defined bone loss amount provided by a user of the computer
system; and

determine the estimated amount of bone loss based on the defined bone
loss amount.

16. The orthopedic surgical planning system of any of claims 13-15,
wherein to determine the estimated amount of bone loss of the bone of the patient’s
knee joint comprises to:

update the three-dimensional model of the bone of the patient’s knee joint
to include indicia of a damaged surface of the bone; obtain a three-dimensional statistical
shape model of a reference bone corresponding to the bone of the patient’s knee joint,
wherein the reference bone does not include the damaged surface; adjust a set of
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parameters of the three-dimensional statistical shape model to approximate the bone of
the patient’s knee joint in a healthy state that does not include the damaged surface; and

compare the three-dimensional model of the bone of the patient’s knee joint
including the indicia of the damaged surface to the three-dimensional statistical shape
model to determine the estimated amount of bone loss of the bone of the patient’s knee
joint.

17. The orthopedic surgical planning system of any of claims 13-16,
wherein to determine the anatomical distance between the tibial anatomical feature and
the femoral anatomical feature comprises to determine an anatomical distance between
an attachment point of the collateral ligament on the patient’s femur and a planned
cutting plane of the patient’s tibia in each degree of flexion of the plurality of degrees of
flexion of the patient’s knee.

18. The orthopaedic surgical planning system of any of claims 13-15,
wherein to adjust the determined anatomical distance comprises to adjust the determined
anatomical distance by an adjustment amount that is based on the estimated amount of
bone loss of the bone of the patient’s knee joint; and wherein the plurality of instructions,
when executed by the at least one processor, further cause the orthopedic surgical
planning system to determine an initial cutting plane of the bone of the patient’s knee
joint; and adjust the initial cutting plane by the adjustment amount to define a final
cutting plane.

19. A method for compensating for bone loss of a patient’s knee joint
during the performance of an orthopaedic surgical procedure, the method comprising:

determining an estimated amount of bone loss of a femur a patient’s knee
joint based on a three-dimensional model of the femur;

determining an estimated length of a collateral ligament of the patient’s
knee joint by determining an anatomical distance between an attachment point of the
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collateral ligament on the femur of the patient’s knee joint and a planned cutting plane
of a tibia of the patient’s knee joint; and

increasing the determined anatomical distance based on the estimated
amount of bone loss of the femur of the patient’s knee joint.

20. The method of claim 19, wherein increasing the determined
anatomical distance comprises increasing the determined anatomical distance by an
adjustment amount that is based on the estimated amount of bone loss of the femur of
the patient’s knee joint; and further comprising:

determining an initial cutting plane of the femur of the patient’s knee joint;

adjusting the initial cutting plane by the adjustment amount to define a final
cutting plane; and

performing an orthopaedic bone resection on the femur of the patient’s
knee joint using the final cutting plane as a reference for the orthopaedic bone resection.
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Box No.ll Observations where certain claims were found unsearchable (Continuation of item 2 of first sheet)

This international search report has not been established in respect of certain claims under Article 17(2)(a) for the following reasons:

1. | X Claims Nos. 1-12, 19, 20
because they relate to subject matter not required to be searched by this Authority, namely:

see FURTHER INFORMATION sheet PCT/ISA/210

2. D Claims Nos.:

because they relate to parts of the international application that do not comply with the prescribed requirements to such
an extent that no meaningful international search can be carried out, specifically:

3. D Claims Nos.:

because they are dependent claims and are not drafted in accordance with the second and third sentences of Rule 6.4(a).

Box No. lll Observations where unity of invention is lacking (Continuation of item 3 of first sheet)

This International Searching Authority found multiple inventions in this international application, as follows:

1. As all required additional search fees were timely paid by the applicant, this international search report covers all searchable
claims.

2. D As all searchable claims could be searched without effort justifying an additional fees, this Authority did not invite payment of
additional fees.

3. As only some of the required additional search fees were timely paid by the applicant, this international search report covers
only those claims for which fees were paid, specifically claims Nos.:

4. D No required additional search fees were timely paid by the applicant. Consequently, this international search report is
restricted to the invention first mentioned in the claims;; it is covered by claims Nos.:

Remark on Protest The additional search fees were accompanied by the applicant's protest and, where applicable, the
payment of a protest fee.
The additional search fees were accompanied by the applicant's protest but the applicable protest
fee was not paid within the time limit specified in the invitation.

D No protest accompanied the payment of additional search fees.
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FURTHER INFORMATION CONTINUED FROM PCT/ISA/ 210

Continuation of Box II.1

Claims Nos.: 1-12, 19, 20

Claims 1-12, 19 and 20 relate to subject-matter considered by this
Authority to be covered by the provisions of Rule 39.1(iv) PCT as they
relate to surgical methods. In particular, independent claims 1 and 19
refer to methods "for compensating ... during the performance of an
orthopaedic surgical procedure" whereby the execution of the orthopaedic
surgical procedure becomes a limitation of the claims, thus rendering

them surgical as a whole. Further, "determining ... an anatomical
distance ... at a plurality of degrees of flexion of the patient's knee
joint..." is also considered to involve substantial health risks as it

occurs during the surgical procedure, i.e. with the joint being exposed
and tracking markers attached to the bones. Moving the knee joint
therefore involves the risk of collision between the markers and an
external object even when exercised with great care so that this implied
movement is also considered to render the claims surgical. Therefore,
claims 1-12, 19 and 20 have not been searched.
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