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Title: SURGICAL ALIGNMENT USING REFERENCES

FIG. 1

(57) Abstract: Methods, systems, and apparatus, including computer-readable storage media, for surgical alignment using refer-
ences. In one general aspect, a method includes coupling a guide to a joint, the guide defining an axis and having an outer contour
formed to substantially conform to a portion of the joint. The first reference is attached at a fixed position relative to the joint. A pos -
itioning system is used to determine a position of the axis relative to the first reference, where the position of the axis is determined
based upon the position of the guide while the guide is coupled to the joint. The guide is removed from the joint, and after the guide
is removed from the joint, an instrument is positioned relative to the axis based on a position of a second reference relative to the
first reference.
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SURGICAL ALIGNMENT USING REFERENCES

CROSS-REFERENCE TO RELATED APPLICATIONS
This application claims priority to and the full benefit of United States Provisional
Application Serial Number 61/497,604 filed June 16, 2011, and titled “Surgical
Alignment Using References,” and United States Provisional Application Serial Number
61/497,601, filed June 16, 2011, and titled “Surgical Alignment Using References.” The

entire contents of both applications are incorporated herein by reference.

TECHNICAL FIELD

This disclosure relates to orthopaedic surgery.

BACKGROUND
Arthroplasty, commonly known as joint replacement, can restore function to
damaged joints. Joint damage caused by injury, disease, or wear can restrict the function
of a joint and can cause extreme pain. A damaged joint can be replaced or enhanced with
a prosthesis that provides similar function to a natural joint. For example, in a hip

arthroplasty procedure, an implant may be placed at the acetabulum, the femoral head, or
both.

SUMMARY

In one general aspect, a method for determining alignment of an instrument
relative to a joint includes: coupling a guide to the joint, the guide defining an axis and
having an outer contour formed to substantially conform to a portion of the joint;
attaching a first reference at a fixed position relative to the joint; using a positioning
system to determine a position of the axis relative to the first reference, the position of the
axis being determined based upon the position of the guide while the guide is coupled to
the joint; removing the guide from the joint; and after removing the guide from the joint,
positioning an instrument relative to the axis based on a position of a second reference

relative to the first reference.
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Implementations may include one or more of the following features. For
example, the axis has a known inclination angle and a known anteversion angle relative
to the joint when the guide is coupled to the joint. Using the positioning system to
determine a position of the axis relative to the first reference includes positioning a
reference at a position having a known offset relative to the axis. The outer contour of
the guide is formed prior to use of the guide such that the outer contour substantially
conforms to a receiving portion of the joint, and the guide mates with the receiving
portion of the joint in a single orientation. Using the positioning system to determine a
position of the axis relative to the first reference includes aligning an identifier relative to
the axis, where the identifier includes at least one of an electromagnetic field generator, a
magnetic sensor, and a fiducial. Using the positioning system to determine a position of
the axis relative to the first reference includes engaging the instrument to the guide while
the guide is coupled to the joint, and while the second reference is coupled to the
instrument. The second reference includes an infrared detector, the first reference
includes a fiducial, and using the positioning system to determine a position of the axis
relative to the first reference includes using the positioning system such that the
positioning system determines a relative position between the infrared detector and the
fiducial. The second reference includes an electromagnetic field generator, the first
reference includes an electromagnetic field sensor, using the positioning system to
determine a position of the axis relative to the first reference includes using the
positioning system such that the positioning system determines a relative position
between the electromagnetic field generator and the electromagnetic field sensor. The
outer contour of the guide is dimensioned to mate with an acetabulum of a particular
patient in a single predetermined orientation. Coupling the guide to the joint includes
mating the guide to the acetabulum in the single predetermined orientation. Attaching the
first reference at a fixed position relative to the joint includes affixing an electromagnetic
field sensor or a fiducial to a pelvis that includes the acetabulum. Using the positioning
system to determine the position of the axis relative to the first reference includes
engaging the instrument to the guide while the guide is mated to the acetabulum in the
single predetermined orientation, the instrument being oriented in a first orientation

relative to the acetabulum when in engagement with the guide. Positioning the
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instrument relative to the axis includes returning the instrument to the first orientation
relative to the acetabulum after removing the guide from the joint. The position of the

axis defined by the guide is determined using imaging data for the joint.

In another general aspect, a system includes: a guide having an outer contour that
substantially conforms to a receiving portion of a joint, the guide defining an axis that has
a known position relative to the joint when the guide is mated to the joint; a first
reference device for attachment to a bone of the joint; a second reference device for
coupling at a known alignment relative to the guide; and a control unit in communication
with the first reference device and the second reference device, the control unit being
configured to determine the position of the axis relative to the first reference device based
on data that indicates a position of the second reference device relative to the first
reference device when the second reference device is in a known alignment with the

guide and the guide is mated to the joint.

Implementations may include one or more of the following features. For
example, the axis has a known inclination angle and a known anteversion angle relative
to the joint when the guide is coupled to the joint. The second reference is configured to
be attached to the guide at a position having a known offset relative to the axis. The
outer contour of the guide is formed prior to use of the guide such that the outer contour
substantially conforms to a receiving portion of the joint, and the guide mates with the
receiving portion of the joint in a single orientation. The joint is a hip joint of a particular
patient, the axis is an acetabular impaction axis for the hip joint determined based on
imaging data for the hip joint, and the guide is a patient-specific guide having the outer
contour defined for the particular patient, the outer contour substantially conforming to
one or more portions of an acetabulum of the hip joint such that the guide mates with the
acetabulum in a single orientation. The system includes an electromagnetic field
generator, the first reference device includes a first electromagnetic field sensor, and the
second reference device includes the electromagnetic field generator or a second
electromagnetic field sensor. The system includes an infrared detector, the first reference
device includes a first fiducial, and the second reference device includes a second .
fiducial. To determine the position of the axis relative to the first reference device, the

control unit is configured to determine the position of the axis in a reference frame, the
3
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first reference having a fixed position relative to the reference frame. The control unit is
configured to (i) determine a position of an instrument relative to the axis while the
second reference device or a third reference device is coupled to the instrument, and (ii)
output, on a user interface, data indicating the position of the instrument relative to the
axis. The control unit is configured to determine the position of the instrument after the
guide is removed from the joint. To determine the position of the instrument relative to
the axis, the control unit is configured to determine a rotational position of the instrument
about the axis, and to output data indicating the position of the instrument relative to the
axis, the control unit is configured to output data indicating the rotational position of the
instrument about the axis. To determine the position of the axis relative to the first
reference device, the control unit is configured to (i) access first data indicating a position
of the axis relative to the guide, and (ii) access second indicating an offset between the
second reference and the guide when the second reference device is in the known
alignment with the guide. The control unit is further configured to determine a position
of an instrument relative to a center of rotation of the joint or a surface of the joint based
on the information indicating a position of the instrument relative to the first reference,
calculate a reaming depth along the axis relative to the position of the instrument, and
provide information indicating the reaming depth. To calculate the reaming depth, the
control unit is configured to access information indicating one or more characteristics of
an implant, determine a preferred reaming depth based on the one or more characteristics
of the implant, and determine a difference between a current position of the instrument
and a preferred position for the instrument, the preferred position corresponding to the
preferred reaming depth; To provide information indicating the reaming depth, the
control unit is configured to provide information indicating the difference between the

current position of the instrument and the preferred position of the instrument.

In another general aspect, an apparatus for determining alignments relative to a
joint includes one or more processing devices and one or more storage devices storing
instructions that are operable, when executed by the one or more processing devices, to
cause the one or more processing devices to perform operations. The operations include
receiving information indicating a measured position of a first reference relative to a
second reference, the measured position occurring while (i) the first reference is attached
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at a fixed location relative to a bone of the joint, (ii) a patient-specific guide having an
outer contour that substantially conforms to a portion of the joint is coupled to the bone,
and (iii) the second reference is coupled at a known position relative to the patient-
specific guide. The operations include determining a position of a surgical axis relative
to the first reference based on the measured position, receiving information
indicating a position of an instrument relative to the first reference, after the guide is
removed from the joint, determining the position of the instrument relative to the surgical

axis using the position of the instrument relative to the first reference.

In another general aspect, a method of determining alignment of an instrument
relative to a joint includes: receiving information indicating the position of a first
reference relative to a second reference, the first reference being attached at a fixed
location relative to the joint, the second reference being aligned at a known position
relative to an axis that is defined by a guide coupled to the joint and formed prior to use
such that outer contours of the guide substantially conform to a portion of the joint;
determining the position of the axis relative to the first reference using the known
position of the second reference; receiving information indicating the position of the
instrument relative to the first reference; and determining the position of the instrument

relative to the axis using the position of the instrument relative to the first reference.

Implementations may include one or more of the following features. For
example, the information indicating the position of the instrument relative to the first
reference is generated after removal of the guide from the joint. The second reference
includes an electromagnetic field generator or an infrared detector. The second reference
includes an electromagnetic field sensor, an infrared reflector, or an infrared emitter.
Receiving information indicating the position of the instrument relative to the first
reference includes receiving information indicating the position of a third reference
relative to the first reference, the third reference being coupled to the instrument at a
known position. The method includes accessing information indicating an offset between
the position of the second reference and a center of rotation of the joint or a surface of the
joint and determining the location of the center of rotation of the joint or the surface of
the joint relative to the first reference. The method includes: determining a position of

the instrument relative to the center of rotation of the joint or the surface of the joint
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based on the information indicating the position of the instrument relative to the first
reference; calculating a reaming depth along the axis relative to the position of the
instrument; and providing information indicating the reaming depth. Calculating a
reaming depth includes: accessing information indicating one or more characteristics of
an implant; calculating a preferred reaming depth using the one or more characteristics of
the implant; and calculating the position of the instrument relative to a position
corresponding to the preferred reaming depth. Providing information indicating the
reaming depth includes providing information indicating the position of the instrument
relative to the preferred reaming depth. Providing information indicating the position of
the instrument relative to the preferred reaming depth includes providing information
indicating a distance to be reamed to reach the preferred reaming depth. Receiving
information indicating the position of a first reference relative to a second reference
includes receiving information indicating a rotational position of the second reference
about the axis, receiving information indicating the position of the instrument relative to
the first reference includes receiving information indicating a rotational position of the
instrument, and determining the position of the instrument relative to the axis includes

determining a rotational position of the instrument about the axis.

In another general aspect, a control unit for determining alignment of an

~ instrument relative to a joint, includes: an input module configured to receive information

indicating the position of a first reference relative to a second reference, the first
reference being attached at a fixed location relative to the joint, the second reference
being aligned at a known position relative to an axis that is defined by a guide coupled to
the joint and formed prior to use such that outer contours of the guide substantially
conform to a portion of the joint, and information indicating the position of the
instrument relative to the first reference; a processing module configured to determine the
position of the axis relative to the first reference using the known position of the second
reference, and the position of the instrument relative to the axis using the position of the
instrument relative to the first reference; and an output module configured to indicate the

position of the instrument relative to the axis.

In another general aspect, an alignment system includes: a guide substantially

conforming to a receiving portion of a joint, the guide defining an axis determined using
6
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imaging data for the joint; a first electromagnetic field sensor coupled to the guide and
aligned at a known position relative to the axis; a second electromagnetic field sensor; an
identifier including an electromagnetic field generator, the identifier being operatively
coupled to the first electromagnetic field sensor and the second electromagnetic field
sensor; and a control unit in communication with the identifier, the first electromagnetic
field sensor, and the second electromagnetic field sensor, the control unit configured to

determine the position of the axis relative to the second reference.

In another general aspect, a method for determining a position of an axis relative
to a joint includes: attaching a first reference at a first fixed position relative to the joint;
attaching a second reference at a second fixed position relative to the joint such that
movement of the joint changes the position of the second reference relative to the first
reference; measuring a plurality of locations of the second reference relative to the first
reference, each of the plurality of locations corresponding to a different position of the
joint; and determining the position of an axis relative to the first reference based on the

plurality of locations and positions of axes relative to other joints.

Implementations may include one or more of the following features. For
example, the location of the point is determined relative to the first reference and the
position of the axis is determined relative to the first reference. The method includes
measuring a position of the instrument relative to the first reference; and determining a
position of the instrument relative to the axis. Measuring a plurality of locations of the

first reference relative to the second reference occurs during movement of the joint.

In another general aspect, a method of calculating the position of an axis relative
to a joint includes: receiving information indicating a range of motion of the joint;
calculating a first point substantially corresponding to a center of rotation of the joint
using the information indicating the range of motion; calculating a second point using
one or more correlations between the range of motion of the joint and the ranges of
motion of one or more other joints; and determining an axis between the first point and

the second point.

In another general aspect, a method of determining an alignment of an instrument

relative to a joint includes: receiving information identifying a plurality of locations of a
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first reference relative to a second reference, the first reference and the second reference
being located such that movement of a joint changes the position of the second reference
relative to the first reference, each of the plurality of locations corresponding to a
different position of the joint; calculating a center of rotation of the joint using the
plurality of locations; calculating an axis intersecting the center of rotation of the joint
using the plurality of locations and information about other joints, the position of the axis
being known relative to the first reference; receiving information identifying the position
of the instrument relative to the first reference; and determining a position of the

instrument relative to the axis.

Implementations may include one or more of the following features. For
example, the method includes indicating the position of the instrument relative to the axis
based on the position of the instrument relative to the second reference. The first
reference is affixed to a first bone, the second reference is affixed to a second bone, and
one or more of the plurality of locations correspond to an extremity of the range of
motion of the joint. The first reference is affixed to the pelvis, the second reference is
aftixed to the femur, and the plurality of locations are measured at different positions of
the femur relative to the pelvis, the different positions including positions corresponding
to extremities of the range of motion of the femur relative to the pelvis. One or more of
the plurality of locations are measured during movement of the femur relative to the
pelvis. Calculating a center of rotation of the joint using the plurality of locations
includes generating a representation of a sphere as a data fitting to the plurality of
locations, and determining a location of a point corresponding to the center of the sphere.
Determining the position of an axis intersecting the center of rotation of the joint using
the plurality of locations and information about other joints includes: generating a first
representation of the range of motion of the joint using the plurality of locations;
accessing a composite representation based on measured ranges of motion of a plurality
of joints, the composite representation indicating the position of a composite axis, the
position of the composite axis being determined using positions of axes corresponding to
the respective measured ranges of motion of the plurality of joints; and calculating a
position of the axis for the joint based on one or more correlations between the first

representation and the composite representation. Calculating a position of the axis for the
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joint includes identifying the one or more correlations between the first representation
and the composite representation or preforming a data fitting of the first representation
relative to the composite representation. The first representation includes a
representation of a trace substantially corresponding to extremities of the range of motion
of the joint, the trace being a data fitting to locations of the plurality of locations. The
axes corresponding to the respective measured ranges of motion are determined using
imaging data for the respective joints of the plurality of joints. The axes corresponding to
the respective measured ranges of motion have known inclination angles and anteversion
angles relative to the respective joints of the plurality of joints. Calculating the position
of an axis intersecting the center of rotation of the joint using the plurality of locations
and information about other joints includes: accessing data indicating, for each of a
plurality of joints, a relationship between (i) a representation of a range of motion of a
particular joint and (ii) an axis having a known inclination angle and anteversion angle
for the particular joint; and calculating the position of the axis using correlations between

a representation based on the plurality of locations and the accessed data.

In another general aspect, a method of analyzing joint data, includes: accessing
data indicating, for each of a plurality of joints, (i) a range of motion of the corresponding
joint, and (ii) the position of an axis determined for the corresponding joint relative to the
range of motion of the corresponding joint; identifying relationships between the ranges
of motion of the joints and the positions of the axes of the plurality of joints; and storing

information indicating the identified relationships.

Implementations may include one or more of the following features. For
example, for each of the plurality of joints, the position of the axis is determined using
tomography data for the corresponding joint. For each of the plurality of joints, the
inclination angle and anteversion angle of the position of the axis is known relative to its
corresponding joint. The position of each for each axis has substantially the same
nominal inclination angle and anteversion angle relative to its corresponding joint.
Identifying relationships between the ranges of motion of the joints and the axes of the
plurality of joints includes mapping a representation of each range of motion to a
common coordinéte system. Mapping a representation of each range of motion to a

common coordinate system includes identifying one or more landmarks of each range of
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motion and aligning corresponding landmarks relative to reference positions in the
coordinate system. Identifying relationships between the ranges of motion of the joints
and the axes of the plurality of joints includes data fitting the data indicating the ranges of
motion of the plurality of joints relative to each other. Generating a composite
representation based on the ranges of motion corresponding to the plurality of joints;
determining the position of a composite axis relative to the composite representation
using the identified relationships; and storing information indicating the composite range
of motion and the position of the composite axis relative to the composite range of
motion. The method includes determining, based on the identified relationships,
information indicating a tolerance about the composite axis, the tolerance indicating that
a particular set of records, when oriented relative to the composite range of motion, have
a corresponding axis within the tolerance. The data indicating a range of motion of each
of the plurality of joints includes a representation indicating a trace substantially

corresponding to extremities of the ranges of motion of the corresponding joints.

In another general aspect, a control unit for determining alignment of an
instrument relative to a joint includes: an input module configured to receive information
indicating a range of motion of the joint, and information indicating a position of an
instrument relative to a reference; a processing module configured to calculate a location
of a first point using the information indicating the range of motion, the first point
substantially corresponding to a center of rotation of the joint, access data indicating one
or more relationships between, for each of a plurality of joints, a range of motion and an
axis having a known position relative to the range of motion, and calculate a location of a
second point using the information indicating the range of motion and the accessed data;
and an output module configured to provide information indicating the position of the

instrument relative to an axis defined through the first point and the second point.

Implementations may include one or more of the following features. For
example, a data storage module storing the data indicating one or more relationships, and
the processing module is further configured to access the data indicating the one or more
relationships from the data storage module. The information indicating the range of
motion of the joint is a plurality of locations of representing different positions of the
joint,

10
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In another general aspect, an alignment system includes: a first reference; a
second reference; an identifier operatively coupled to the first reference and the second
reference; a control unit in communication with the identifier, the control unit configured
to calculate a center of rotation of a joint using information indicating a plurality of
locations of the first reference relative to the second reference, calculate an axis
intersecting the center of rotation of the joint using the plurality of locations and
information indicating positions of axes relative to the respective ranges of motion of

other joints, and determine a position of an instrument relative to the axis.

In another general aspect, a method of aligning an instrument relative to a femur
includes: attaching a reference at a fixed position relative to the femur; measuring a
plurality of locations about a neck of the femur relative to the reference; determining a
position of an axis relative to the reference using the measured plurality of locations;
determining a position of an instrument relative to the reference; and aligning the
instrument relative to the axis based on the measured position. The method includes
inserting a pin into the femur along the axis. Attaching the reference at the fixed position
relative to the femur includes attaching the reference at a greater trochanter of the femur.
Determining a position of an axis relative to the reference using the measured plurality of
locations includes generating a cylindrical representation extrapolated from the plurality

of locations and determining a substantially central axis of the cylindrical representation.

In another general aspect, a method of indicating a position of an instrument
relative to a femur includes: receiving information indicating a plurality of locations
about a neck of the femur relative to a reference, the reference being located at a fixed
position relative to the femur; determining a position of an axis relative to the reference
using the measured plurality of locations; receiving information indicating a position of
an instrument relative to the reference; and providing information indicating the position

of the instrument relative to the axis.

Implementations may include one or more of the following features. For
example, determining a position of an axis relative to the reference using the measured
plurality of locations includes generating a representation of a cylinder extrapolated from

the plurality of locations and determining a position of a substantially central axis of the

11



10

15

20

25

30

WO 2012/173890 PCT/US2012/041613

cylinder. Determining a radius of the cylinder and providing information indicating the
radius of the cylinder. One or more of the plurality of locations are measured by
engaging a moveable probe with the neck of the femur. One or more of the plurality of
locations is measured in response to activation of a triggering mechanism of the
moveable probe while the moveable probe is in contact with the neck of the femur. One
or more of the plurality of locations is measured in response to the moveable probe
contacting the neck of the femur. Receiving information indicating a plurality of
locations about a neck of the femur relative to a reference includes determining that a
triggering mechanism of a moveable probe is activated and, in response to determining
that the triggering mechanism is activated, recording information indicating a position of

the moveable probe relative to the reference.

In another general aspect, a control unit for indicating a position of an instrument
relative to a femur includes: an input module configured to receive (i) information
indicating a plurality of locations about a neck of the femur relative to a reference, the
reference being located at a fixed position relative to the femur, and (ii) information
indicating a position of an instrument relative to the reference; a processing module
configured to determine a position of an axis relative to the reference using the measured
plurality of locations; and an output module configured to indicate the position of the

instrument relative to the axis.

In another general aspect, a positioning system includes: a first reference; a
moveable probe including a second reference; an identifier operatively coupled to the
first reference and the second reference; and a control unit in communication with the
identifier, the control unit configured to receive (i) information indicating a plurality of
locations about a neck of a femur relative to a reference, the reference being located at a
fixed position relative to the femur, and (ii) information indicating a position of an
instrument relative to the reference, determine a position of an axis relative to the
reference using the measured plurality of locations, and indicate the position of the

instrument relative to the axis.

In another general aspect, a method for determining a difference in one or more

joint characteristics includes: fixedly attaching a first reference at a first location; fixedly
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attaching a second reference at a second location such that movement of the joint changes
the position of the second reference relative to the first reference; measuring a first
plurality of locations of the second reference relative to the first reference; measuring a
second plurality of locations of the second reference relative to the first reference; and
determining a difference in one or more joint characteristics using the first plurality of

locations and the second plurality of locations.

In another general aspect, a method for determining a difference in one or more
joint characteristics includes: receiving information indicating a first plurality of locations
of a first reference relative to a second reference; receiving information indicating a
second plurality of locations of the first reference relative to the second reference; and
determining a difference in one or more joint characteristics using the first plurality of

locations and the second plurality of locations.

Implementations may include one or more of the following features. For
example, the first plurality of locations indicates different positions of a joint before a
surgical procedure, and the second plurality of locations indicate different positions of the
joint after the surgical procedure. The first plurality of locations and the second plurality
of locations are measured while the first reference is secured at a first position relative to
a first bone and the second reference is secured at a second position relative to a second
bone. Determining a difference in leg length using the first plurality of locations and the
second plurality of locations includes: generating a first representation of a first surface
using the first plurality of locations; generating a second representation of a second
surface using the second plurality of locations; and comparing the first representation to
the second representation. The first surface includes a portion of a sphere having a first
radius, the second surface includes a portion of a sphere having a second radius, and
comparing the first representation to the second representation includes determining a
difference between the first radius and the second radius. The method includes
determining a difference in a center of rotation of the joint based on the first plurality of
locations and the second plurality of locations. The method includes determining a
difference in a range of motion of the joint based on the first plurality of locations and the
second plurality of locations. Determining a difference in one or more joint

characteristics includes one or more of: determining a difference in leg length,
13
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determining a difference in a center of rotation of the joint, determining an offset of a
range of motion of the joint, determining a difference in the size of a range of motion of
the joint, and determining a difference in a shape of a range of motion of the joint.
Determining a difference in one or more joint characteristics using the first plurality of
locations and the second plurality of locations includes: generating a representation
indicating limits of the range of motion of the joint using the first plurality of locations;
generating a representation indicating limits of the range of motion of the joint using the
second plurality of locations; and comparing the first representation to the second

representation,

The joint is a hip joint, the first location is a fixed location relative to a pelvis of
the hip joint, and the second location is a fixed location relative to a femur of the hip
joint. The joint is a shoulder joint, the first location is a fixed location relative to a
scapula of the shoulder joint, and the second location is a fixed location relative to a

humerus of the shoulder joint.

In another general aspect, a control unit for determining a difference in joint
characteristics includes: an input module configured to receive information indicating a
first plurality of locations of a first reference relative to a second reference, and
information indicating a second plurality of locations of the first reference relative to the
second reference; a processing module configured to determine a difference in one or
more joint characteristics using the first plurality of locations and the second plurality of
locations; and an output module configured to indicate the difference in one or more joint

characteristics.

In another general aspect, a system for determining a difference in joint
characteristics includes: a first reference configured to be attached to a first bone; a
second reference configured to be attached to a second boné; an identifier operatively
coupled to the first reference and the second reference; and a control unit in
communication with the identifier, the control unit being configured to receive (i)
information indicating a first plurality of locations of a first reference relative to a second

reference and (ii) information indicating a second plurality of locations of the first
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reference relative to the second reference, and determine a difference in one or more joint
characteristics using the first plurality of locations and the second plurality of locations.

The details of one or more implementations are set forth in the accompanying
drawings and the description below. Other features, objects, and advantages of the

disclosure will be apparent from the description and drawings.

BRIEF DESCRIPTION OF THE DRAWINGS
FIGS. 1 and 2 are illustrations of an alignment system.
FIG. 3A is a perspective view illustrating a joint.
FIG. 3B is a perspective view of an acetabular guide for the joint.
FIG. 3C is a perspective view of the acetabular guide of FIG. 3B received in the
joint.
FIGS. 4A and 4B are perspective views illustrating techniques for determining the

position of an axis.

FIGS. 5A and 5B are perspective views illustrating techniques for calculating the

position of an instrument relative to an axis.

FIGS. 6, 7A, and 7B are illustrations of user interfaces of a control unit of the
system of FIG. 1.

FIGS. 8,9, 10A to 10C, and 11A and 11B are illustrations of a process for

acquiring data for a joint.

FIGS. 12A to 12C and 13 are illustrations of a process for processing data for

multiple joints.

FIGS. 14A, 14B, 15, and 16 are illustrations of a process for determining an

alignment for a joint using data for other joints.

FIGS. 17 to 20 are illustrations of a process for selecting and targeting an

alignment relative to a bone of a joint.
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FIGS. 21A and 21B are perspective views illustrating a process for determining

an alignment for a joint based on an alignment known relative to a bone of the joint.
FIGS. 22A, 22B, and 23 are illustrations of a process for selecting an implant.

FIGS. 24A and 24B are perspective views illustrating a process for measuring

characteristics of a joint.

FIGS. 25A, 25B, 26A, and 26B are illustrations of a process of determining

alignment for a revision arthroplasty.

FIG. 27 is a block diagram of a control unit of a control unit of the system of FIG.
1 or FIG. 1.

FIG. 28 is an illustration of an alternative alignment system.

FIGS. 29 to 31, 36 to 38, and 40 are flow diagrams illustrating example processes

for determining an alignment relative to a joint.

FIGS. 34 and 43 are flow diagrams illustrating example processes for determining

differences in joint characteristics.

FIG. 39 is a flow diagram illustrating an example process for processing data

describing multiple joints.

FIGS. 32 and 41 are flow diagrams illustrating example processes for determining

an alignment relative to a joint.

FIGS. 33 and 42 are flow diagrams illustrating example processes for determining

the suitability of trial implants.

FIGS. 35 and 44 are flow diagrams illustrating example processes for determining

characteristics of a joint including an implant.

DETAILED DESCRIPTION

Referring to FIG. 1, an alignment system 100 can be used to facilitate proper
alignment of instruments, implants, and tissues during a surgical procedure. For

example, the alignmen[t system 100 can be used to align tissues and surgical instruments
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30 during, for example, an arthroplasty of a hip joint 10. While many techniques are
described below with respect to the hip joint, the same techniques are applicable to
arthroplasty of other joints, including other ball and socket joints such as a shoulder joint.

The techniques can also be applied to surgical procedures other than arthroplasty.

During a hip arthroplasty, the surgeon can use the system 100 to determine the
position of an impaction axis relative to a hip joint. The impaction axis and other
alignments can be used to, for example, prepare the surface of an acetabulum, install an
acetabular implant, and prepare the femur to receive an implant. The system 100 can
indicate differences between current alignments of instruments and preferred alignments,

thus assisting surgeons in positioning instruments at the preferred alignments.

The system 100 includes one or more references. Positions of tissues and
instruments are determined relative to one or more of the references, and positions of
references are determined relative to each other. Examples of references include an
identifier 20 and sensors 12a-12¢. The system 100 includes an identifier 20 that
communicates with one or more of the sensors 12a-12c. When in communication with
the identifier 20, each sensor 12a-12¢ produces a signal that indicates the relative position

of the sensor 12a-12¢ from the identifier 20.

The identifier 20, which will be described in further detail below, produces
electromagnetic fields that can be detected by the sensors 12a-12¢. The identifier 20 can
have a generally plate-like shape and can also have other shapes. The identifier 20 can be
supported by a floor-standing mount, as illustrated. The identifier 20 can alternatively be
placed under a patient or at another location. As shown in other figures and as described

below, the identifier 20 can be handheld or can be coupled to moveable instruments.

As used herein, a position can include both a location and an orientation. For
example, data indicating a position of one reference relative to another reference can
indicate a translational offset between the references as well as an angular offset and a

rotational offset.

The control unit 50 receives information indicating positions of the references

relative to each other. Based on the positions of the identifier 20 and the sensors 12a-12¢
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and other known spatial relationships, the control unit 50 determines preferred alignments

relative to the joint 10 and current alignments relative to the joint 10.

Relative positions of two references (e.g., the position of one reference relative to
the other) can be determined directly or indirectly. For example, the relative position of a
first reference and a second reference can be determined by determining the position of
each reference relative to a third reference. Thus determining the position of one
reference relative to another does not require measurements to occur in a reference frame

defined by either of the references.

Similarly, a position can be known relative to a reference even though it is known
indirectly. For example, when a relative position of a reference A and a reference B is
known, and a relative position of the reference B and a reference C is known, the relative
position of reference A and reference C is also known, even if that relative position is not

directly stored or calculated.

The control unit 50 includes a control module configured to, for example, supply
power and control signals to regulate the operation of sensors and identifiers in
communication with the control unit 50. The control unit 50 includes an input module to
receive signals from sensors, identifiers, and other systems. Using the information
received, a processing module of the control unit 50 calculates preferred alignments of
instruments 30 and tissues. The processing module also calculates the current positions
of instruments and tissues relative to the preferred alignments. The control unit 50 also
includes an output module that can indicate on a user interface 52 preferred alignments
and actual alignments of instruments and tissues, as well as other information described
below. For example, the user interface 52 can display an image that includes a
representation 10” of the joint 10 and a representation 30’ of the instrument 30 and can

indicate the position of the instrument 30 relative to the joint 10.

Referring to FIG. 2, in further detail, the identifier 20 includes an electromagnetic
(EM) field generator 21 operable to produce an EM field that has known characteristics.
The EM field generator 21 is located within a housing 23 of the identifier 20. The EM
field generator 21 includes one or more coils or other components that produce EM

fields. The generated EM fields are detected by one or more magnetic sensors, such as
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EM field sensors 40, which each produce output signals based on the EM fields detected.
Any of a variety of different magnetic sensors can be used as an EM field sensor 40, for
example, one or more of an inductive coil, a Hall effect sensor, a fluxgate magnetic field
sensor, and a magneto-resistive sensor. When the EM field sensor 40 detects sufficient
EM field energy, the EM field sensor 40 produces signals indicating the position of the
EM field sensor 40 relative to the EM field generator 21.

The control unit 50 drives the EM field generator 21, receives output signals from
the EM field sensors 40, and displays relative positions of the EM field sensors 40 and
the identifier 20. For example, the identifier 20, sensors 40, and control unit 50 can
include features as described in WIPO International Publication Nos. W02008/106593
and W02009/108214, each of which is incorporated herein by reference in its entirety,
and as described in United States Patent Application Nos. 12/758,747 and 12/768,689,

each of which is incorporated herein by reference in its entirety.

The useful range of the identifier 20 is a three-dimensional region around the
identifier 20, referred to as the working volume of the identifier 20. The size and shape
of the working volume is based on the characteristics of the EM fields produced by the
EM field generator 21 and can be modified to be larger or smaller based on the need for
targeting accuracy. The shape and size of the working volume of the identifier 20
depends in part on the configuration of the EM field generator 21, specific characteristics
of the operation of the EM field generator 21, such as characteristics of a driving signal,

and other factors,

In some implementations, the working volume is a region that surrounds the
identifier 20. For example, the identifier 20 can be generally centrally located within the
working volume. The working volume for some implementations, such as those used
during alignment for arthroplasty, can extend approximately 50cm or more in width and
approximately 40cm or more in depth and be located at a distance of about 5cm from the
identifier 20. Accordingly, a drill guide or other instrument coupled to the identifier 20
will extend, for example, more than 5 cm from the identifier 20 to ensure proper
positioning within the working volume. Alternatively, for some uses, a working volume

with smaller dimensions may be used to increase precision and accuracy.
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The sensor 40 communicates with the EM field generator 21 of the identifier 20,
for example, by receiving EM fields produced by the EM field generator 21 when the
sensor 40 is located within the working volume of the EM field generator 21. The sensor
40 generates output signals that indicate strength or intensity of the EM fields detected.
The sensor 40 includes, for example, an inductive sensor that is configured to respond to
an EM field produced by the identifier 20 by outputting one or more induced electrical
currents. The sensor 40 can include two or more inductive coils located at known, fixed

positions relative to each other, and each coil can output an induced electrical current.

The sensor 40 includes a connection, such as a sensor lead 34, to transmit the
output signals, or data related to the signals. The sensor lead 34 provides a wired
connection for transmission of an output of the sensor 40. The sensor lead 34 can carry
signals produced by the sensor 40 in response to EM fields. In some implementations,
the connection can include a wireless transmitter. Additionally, the sensor lead 34 can
include more than one connection, and the sensor lead 34 can carry power and control
signals in addition to signals or data, and bi-directional communication is possible. For
example, information regarding calibration of the sensor 40 can be stored in a storage

device coupled to the sensor 40.

The signals produced by the sensor 40 allow the relative position of the identifier
20 and the sensor 40 to be determined. At different positions within the working volume
of the EM field generator 21, the sensor 40 detects different EM field energy, resulting in
different output signals. The output signals can be used to accurately determine the
position of the identifier 20 relative to the sensor 40. A sensor 40 located outside the
working volume of the identifier 20 may not receive adequate EM energy from the field
generator 21 to generate output signals that can be used to accurately determine the

relative position of the sensor 40 and the identifier 20.

The outputs of the sensor 40 allow determination of the position of the sensor 40
in up to six degrees of freedom, such as along three translational axes, generally called X,
Y, and Z, and three angular orientations, generally called pitch, yaw, and roll, which are
each defined as rotation about one of the three translational axes. Thus the signal

produced by a single sensor 40 can define an axis relative to the identifier 20. A sensor
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indicating as few as three degrees of freedom can be used to measure a location in a
reference system. To define the position of an axis, a sensor permitting determination of
at least five degrees of freedom can be used. When information about the position of an
axis and a rotational position about the axis is desired, a sensor indicating data for six

degrees of freedom can be used.

References, such as the sensor 40 and the identifier 20, can be coupled to tissues
or to instruments so that the positions of the tissues or instruments can be determined
based on the positions of the references. A reference can be attached at a known position

relative to an instrument or tissue, or to a position that is not known.

For some measurements, the dimensions of a tissue or instrument and the position
at which a reference is initially attached need not be known. For example, a first
reference may be attached at an arbitrary position relative to the instrument or tissue.
While the first reference remains in a fixed position relative to the instrument (e.g., the
first reference moves with the instrument), the instrument can be positioned relative to a
bone coupled to a second reference. At a particular position, the control unit 50
determines offsets between the positions of the references, and stores the offsets. When
the relative position of the instrument and the bone changes, the control unit 50 can
indicate deviations from the previously measured relative position. Thus even when the
references have not been calibrated relative to each other and the references are not
located at known positions of the instrument or tissue, the control unit 50 can assist the
operator of the system 100 to return the instrument to the measured position relative to

the bone.

For other measurements, the sensor 40 can be coupled at a known position
relative to the instrument or tissue. For example, the sensor 40 can be located at a
landmark of the instrument 30 and oriented at a known orientation relative to the
instrument 30. The operator of the system 100 inputs to the control unit 50 information
indicating the location and orientation of the sensor relative to the instrument 30, for
example, by inputting information that identifies the landmark. The control unit 50
accesses information indicating the dimensions of the instrument 30 and the position of

the landmark relative to features of the instrument 30. For example, the control unit 50
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can access information indicating an offset between the landmark and an end of the

instrument 30 that is configured to engage tissue.

Because the position of the sensor 40 is known relative to the instrument 30, the
control unit 50 can determine the position of the instrument 30 based on the position of
the sensor 40. For example, to determine the position of the end of the instrument 30, the
control unit 50 determines the position of the sensor 40, and adjusts the position by the
offset between the sensor 40 and the end. Thus when the position of the sensor 40 is
determined relative to a reference, the position of the end of the instrument 30 can also be

determined relative to the same reference.

In some implementations, a surgeon or other operator of the system 100 can grip
the identifier 20 by the housing 23 to position the identifier 20 relative to a patient, an
instrument, and/or a sensor 40. The identifier 20 can include a coupling member 22 to
which instruments and other attachments are coupled. By orienting the identifier 20
relative to an operation site, the operator also orients the coupled instrument relative to
the operation site. For example, the coupling member 22 can receive a drill guide
attachment 24 coupled to a drill guide 26. The identifier 20 can be used to position the
drill guide 26 so that a drill bit or guide pin inserted through the drill guide 26 is guided
to the position required by or appropriate for a medical procedure. Attachments can also
be included to couple a reamer, broach, impactor, and other instruments at known
positions relative to the identifier 20. The instruments can be comprised of non-ferritic
materials to limit interference with the EM communication between the identifier 20 and

the sensors 40.

In some implementations, the identifier 20 that includes the EM field generator 21
is a standalone unit or is mounted to a chassis. The identifier 20 may thus remain in a
stationary position while instruments are positioned relative to an operation site, or may
be moved independent of the movement of instruments. A second sensor 40 is coupled to
a surgical instrument and communicates with the EM field generator 21. The control unit
50 receives output signals of both the sensor 40 coupled to the instrument and the sensor

40 coupled to the instrument. The control unit 50 can determine position of the identifier
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20 relative to the instrument 30 based on the signals of the two sensors 40. In some

implementations, additional sensors 40 can be used.

The control unit 50 controls the operation of the identifier 20 and receives inputs
from one or more sensors 40. The control unit 50 can communicate with the identifier 20
over a wired or wireless link to transmit power and control signals controlling the
operation of the EM field generator 21. For example, the identifier 20 can include a cable

27 that provides a connection to the control unit 50.

The control unit 50 includes one or more processing devices that are configured to
determine relative positions of the EM field generator 21 of the identifier 20 and each of
the sensors 40. Because the position of each sensor 40 is determined relative to the same
reference, the EM field generator 21, the one or more processing devices can determine
the position of each sensor 40 relative to each other sensor 40. Using the signals from the
sensors 40, the control unit 50 determines positions of the instruments 30 relative to one

or more references.

The control unit 50 includes a display on which a graphical user interface 52 is
presented to a surgeon. In some implementations, the control unit 50 outputs on the user
interface 52 an indication whether a current position of the instrument 30 is acceptable
relative to a preferred position. For example, the output on the user interface 52 can
include one or more elements, such as an element representing the angle of the
instrument 30 relative to a surgical alignment, one or more elements representing
acceptable positions of the instrument 30 relative to the surgical alignment, one or more
elements representing unacceptable positions of the instrument 30 relative to the surgical
alignment, a numeric indication of the angle of the instrument 30 relative to anatomical
axes, an element indicating that the current position of the instrument 30 is acceptable,

and an element indicating that the current position of the instrument 30 is unacceptable.

The system 100 can be used for a number of measurements and procedures,
including, for example: (l.) determining a surgical alignment using a patient-specific
guide; (2) determining a surgical alignment using stored data; (3) determining a surgical
alignment by measuring locations about a bone of a joint; (4) determining a surgical

alignment based on a known position of a joint; (5) trialing components to select an
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implant; (6) determining characteristics of a joint and identifying changes in
characteristics of a joint; and (7) determining alignments for revision procedures.

Examples of methods of using the system 100 are described below.

1. Alignment Using a Patient-Specific Guide

A surgeon can use the system 100 to determine the position of a surgical
alignment relative to a joint. For example, the surgeon can use the system 100 to
determine the position of an impaction axis having a known position relative to the

anatomy of a patient.

In hip arthroplasty, an acetabular implant, such as a cup, is often installed along
an impaction axis. The impaction axis used during the procedure determines the installed
orientation of the acetabular implant, for example, an acetabular cup. A surgeon prepares
the acetabulum to receive the acetabular cup by reaming the acetabulum, often by
orienting a reamer relative to the impaction axis. The surgeon then drives the acetabular
cup into the prepared acetabulum along the impaction axis. The impaction axis used
during the arthroplasty procedure can significantly affect the performance of the

reconstructed joint.

The preferred orientation in which the acetabular cup should be installed can be
indicated by a cup anteversion angle and a cup inclination angle. The face or rim of the
acetabular cup can define a plane. The cup inclination angle can be an angle in the
coronal plane between the face of the cup and the sagittal plane. The cup anteversion
angle can be an angle in the transverse plane between the face of the cup and the sagittal
plane. A preferred installed orientation for an acetabular cup can be, for example, 45

degrees cup inclination and 20 degrees cup anteversion.

The impaction axis passes through the center of the acetabular cup and is oriented
orthogonal to the face of the acetabular cup when the cup is in the preferred orientation.
Installing the acetabular cup along the impaction axis positions the acetabular cup in the

preferred orientation.
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For simplicity in description, anteversion and inclination for the impaction axis
are referred to herein as corresponding to orientations with equivalent cup anteversion
and cup inclination values. For example, the anteversion angle for the impaction axis can
be measured as an angle between the coronal plane and a projection of the impaction axis
onto the transverse plane. The inclination angle for the impaction axis can be measured
as an angle between the transverse plane and a projection of the impaction axis onto the
coronal plane. Under such definitions, a cup anteversion angle of 20 degrees corresponds
to an impaction axis anteversion angle of 20 degrees, even though such angles are not
measured relative to the same reference planes. The definitions described above are
given as examples to simplify description. In implementations, other definitions for
inclination and anteversion (e.g., standard anatomic, operative, or radiological
definitions) and other anatomic reference systems to define implant placement can

alternatively be used.

To determine the position of the impaction axis relative to a patient’s joint, a
surgeon can use a patient-specific guide that is custom-shaped to be received into the
joint. The guide can be pre-operatively shaped to conform to the joint. When located in
the joint, the guide can indicate the alignment of an impaction axis having a known
inclination angle and a known anteversion angle relative to the joint, or rather, relative to

the anatomical planes of the body of which the joint is a part.

As an example, using the guide and the system 100, a surgeon can determine the
position of the impaction axis relative to the joint. The surgeon places a first reference at
a fixed position relative to the joint, for example, at the pelvis of a hip joint. The surgeon
places the guide in the joint, and aligns a second reference relative to the impaction axis
indicated by the guide. In this alignment, the second reference marks the position of the
impaction axis relative to the first reference. The control unit 50 determines the positions
of the references relative to each other, and records the position of the impaction axis
relative to the first reference. The surgeon then removes the guide from the joint.
Because the guide is removed from the joint, the surgeon has unobstructed access when

preparing the acetabulum and implanting an acetabular implant.
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The system 100 uses the recorded position of the impaction axis relative to the
first reference to indicate the positions of instruments relative to the position of the
impaction axis. For example, the second reference can be coupled to an instrument. As
the second reference and the instrument move together, the control unit 50 calculates
differences between the current position of the second reference and the previously
determined position of the second reference, which corresponds to the alignment along
the impaction axis. The control unit 50 outputs information that assists the surgeon to
align the instrument along the impaction axis, for example, by returning the second
reference to its position when aligned relative to the guide or to a particular offset from
the measured position. Thus assisted by the system 100, the surgeon can orient
instruments to perform a surgical procedure relative to the impaction axis, without

physical contact with the guide during reaming and impaction.

The system 100 assists the surgeon in achieving the alignment indicated by the
guide, while allowing the surgeon to make adjustments to address changed conditions

and discoveries made during surgery.

1.1 Pre-operatively Shaping a Guide

Referring to FIG. 3A, infofmation indicating the contours of the hip joint 10 is
acquired. The information can include imaging data 55 for the hip joint 10 acquired prior
to surgery. The joint 10 can be imaged using tomography techniques such as
computerized tomography (CT) or magnetic resonance imaging (MRI). Other examples

of imaging data include X-ray images and ultrasound scan data.

Referring to FIG. 3B, using the imaging data 55, a guide 60 is fabricated to
substantially conform to a receiving portion of the joint 10, such as one or more portions
of the acetabulum 13. The acetabulum of each hip joint is unique. Outer contours 62 of
the guide 60 are formed to substantially match contours of the acetabulum 13 such that
the guide 60 mates with the acetabulum 13. Features of the acetabulum 13 determined
from the imaging data 55 are used to shape corresponding mating surfaces (e.g., the outer
contours 62) of the guide 60. Thus the guide 60 is patient-specific, as a result of custom-

fitting to the particular joint 10 described in the imaging data 55.
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The guide 60 can conform to the acetabulum 13 such that the guide 60 mates with
the acetabulum 13 in a single orientation. The guide 60 can be formed of a rigid material,
for example, plastic, metal, or ceramic. The guide 60 can be shaped, dimensioned, and
contoured such that the outer contours 62 conform to a sufficient portion of the
acetabulum 13 to form a stable engagement when the guide 60 is received to the
acetabulum 13. In some implementations, the guide conforms to the majority of the

surface of the acetabulum 13.

In addition to, or as an alternative to matching surfaces of the acetabulum 13, the
guide 60 can also conform to other features, including portions of the pelvis near the
acetabulum 13. The guide 60 can also conform to all of or portions of, for example, the
acetabulum rim, the greater sciatic notch, a portion of the ilium, and/or the anterior

inferior iliac spine.

Because pre-operative imaging data 55 is used to form the guide 60, the guide 60
can be shaped to conform to the acetabulum 13 prior to surgery. The guide 60 can be
delivered to the surgeon as a pre-formed unit having generally non-adjustable outer
contours 62. For example, the guide 60 can be molded, cut, machined, three-
dimensionally printed, or otherwise manufactured to an appropriate shape. The guide 60

may be formed as a block or integral unit.

The imaging data 55 is also used to determine the position of an impaction axis 14
relative to the joint 10. The impaction axis 14 is selected using the imaging data 55 to
have a known inclination angle and a known anteversion angle relative to the patient’s
anatomy. The position of the impaction axis 14 can optionally be indicated on the guide
60, thus indicating the position of the impaction axis 14 relative to the contours of the
acetabulum. When the guide 60 is received in the joint 10, the position indicated by the
guide 60 coincides with the position of the impaction axis 14. For example, the guide 60
can define a guide hole 64 partially or completely through the guide 60 along the
impaction axis 14. In addition, or alternatively, markings or features of the guide 60 can

indicate the orientation of the axis 14 relative to the guide 60.

The guide 60 optionally includes indicia identifying the patient, for example, a
patient name or patient number labeled on the guide 60. Other identifying information
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can be labeled on or embedded in the guide 60 to associate the guide 60 with, for

example, the corresponding joint 10, patient, surgeon, or hospital.

The imaging data 55 can also be used to determine the center of rotation point 15
of the joint 10 (FIG. 3A) (e.g., the center of motion point of the joint 10). The position of
a reference point 65 relative to the guide 60 can be determined, where the reference point
65 corresponds to the center of rotation point 15 of the joint 10. For example, the
reference point 65 can be determined such that when the guide 60 resides in the
acetabulum 13, the reference point 65 coincides with the center of rotation point 15 of the
joint 10. Alternatively, the reference point 65 can be determined relative to a landmark or
feature of the guide 60, such as a portion 66 configured to engage an instrument 30 or
sensor. The position of the reference point 65 can be marked on guide 60 or can be

indicated separately.

In some implementations, the distance between a landmark of the guide 60 and
outer contours 62 of the guide 60 can be determined. For example, the distance along the
impaction axis 14 between the portion 66 and the outer contours 62 can be determined.
Alternatively, the portion 66 can be formed or marked at a known distance from the outer
contours. Other distances, such as the thickness of the guide 60 at different landmarks of
the guide 60, can also be measured and recorded, or alternatively formed to pre-
determined specifications. Data indicating these distances can be accessed by the control

unit 50,

1.2 Determining the Orientation of the Impaction Axis

Referring to FIG. 3C, the surgeon creates an incision to access the joint 10 and
dislocates the joint 10. The surgeon inserts the guide 60 into the joint 10 such that it
mates with the acetabulum 13. Because the guide 60 substantially conforms to portions
of the acetabulum 13, the acetabulum 13 mates with the guide 60 in a known orientation.
As a result, when the guide 60 is received by the acetabulum 13, the position indicated by
the guide hole 64 or other markings of the guide 60 indicates the position of the

impaction axis 14 relative to the joint 10.
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Using a pre-operatively formed guide 60 can significantly simplify operating
procedures and reduce operating time. For example, the surgeon need not reshape or

adjust the guide 60 during the procedure. The surgeon is also not required to manually

* identify features of the acetabulum 13. Thus in many instances the surgeon can quickly

position the guide 60 in a stable engagement with the acetabulum 13 based on contact
with the acetabulum 13. Thus using the pre-formed guide 60 to determine the position of
the impaction axis 14 can be faster and more accurate than determining the position of an
axis using anatomical references visually identified during a procedure. In addition, the
stability of the guide 60 when received by the acetabulum 13 can provide confirmation to

the surgeon that the guide 60 is correctly positioned.

Because the guide 60 need not remain in the acetabulum 13 when reaming and
impaction occur, the guide 60 can engage as much of the acetabulum 13 as is useful to
provide a precise connection with the acetabulum 13. The guide 60 can achieve a known
mating position by engagement with the acetabulum 13, and in some implementations,
without engaging other surfaces of the pelvis 16. As a result, to position the guide 60, the
surgeon is not required to clear soft tissue from surrounding surfaces of the pelvis 16.
Thus the surgeon can quickly position of the guide 60 without causing extensive soft

tissue trauma outside the acetabulum 13.

Moreover, the surgeon’s access the acetabulum 13 is generally limited due to the
tissues surrounding the joint 10. For instance, the surgeon may access the acetabulum 13
through a relatively narrow space, with the acetabulum 13 located at a depth that may be
roughly 6 to 9 inches from the incision. Nevertheless, the surgeon can often mate the
guide 60 to the acetabulum 13 in a straightforward manner, without requiring

unobstructed visibility to place the guide 60.

The surgeon attaches a first reference at a fixed location relative to the joint 10,
such as a bone of the joint 10. The first reference can be attached before or after inserting
the guide 60 in the joint 10. For example, the surgeon attaches an EM field sensor 70 fo
the pelvis 16, located outside the acetabulum 13 so as not to interfere with the surgery.
The sensor 70 can include a housing with a threaded portion, allowing the sensor 70 to be

screwed into the pelvis 16 at a fixed location. The sensor 70 can be installed so that it
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moves with the pelvis 16. The sensor 70 can be implanted near the acetabulum 13, for
example, through the same incision or channel used to access the acetabulum 13.
Attaching the sensor 70 at a fixed position relative to the pelvis 16 and maintaining the
sensor 70 in its position permits the control unit 50 to use the sensor 70 to establish a

consistent reference frame with regard to the pelvis 16.

The position of the sensor 70 need not be known relative to the joint 10 when the
sensor 70 is implanted. The position of the axis 14 relative to the sensor 70 is determined
later by the system 100, thus the surgeon has flexibility to select the location for the
sensor 70. In some implementations, the sensor 70 can be implanted such that the sensor
70 is oriented substantially parallel to the impaction axis 14 using the indications on the
guide. As a result, the position of the sensor 70 can provide a visual indication of the
orientation of the impaction axis 14. The sensor 70 can thus provide visual confirmation

of the trajectory of the impaction axis 14 indicated later by the control unit 50.

FIGS. 4A and 4B illustrate alternative procedures for determining the position of
the impaction axis 14 relative to the joint 10 using the guide 60. The orientation is
determined by positioning a second reference at a known alignment relative to the axis 14
and measuring the position of the second reference relative to the first reference (the
sensor 70) while in the known alignment. Thus the position of the impaction axis 14 is
determined relative to the reference frame of the sensor 70. The second reference can
include, for example, the identifier 20 (FIG. 4A) or a second EM field sensor 72 (FIG.
4B). The control unit 50 can indicate on the user interface 52 one or more of the
positions of the instrument 30, sensors, and when determined, the impaction axis 14 and
the center of rotation point 15. These indications can be displayed with a three-

dimensional view of the joint 10.

Referring to FIG. 4A, the surgeon uses the identifier 20 as a reference to
determine the position of the axis 14 relative to the sensor 70. An instrument 30, such as
a reamet, is coupled to the identifier 20. The surgeon inserts an end 31 of the instrument
30 into the guide hole 64 of the guide 60, thus aligning the instrument 30 and the
identifier 20 along the impaction axis 14. The sensor 70 detects the EM fields generated
by the EM field generator 21 of the identifier 20 and transmits a signal to the control unit

30



10

15

20

25

30

WO 2012/173890 PCT/US2012/041613

50. Based on the signal, the control unit 50 determines the position of the identifier 20
relative to the sensor 70. The surgeon selects a control on the user interface 52 indicating
that the identifier 20 is aligned relative to the guide 60. In response, the control unit 50
records the position of the identifier 20 as corresponding to the position of the preferred

impaction axis 14.

The orientation of the identifier 20 relative to the instrument is known. For
example, the coupling member 22 (FIG. 2) can attach the identifier 20 so that the
instrument 30 extends in a known position from the identifier 20. In some
implementations, additional information about the position of the identifier 20 relative to
the instrument 30 is also known, such as the position of the identifier 20 along the length

of the instrument 30 and a rotational position of the identifier 20 about the instrument 30.

One or more of the known positions or offsets can be entered on the control unit
50 by the surgeon. For example, the surgeon can indicate that a standard offset or
position is used. The surgeon can input information indicating that a particular model of
instrument 30 is used. The control unit 50 can access information indicating dimensions
of the instrument 30 and positions of various landmarks along the instrument 30. The
surgeon can also select a landmark of the instrument 30 that engages the guide 60, or a
landmark at which the identifier 20 is coupled. The surgeon can also enter non-standard
offsets manually. The control unit 50, having access to dimensions of the instrument 30
and particular landmarks at known positions of the instrument 30, can calculate or access
offsets between the landmarks. In some implementations, data that indicates known

positions can be accessed from a storage device of the control unit 50 or over a network.

The control unit 50 can determine the location of the center of rotation point 15 of
the joint 10 relative to the sensor 70. The position of the identifier 20 relative to the end
31 can also be known. For example, the identifier 20 can be coupled at a landmark of the
instrument 30, resulting in a position with a known first offset from the end 31. Based on
the imaging data 55 for the joint 10, a second offset between the location of the center of
rotation point 15 and the portion 66 of the guide 60 can also be known and accessed by
the control unit 50. The instrument 30 can engage the guide 60 at a known position, for

example, the end 31 of the instrument 30 can engage the portion 66 of the guide 60. Thus
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from the position of the identifier 20, measured when the end 31 is engaged with the
portion 66, adding the first offset and the second offset results in the position of the center

of rotation point 15, relative to the sensor 70.

In a similar manner, the control unit 50 can determine the location of a surface of

. the acetabulum 13. The guide 60 can have a known offset or thickness along the

impaction axis 14 between the portion 66 (which engages the end 31 of the instrument
30) and the outer contours 62 (which engage the acetabulum 13). Data indicating this
offset can be accessed by the control unit 50, and together with data indicating the offset
between the identifier 20 and the end 31, can be used to determine the position of the
surface of the acetabulum 13 along the impaction axis 14 from the position of the

identifier 20.

In some implementations, rather than aligning the instrument 30 and the identifier
20 along the impaction axis 14, the identifier 20 can be oriented at a different known
position relative to the impaction axis 14. For example, the identifier 20 can engage the
guide 60 at a position with a known translational offset and/or angular offset relative to
the impaction axis 14. The control unit 50 can use the known offset, entered by the

surgeon or accessed from another source, to determine the position of the impaction axis
14.

Referring to FIG. 4B, the position of the axis 14 can alternatively be determined
relative to the EM sensor 70 by aligning a second EM sensor 72 relative to the axis 14.
The surgeon positions the second sensor 72 at a known position relative to the axis 14.
For example, the surgeon couples the second sensor 72 to the guide 60 at the guide hole
64 along the axis 14, for example at the portion 66. The sensors 70, 72 are brought
within the working volume of the EM field generator 21 of the identifier 20. In some
implementations, the second sensor 72 is attached to the guide 60 prior to coupling the
guide 60 to the joint 10. For example, the guide 60 can be provided to the surgeon with
the second sensor 72 attached at a known location and/or orientation relative to the axis
14.

Because the position of interest is the position of the sensors 70, 72 relative to

each other, the precise position of the identifier 20 is not critical. The instrument 30 can

32



10

15

20

25

30

WO 2012/173890 PCT/US2012/041613

be physically detached from the EM field generator 21 so that the instrument 30 is freely

moveable with respect to the identifier 20. For example, the EM field generator 21 of the
identifier 20 may be free-standing or may have a fixed mount. In some implementations,
the identifier 20 may be placed beneath the patient, for example, under the hip joint that

is not being operated on.

Because the identifier 20 communicates with the sensors 70, 72 using EM fields,
an unobstructed line of sight between the identifier 20 and the sensors 70, 72 is not
required. In addition, because the sensors 70, 72 are small and can be attached directly to

bone, normal vibrations of the bone does not practically affect the measurement.

The sensors 70, 72 detect the EM fields produced by the EM field generator 21,
and transmit signals that indicate the position of each sensor 70, 72 relative to the EM
field generator 21. The control unit 50 receives the signals, which respectively indicate
the positions of the sensors 70, 72 relative to the identifier 20. The control unit 50 uses
the two positions, which are measured relative to the same reference, the identifier 20, to

calculate the position of the second sensor 72 relative to the first sensor 70.

When the second sensor 72 is aligned along the axis 14, the orientation of the
second sensor 72 indicates the position of the impaction axis 14. Thus the control unit 50
records the position of the second sensor 72 as the position of the axis 14. When the
second sensor 72 is oriented at a different known position relative to the axis 14, the
control unit 50 calculates the position of the axis 14 using the known offset between the
position of the second sensor 72 and the axis 14. The control unit 50 records the

calculated position of the axis 14 relative to the first sensor 70.

The control unit 50 can also calculate and store the position of the center of
rotation point 15 and a location on the surface of the acetabulum 13 relative to the first
sensor 70. Because the second sensor 72 is located at a known position relative to the
guide 60, the control unit 50 can access known offsets between the position of the second
sensor 72 and the location of the center of rotation point 15 and the location of the
surface of the acetabulum 13 to determine their locations relative to the sensor 70. The
control unit 50 can display an indication 14’ of the position of the axis 14 relative to the

joint 10.
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In the implementations illustrated in both FIGS. 4A and 4B, the control unit 50
can determine and store a rotational position about the impaction axis 14. For example,
the portion 66 of the guide 60 that engages either the end 31 of the instrument 30 or the
second sensor 72 can include a keyway or notch that permits alignment in limited number
of rotational positions, for example, a single position, about the impaction axis 14.
Alternatively, the guide 60 can include markings that indicate a particular rotational

position.

The surgeon positions the instrument 30 or the second sensor 72 in the known
rotational alignment indicated by the guide 60. As a result, the position of the identifier
20 relative to the sensor 70 (FIG. 4A) or the position of the second sensor 72 relative to

the sensor 70 (FIG. 4B) corresponds to the known rotational position.

1.3 Orienting Instruments

After the surgeon uses the control unit 50 to determine the position of the
impaction axis 14 relative to the first sensor 70, the surgeon removes the guide 60 from
the joint 10, exposing the acetabulum 13. As the surgeon positions the instrument 30
relative to the joint 10, the system 100 assists the surgeon to orient instruments 30
relative to the impaction axis 14. For example, the system 100 can indicate changes to
the current orientation of a reamer that would result in the reamer being positioned along
the impaction axis 14. Thus the system 100 assists the surgeon to position the reamer
along the impaction axis 14 while the surgeon prepares the acetabulum 13, for example,
by removing cartilage and bone. The system 100 can also indicate the alignment of an

impaction tool for driving an acetabular implant into the prepared acetabulum 13.

FIGS. 5A and 5B illustrate alternative techniques for determining the current
alignment of the instrument 30 relative to the joint. Either of the alternative techniques
shown in FIGS. 5A and 5B can be used with either of the techniques shown in FIGS. 4A
and 4B for determining the position of the impaction axis 14. The position of the
instrument 30 can be determined, for example, using the position of an identifier 20 when
coupled to the instrument 30 (FIG. 5A), or using the position of an EM field sensor

coupled to the instrument 30 (FIG. 5B).
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Referring to FIG. 5A, the surgeon positions the instrument 30 while the identifier
20 is coupled to the instrument 30. The identifier 20 is attached at a fixed position
relative to instrument 30 so that the identifier 20 and the instrument 30 move together. If
the technique of FIG. 4A is used to determine the position of the impaction axis 14, the
identifier 20 can remain attached at the same position of the instrument 30 that was used
to measure the position of the impaction axis 14. In some implementations, the surgeon

can couple the identifier 20 about the instrument 30 at a known position of the instrument

30.

The surgeon moves the instrument 30 near the acetabulum 13, and the sensor 70
detects EM fields from the identifier 20 attached to the instrument 30. The output of the
sensor 70 indicates the relative position of the sensor 70 and the identifier 20, which the
control unit 50 uses to calculate the position of the instrument 30 relative to the sensor
70. As the surgeon moves the instrument 30 into alignment relative to the acetabulum 13,
signals from the sensor 70 Vary to reflect its changing position relative to the identifier
20. The control unit 50 uses the sensor signals to calculate the positions of the instrument

30 as the instrument 30 moves relative to the acetabulum 13.

Referring to FIG. 5B, as an alternative technique, the surgeon couples the second
sensor 72 to the instrument 30 at a known, fixed position of the instrument 30. For
example, the second sensor 72 can be attached at a landmark of the instrument 30, such
as a portion of the instrument 30 that receives the second sensor 72. In some
implementations, the second sensor 72 has a known rotational position. For example, the
surgeon can attach the second sensor 72 such that the instrument 30 receives the second

sensor 72 at a rotational position that is known relative to the instrument 30.

The surgeon brings the instrument 30 near the acetabulum 13, causing the sensors
70, 72 to be brought within the working volume of the EM field generator 21 of the
identifier 20. The control unit 50 receives signals from the sensors 70, 72 indicating their
respective positions relative to the identifier 20. Using the known position of the
instrument 30 relative to the second sensor 72, and the positions of the sensors 70, 72
known relative to the identifier 20, the control unit 50 calculates the position of the

instrument 30 relative to the first sensor 70. To position a second instrument relative to
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the joint 10, the surgeon places the sensor 72 at a known position relative to the second

instrument,

In some implementations, rather than attaching the second sensor 72 to the
instrument, the surgeon can couple a different sensor to the instrument 30. In some
implementations, a third sensor and the second sensor 72 can be calibrated prior to the
surgery. The control unit 50 can store information indicating the calibrations of the

sensors, or each sensor can include calibration data stored on a storage device.

The techniques of FIGS. 5A and 5B permit the control unit 50 to calculate the
current position of the instrument 30 relative to the sensor 70. Because the position of
the impaction axis 14 is determined relative to the sensor 70, the control unit 50 can
compare the current position of the instrument 30 with the position of the impaction axis.
As the position of the instrument 30 changes, the control unit 50 receives updated signals
from the sensor(s) 70, 72 and recalculates the position of the instrument 30 relative to the

axis 14,

Referring to FIG. 6, the control unit 50 indicates the position of the instrument 30
on the user interface 52. The control unit 50 indicates the alignment of the instrument 30
relative to the axis 14, for example, indicating differences between the current position of
the instrument 30 and the position of the impaction axis. During reaming of the
acetabulum 13 and impaction of the acetabular shell, the reamer and impactor are

properly aligned when they are collinear with the impaction axis 14.

As an example, when the identifier 20 remains coupled at the same position of the
instrument 30 as in FIG. 4A, the position of the identifier 20 corresponding to the former
physical alignment with the guide 60 is the position in which the instrument 30 is aligned
along the impaction axis 14. Returning the instrument 30 and the identifier 20 to the

former position aligns the instrument 30 along the impaction axis 14.

In a similar manner, when the second sensor 72 is used to determine the position
of the impaction axis 14 as shown in FIG. 4B, and the second sensor 72 remains coupled
at the same position of the instrument 30 in FIG. 5B, the instrument 30 is aligned along
the impaction axis 14 when second sensor 72 returns to the same position relative to the

first sensor 70 that was previously recorded. Thus the control unit 50 can assist the
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surgeon to align the instrument 30 along the impaction axis 14 by comparing (i) the
current position of the second sensor 72 relative to the first sensor 70 with (ii) the
previously recorded position of the second sensor 72 relative to the first sensor 70. The
variance of the current position from the recorded position indicates the variance of the

instrument 30 from the impaction axis 14.

The control unit 50 can display a three-dimensional illustration 54 (e.g.,
rendering) of the joint 10. For example, the control unit 50 can access the imaging data
55, and can display, for example, a tomography image or other illustration of the joint 10
based on the imaging data 55. The position of the impaction axis 14 determined relative
to the first sensor 70 can be positioned to coincide with the position of the impaction axis
14 as indicated in annotations to the imaging data 55. When a rotational position about
the impaction axis 14 is known relative to the first sensor 70, the known rotational
position can be used to further orient the imaging data 55 in the coordinate reference
system of the first sensor 70. Alternatively, locations of one or more anatomical
landmarks can be measured relative to the first sensor 70, by contacting the anatomical
landmarks with the end 31 of the instrument 30 or a probe. The control unit 50 uses the
measured positions of the landmarks to represent corresponding positions of the joint 10

indicated in the imaging data 55.

If imaging data 55 is not accessible, a generic illustration of a hip joint can be
displayed, aligned to the coordinate system of the first sensor 70 in the same manner

described for imaging data 55.

The illustration 54 can be a visualization of the operation site from an
approximate angle that the surgeon is expected to view the operation site, so that the
illustration 54 corresponds to the surgeon’s view of the acetabulum 13 of the patient. The
viewing angle for the illustration 54 can be an orientation looking down the impaction

axis 14.

Relative to the illustration 54, the control unit 50 indicates the position of the
impaction axis 14 relative to the joint 10 and one or more markers 68 indicating the
current alignment of the instrument 30. The control unit 50 can also display an indication

of acceptable positioning when the instrument 30 is aligned within a particular tolerance
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of the axis 14 and display an indication of unacceptable positioning when the instrument

30 is positioned outside the tolerance.

The control unit 50 can also display, for example, indications of differences
between the alignment of the instrument 30 and the trajectory of the impaction axis 14.
For example, the control unit 50 displays information indicating a translational offset and
angular deviation of the instrument 30 from the axis 14. The control unit 50 can display a
marker 80, such as a circle, that represents alignment along the axis 14, and a second
marker 81 or circle indicating the position of the instrument 30. The position at which
the two markers 80, 81 coincide can correspond to alignment of the instrument 30 along

the axis 14,

The control unit 50 can also display the inclination angle 56 and the anteversion
angle 57 of the impaction axis 14. The cup inclination angle and the cup anteversion
angle that would result from impaction at the current position, if different, can
additionally or alternatively be displayed. The control unit 50 calculates and indicates
differences between the current position of the instrument 30 and the impaction axis 14,
for example, with numerical indications 58a, 58b of deviations from the inclination angle
and anteversion angle of the impaction axis. Alternatively, the control unit 50 can display
the absolute inclination angle and anteversion angle of the instrument 30, rather than as a

difference from a preferred inclination angle and anteversion angle.

The inclination angle 56 and anteversion angle 57 of the impaction axis 14 can be
determined using the imaging data 55 for the joint 10, resulting in the position of the
impaction axis 14 being known relative to relative to anatomical reference axes. The
impaction axis 14 defined by the guide 60 is the same impaction axis 14 measured by the
control unit 50, and thus has the same inclination angle and anteversion angle determined
using the imaging data 55. Deviations of the instrument 30 from the axis 14 thus indicate
deviations from the known inclination angle and anteversion angle of the axis 14,
allowing the control unit 50 to determine the absolute inclination and anteversion angles
of the instrument 30. The control unit 50 can display the inclination and anteversion

angles of the instrument 30 and of the impaction axis 14, which indicates the preferred
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alignment. To meet the needs of the patient, the surgeon can also adjust the preferred

impaction axis to be different from the axis 14 indicated by the guide 60.

The control unit 50 can display a view of the joint with an image 82 of an implant
in place in the acetabulum 13. As the surgeon moves the instrument 30, the control unit
50 moves the image 82 of the implant relative to the joint 10, showing the position of the
implant that would result if reaming or impaction were performed at the current position
of the instrument 30. The surgeon can input information identifying the acetabular
implant to be installed, such as a part number for the implant. The control unit 50 can use

the received information to access a model of the implant to generate the image.

The control unit 50 also displays information to assist the surgeon in achieving
the preferred depth for rearhing of the acetabulum 13. A preferred reaming depth 59a, a
current reaming depth 59b, and a difference 59¢ between the two depths 59a, 59b can
also be indicated on the user interface 52. The control unit 50 can determine the
preferred reaming depth 59a based on the known position of the center of rotation point
15 of the joint 10 and based on accessed information indicating the characteristics of
acetabular implant to be installed. The accessed information can indicate, for example,
the dimensions of a particular acetabular implant, such as the thickness of the implant,
and the position of the center of rotation of the implant. The control unit 50 calculates
the preferred reaming depth 59a such that, with proper acetabular shell impaction, the
installed acetabular implant will have a center of rotation that coincides with the original

center of rotation of the joint 10 or that has a specific offset determined by the surgeon.

As an alternative, the control unit 50 can determine the preferred reaming depth
59a based on the known position of the surface of the acetabulum 13 and the thickness of
the acetabular implant. In addition, the preferred reaming depth 59a can be selected as a
depth within a particular range. The minimum depth can be set to ensure that the
acetabular implant can enter the acetabulum 13 sufficiently to be firmly anchored, and the
maximum depth can be set to prevent causing the medial wall of the pelvis to become

excessively thin.

The end 31 of the instrument 30, for example, the apex of a reamer, can have a

known position relative to the reference coupled to the instrument 30, and the known
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position can be input to the control unit 50. Thus the control unit 50 can track the

position of the end 31 of the instrument 30 during reaming and other procedures.

As reaming proceeds, the control unit 50 can refresh the user interface 52 to
reflect the updated reaming depth information. In some implementations, the center of
rotation point 15 can be displayed with an indicator 53 that indicates the center of
rotation point that would be achieved if reaming terminated at the current position. As
reaming continues, the indicator 53 advances toward and eventually reaches the displayed
center of rotation point 15, indicating that the proper reaming depth has been achieved.
Thus the system 100 assists the surgeon to achieve the preferred reaming depth, and

indicates when reaming is incomplete or is excessive.

Referring to FIG. 7A, the control unit 50 can display on the user interface 52 a
side view 13’ of the acetabulum 13, for example, a view perpendicular to the impaction
axis 14 (e.g., a cut-away view). The user interface 52 can display an image 84 showing
the current surface 85 of the acetabulum 13 and the desired surface 86 after reaming, as
well as the distance 87 that reaming must continue to reach the desired position. The
control unit 50 can also display an indication 78 of a stop plane that indicates a maximum

reaming distance, beyond which harm to the patient may occur.

The control unit 50 can also calculate and display the position of the center of
rotation point 15 and a center of rotation point 88 that would result from installation of a

selected acetabular implant at the current reaming depth.

The user interface 52 can also show one or more colored indications 89 on the
user interface 52 to indicate the amount of reaming that is needed. For example, the user
interface can display a green symbol to indicate reaming should continue, a blue symbol
to indicate that reaming is close to or at the desired position, or a red symbol to indicate
that reaming should be stopped, for example, because the desired depth is reached or

exceeded, or because the reamer is out of alignment.

The surgeon can indicate on the user interface 52 when reaming is complete. The
control unit 50 can identify, based on the final reaming depth reached, a suggested
acetabular implant and a suggested neck length for a femoral implant that can be used to

achieve match the original position of the joint center of rotation point 15.
' 40



10

15

20

25

30

WO 2012/173890 PCT/US2012/041613

Referring to FIG. 7B, in some implementations, the control unit 50 determines the
rotational position of the instrument 30 relative to desired rotational position. For
example, when aligning the impactor to install the acetabular implant, the control unit 50
can display an image 90 of the joint 10 with an image 91 of the acetabular implant to be
installed. The control unit 50 can display an indicator 92 that indicates a preferred

rotational position 93 and the current rotational position 94 of the instrument 30.

As described above, the position of the identifier 20 or second sensor 72 can have
a known rotational orientation about the impaction axis 14 when used to measure the
position of the impaction axis 14 using the guide 60. This rotational position, for
example, a standard position relative to anatomical references, can be determined relative
to the patient’s anatomy using the imaging data 55 at the time the guide 60 is formed.
The control unit 50 accesses information indicating the standard rotational position
relative to the anatomy of the patient. The control unit 50 also accesses information
indicating characteristics of the acetabular implant to be installed, for example, the
positions of holes 95 in the implant through which screws can be inserted to anchor the

implant to the pelvis.

Using the information indicating the standard rotational position and known
characteristics of the pelvis, the control unit 50 calculates a preferred rotational position
about the impaction axis 14 that will align the holes 95 with pelvic bone thick enough to
form a stable connection with screws. Alternatively, the control unit 50 can access
information indicating a pre-calculated preferred rotational position. The control unit 50
compares the current rotational position of the instrument 30 with the preferred rotational
position, and updates the user interface 52 to indicate changes in position needed to reach

the preferred rotational position.

Using the indications displayed on the user interface 52 illustrated in FIGS. 6, 7A,
and 7B, the surgeon completes the surgical procedure. Because the guide 60 has been
removed from the joint 10, the surgeon has access to the entire acetabulum 13. Because
the control unit 50 indicates the position of the impaction axis 14 in the absence of the
guide 60, the surgeon retains the ability to align instruments 30 relative to the axis 14.

For example, the surgeon aligns a reamer relative to the impaction axis 14 and prepares
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the acetabulum 13 to receive the acetabular implant, for example, by removing the
cartilage of the acetabulum 13 and reaming to a preferred depth, as indicated on the user
interface 52. The surgeon may also use the system 100 to align an impaction instrument
along the impaction axis 14 and drive the acetabular implant into position along the

impaction axis 14.

The techniques described can be used to determine alignments for joints other
than hip joints, for example, shoulder joints. As an example, a guide substantially
conforming to a glenoid cavity can be used to determine the position of a surgical
alignment relative to a scapula. The system 100 can be used to indicate alignments

relative to the scapula as described above.

2. Alignment Using Data for Multiple Joints

| A surgeon can use the system 100 to determine a surgical alignment for a joint
relative to anatomical axes of a patient, without using imaging data for the joint to be
operated on. The position of a surgical axis having a known alignment relative to the
patient’s anatomy can be identified based on data about joints of multiple individuals.
For example, a database can store joint data indicating characteristics of a set of multiple
joints and positions of surgical alignments at known positions relative to the respective
joints. Correlations between the stored joint data and data for a joint not in the set can be

used to determine a position corresponding to a particular inclination angle and

anteversion angle for the joint not in the set.

For joints of the same type, for example, hip joints of different patients, the ranges
of motion of the joints can have similar characteristics. For example, a region generally
corresponding to the limits of the range of motion of a hip joint can have a characteristic
shape. Thus representations of the ranges of motion of different hip joints can indicate

similar shapes and corresponding features.

Data can be acquired for a set of joints including data describing a range of
motion of each joint in the set. One or more alignments, such as an axis having a known

inclination angle and anteversion angle, can be determined for each joint in the set. The
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position of the axis relative to the range of motion of each joint can be determined and

stored.

Relationships between ranges of motion for different joints can be determined
based on commonalities among the ranges of motion. For example, joint data describing
a first range of motion for a first joint can be compared with joint data describing a
second range of motion of different, second joint. When the position of an axis having a
particular inclination angle and a particular anteversion angle is known relative to the
first range of motion, a corresponding position having the same inclination angle and the

same anteversion angle can be determined relative to the second range of motion.

Using the stored data, a surgical alignment can be determined for a different joint
10 that is not described in the stored data. The range of motion for the joint 10 is
measured, and control unit 50 compares the measured range of motion with the stored
ranges of motion of joints described in the database. Based on commonalities between
the measured range of motion for the joint 10 and the stored ranges of motion for other
joints, the control unit 50 selects an impaction axis for the joint 10 that corresponds to the
position of impaction axes for the other joints relative to their ranges of motion. For
example, stored data can indicate the position of an axis having an inclination of 45
degrees and an anteversion of 15 degrees relative to the respective ranges of motion for
multiple joints. The stored joint data can be used to identify, for the joint 10, an axis
having the same inclination angle and anteversion angle, using information about the

range of motion of the joint 10.

By calculating a surgical alignment for a joint using stored joint data, the surgical
alignment can often be determined quickly and without requiring imaging data for the
joint. A patient does not incur the cost of imaging the joint, and avoids radiation
exposure that would accompany a CT scan. The surgical alignment can also be
determined without a customized guide and without requiring a surgeon to manually

identify anatomical references of the acetabulum.

Examples of acquiring joint data, analyzing the data, and using the data to align

instruments during surgery are described below.
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2.1 Acquiring Joint Data

The system 100 can be used to abquire joint data that can be used to assist
surgeons in later procedures. As an example, the system 100 can be used to acquire data
about the impaction axes for multiple hip joints, which can be included in a database of
hip joint data. In some implementations, hip joint data is acquired through measurements

of hip joints using patient-specific guides.

Referring to FIG. 8, a joint 200 to be described in the database is illustrated. The
system 100 acquires information about the range of motion of the joint 200. A surgeon
establishes two references, moveable relative to each other and located at fixed positions
relative to the joint 200. For example, the surgeon implants a first EM field sensor 210
and a second EM field sensor 212 at different fixed positions relative to the joint 200.

The first sensor 210 is attached to the pelvis 202, outside the acetabulum 204, and moves
with the pelvis 202. The second sensor 212 is attached to the femur 206, for example, at
the tip of the greater trochanter 208 of the femur 206, and moves with the femur 206. As
a result, movement of the femur 206 relative to the pelvis 202 causes the sensors 210, 212

to move relative to each other.,

The surgeon positions the identifier 20 such that both of the sensors 210, 212 are
within the working volume of the EM field generator 21. The control unit 50 receives
signals from the sensors 210, 212 that indicate the positions of the sensors 210, 212
relative to the field generator 21. The control unit 50 can display information, such as a

representation 200’ of the joint 200, on the user interface 52.

Referring to FIG. 9, the surgeon moves the joint 200 through a range of motion.
At multiple different positions of the joint 200, the control unit 50 records the relative
Jocations of the sensors 210, 212. Because the positions of the sensors 210, 212 are
known relative to the same reference, the identifier 20, the control unit 50 can determine
the locations of the sensors 210, 212 relative to each other. The control unit 50 can
designate the first sensor 210 as a fixed point of reference, for example, and can record
the different measured locations of the second sensor 212 relative to the first sensor 210.
The recorded locations can be represented by points 220 that indicate the position of the

second sensor 212 relative to the first sensor 210 in a three-dimensional coordinate
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system. The positions of the joint 200 and the points 220 can be displayed or otherwise

indicated on the user interface 52.

The control unit 50 records different locations of the sensors 210, 212 relative to
each other, each corresponding to different positions of the joint 200. The control unit 50
can record the positions while the sensors 210, 212 are in motion or while the sensors
210, 212 are stationary. The surgeon can manually engage a control that causes the
control unit 50 to record a current position of the sensors 210, 212. Alternatively, the
control unit 50 can automatically record different locations of the sensors 210, 212 at
different positions of the joint 200, for example, at defined time intervals or after a

change of position is detected.

The movement of the joint 200 by the surgeon through the range of motion can
include movement to positions at or near extremities of the range of motion of the joint
200. The control unit 50 records one or more locations of the sensors 210, 212
corresponding to positions of the joint 200 at or near the extremities of the range of
motion. Thus the recorded points 220 can include outlying points 221 that substantially
correspond to positions of the joint 200 at the extremities of the range of motion of the
joint 200. For example, the outlying points 221 can correspond to positions such that the
limits of the range of motion can be approximated using the outlying points 221. The
control unit 50 can identify the outlying points 221, and interpolate linear or curved
segments between the outlying points 221 to define a path substantially corresponding to

the limits of the range of motion in three-dimensions.

In some implementations, points 220 that correspond to one or more key positions
of the joint 200 are recorded. The control unit 50 can record one or more positions of the
sensors 210, 212 substantially corresponding to an extremity of one or more of, for
example, hip flexion, hip extension, hip hyperextension, hip abduction, hip adduction, hip

lateral rotation, and hip medial rotation.

Referring to FIGS. 10A to 10C, the control unit 50 generates a representation
based on the points 220. For example, the representation can indicate features of a three-
dimensional surface that approximates the locations of the points 220. As used herein, a

representation can be a data structure. A representation may be, but need not be, capable
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of being rendered for visual display. To calculate the surface, the control unit 50 can use
data-fitting techniques (e.g., curve-fitting or non-linear regression techniques), such as
ordinary least squares or total least squares algorithms, to calculate a surface interpolated

between and/or extrapolated from the points 220.

For example, the surface generated based on the points 220 can be a sphere 230
about the joint 200, calculated to extend through regions spanned by the points 220. The
control unit 50 can generate the sphere 230 by applying curve-fitting techniques to the
points 220 to select parameters including (i) the position of a center point 232 of the
sphere 230 and (ii) a radius of the sphere 230. The sphere 230 is thus a data fitting
extrapolated from the points 220, and need not be an optimal or exact fit to the points

220. The center point 232 corresponds to the center of rotation of the joint 200.

The control unit 50 calculates a range of motion surface 234 that approximates a
region spanned by the points 220. The surface 234 can approximate a region spanned by
all or substantially all of the points 220. In other words, for substantially all of the
recorded points 220, a linear axis through the center point 232 and a particular point 220
intersects the surface 234. The surface 234 can be substantially bounded by the outlying
points 221. The surface 234 can be a portion of the sphere 230, and can have boundaries
237 that approximate the outlying points 221. Thus, the boundaries 237 can substantially
correspond to the limits of the recorded locations of sensor 212 during movement of the
joint 200 through its range of motion, with the boundaries 237 forming a trace or path
approximating the limits of the movement of the sensor 212. A surface such as the
surface 234 that indicates characteristics of a range of motion of a joint is referred to

herein as a range of motion surface for a joint.

Because the locations of the points 220 are measured relative to the first sensor
210, the position of the surface 234, the sphere 230, and the center point 232 are known
relative to the first sensor 210. The control unit 50 can indicate positions of the
calculated surface 234, the sphere 230, the measured points 220, and the center point 232

relative to each other on the user interface 52.

Referring to FIG. 11A, the surgeon dislocates the joint 200 and inserts a custom
guide 260 into the acetabulum 204. The guide 260 is pre-operatively formed to
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substantially conform to the acetabulum 204 based on pre-operative imaging data for the
joint 200. The guide 260 indicates a position of an impaction axis 270 for the joint 200.
The impaction axis 270 has a known inclination angle and a known anteversion angle,
determined relative to the patient’s anatomy based on imaging data for the joint 200. For
example, the guide 260 can indicate the position of the impaction axis 270 such that,
when the guide 260 mates with the joint, the impaction axis 270 has an inclination angle
of 15 degrees and an anteversion angle of 45 degrees, or another known inclination angle

or anteversion angle.

While the guide 260 is in place in the joint 200, the identifier 20 is used to
determine the position of the impaction axis 270 indicated by the guide 260. For
example, the alignment of the impaction axis 270 is determined relative to the previously
implanted first sensor 210 using a third sensor 214 aligned along the impaction axis 270,
using the techniques described above with respect to FIG. 5B. Alternatively, the identifier
20 is aligned relative to the impaction axis 270, as described with respect to FIG. SA.

Alternatively, the impaction axis 270 of the joint 200 can be determined using
other techniques that do not require a guide 260, for example, using the techniques with

reference to FIGS. 21A and 21B.

Referring to FIG. 11B, the control unit 50 determines a location of an intersection
point 236 where the impaction axis 270 intersects the surface 234. As described above,
the control unit 50 determined the position of the surface 234 and the position of the
impaction axis 270 relative to the same reference, the first sensor 210. Thus the control
unit 50 can calculate the location of the intersection point 236, which indicates the
position of the impaction axis 270 relative to the surface 234, with reference to the first

sensor 210.

The control unit 50 records data indicating characteristics of the surface 234, for
example, data describing the shape of the boundaries 237 and the curvature of the surface
234. The control unit 50 can also record data indicating the radius of the sphere 230 and
the location of the center point 232 of the sphere 230 relative to the surface 234. The
control unit 50 also records data indicating the location of the intersection point 236

relative to the surface 234. The center point 232 and the intersection point 236 together

47



10

15

20

25

WO 2012/173890 PCT/US2012/041613

define the impaction axis 270, and thus indicate the position of the impaction axis 270
relative to the surface 234. The control unit 50 also records the inclination angle and the

anteversion angle of the impaction axis 270.

The measurements and calculations described for the joint 200 can be repeated for
hip joints of different patients. In some implementations, as data for different joints is
acquired, the reference located at the femur can be placed at a generally consistent
position to facilitate comparison of data from different hip joints. For example, the
reference can be consistently placed at the tip of the greater trochanter of the femur. The
reference can alternatively be placed at another anatomical location, for example, at a
different portion of the greater trochanter, at a particular portion of the femoral neck, or at

or near the lesser trochanter.

Regardless of the position of the sensor located at the pelvis, the range of motion
surface has a generally comparable shape. The position of the sensor located at a fixed
location relative to the pelvis may vary from one joint to another without affecting the

comparability of the recorded data.

2.2 Analyzing Acquired Data

Referring to FIG. 12A, a computer system 310, which may or may not include the
control unit 50, accesses data describing multiple joints from one or more storage

devices. For example, the computer system 310 can access a database 300 that stores

‘data describing different hip joints. For simplicity, the data for each joint is referred to as

arecord. Nevertheless, the data need not be stored in any particular format and may be
stored in any appropriate data structure or storage system. Data for multiple joints may
be stored in a single data structure, and data for a single joint may be distributed across

many different data structures.

The database 300 stores multiple records 302a-302c¢ that each describe
characteristics of a different joint. The records 302a-302¢ can thus include information

about different hip joints of different individuals. Each record 302a-302c¢ describes (1) a
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range of motion for a hip joint and (2) the position of one or more alignments, such as

one or more impaction axes, for the hip joint relative to the range of motion.

Each record 302a-302c can describe a three-dimensional range of motion surface
304a-304c for a hip joint and the location of an intersection point 306a-306c. The
intersection point 306a-306¢ can indicate the location that an impaction axis intersects the
corresponding surface 304a-304¢. In some implementations, each record 302a-302¢ can
also indicate the location of a center point corresponding to the center of rotation of the
corresponding hip joint. Alternatively, the center of rotation points for the hip joints can
be calculated from the range of motion surfaces 304a-304c. Each record 302a-302c¢ can
also indicate the inclination angle and anteversion angle for the impaction axis defined by

the intersection point 306a-306¢ and the corresponding center point.

In some implementations, the impaction axes represented by the intersection
points 306a-306¢ can have the same inclination angle and the same anteversion angle.
For example, each intersection point 306a-306¢ can indicate a location corresponding to
the intersection of an axis having, for example, an inclination angle of 45 degrees and an

anteversion angle of 15 degrees for the corresponding hip joint.

Referring to FIGS. 12A and 12B, the computer system 310 identifies relationships
between the joint data in the records 302a-302¢. For example, the computer system 310
identifies correlations between the ranges of motion of the joints by identifying
correlations between the range of motion surfaces 304a-304c for different joints. The
correlations identified by the computer system 310 can include, for example,
commonalities among the range of motion surfaces 304a-304c, such as corresponding
landmarks of the range of motion surfaces 304a-304c. Landmarks can include portions

of boundaries 305a-305¢ (e.g., edges) of range of motion surfaces 304a-304c.

The computer system 310 uses the correlations to align the range of motion
surfaces 304a-304c in a common coordinate reference system. The range of motion
surfaces 304a-304c¢ can be individually aligned relative to a coordinate system or can be
directly aligned relative to each other. In some implementations, the computer system
310 can also scale the range of motion surfaces 304a-304c¢ to a common radius of

curvature,
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Referring to FIG. 13, an exainple of a technique for aligning the surfaces 304a-
304c¢ in a coordinate system includes determining a position of an axis relative to
landmarks of each surface 304a-304¢. Landmarks can include, for example, boundaries
305a-305c¢ of the surfaces 304a-304¢ as a whole, segments of the boundaries 305a-305c,
or particular points of the boundaries 305a-305¢c. Maximum and minimum points as well
as inflection points along the boundaries can also be identified and used as landmarks.
The computer system 310 identifies landmarks of the different surfaces 304a-3 040; and
aligns each surface 304a-304c¢ to a coordinate system using the landmarks. Although
landmarks may vary in shape and position from one range of motion surface to another,
the landmarks used can be characteristic features of range of motion surfaces that are
likely to be present in most range of motion surfaces, and thus can indicate correlations

between different surfaces.

In the example of FIG. 13, the computer system 310 identifies a first landmark
307a and a second landmark 308a of the range of motion surface 304a. The computer
system 310 defines an axis, Y}, through the landmarks 307a, 308a. The computer system
310 identifies correlations with the other range of motion surfaces 304b, 304¢ by
identifying landmarks corresponding to the first landmark 307a and the second landmark
308a. For each of the other range of motion surfaces 304b, 304c, the computer system
310 identifies a corresponding first landmark 307b, 307¢ and a corresponding second
landmark 308b, 308c. The computer system 310 defines an axis, Y3, Y3, respectively, for
each surface 304b, 304¢ based on the corresponding landmarks. For each surface 304a-
304c, the computer system 310 also determines the midpoint 309a-309c¢ of the distance
between the first landmark 307a-307c and the second landmark 308a-308c.

The computer system 310 aligns each of the axes, Y1, Y,, Y3, along a common
axis, Y. The computer system 310 also aligns the surfaces 304a-304¢ such that the
midpoints 309a-309¢ are each intersected by an axis, X, thus locating the midpoints at the
origin of the X-Y coordinate system. By using corresponding landmarks to align the
range of motion surfaces 304a-304c, correlations between the 304a-304c are reflected in
the resulting positions of the surfaces 304a-304c relative to each other in the coordinate
system. The surfaces 304a-304c¢, by virtue of being aligned to the same reference system

according to the same criteria, are thus also aligned relative to each other. Although only
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two axes are illustrated, the range of motion surfaces 304a-304c can describe the range of
motion in three-dimensions, and alignment as described above can orient the surfaces

304a-304c¢ in three dimensions of a coordinate system.

The computer system 310 can also use additional correlations beyond those
illustrated to orient the range of motion surfaces 304a-304c. For example, the computer
system 310 can determine a second axis, N, for the range of motioﬁ surface 304a based
on additional landmarks and can determine an angle, 8, between the axis, N, and the axis,
Y. A corresponding angle can be determined for the other range of motion surfaces
304b, 304c¢ and used to align each surface 304a-304c¢ to a coordinate system. The
computer system 310 can use commonalities among distances between landmarks, angles
between landmarks, areas of the surfaces 304a-304c, and other features to orient the
surfaces 304a-304¢. In addition, an axis of a coordinate system need not intersect a
landmark when aligning the surfaces 304a-304a, and various different relationships

between axes and landmarks can be established.

Rather than aligning each surface 304a-304c¢ individually to the coordinate
system, corresponding landmarks of the surfaces 304a-304c¢ can be directly aligned
relative to each other. In some implementations, the range of motion surfaces 304a-304c
are aligned relative to each other using data fitting techniques. Data fitting can be used to
align the surfaces 304a-304c relative to each other based on commonalities between the
boundaries 305a-305¢ of the various surfaces 304a-304c, particular landmark features of
the boundaries 305a-305c, or the areas spanned by the surfaces 304a-304c. For example,
data fitting can be used to determine positions of the surfaces 304a-304c that minimize
the overall error between the positions of corresponding landmarks. In some
implementations, particular landmarks need not be identified, and the entire boundaries

305a-305¢ or areas of the surfaces 304a-304c are aligned through data fitting.

Referring now to FIG. 12C, the computer system 310 generates a composite
representation 320 based on the joint data. The composite representation 320 includes
information about a generalized range of motion and the position of a generalized
impaction axis relative to the generalized range of motion. The computer system 310

uses the correlations between the range of motion surfaces 304a-304c to determine the
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generalized or composite representation 320. For example, the computer system 310 uses
the positions of the surfaces 304a-304c, aligned to a common reference system based on

corresponding landmarks, to determine the composite representation 320.

The surfaces 304a-304c are referred to herein as being correlated when
alignments of the surfaces 304a-304c¢ based on correlations among corresponding
features are known. Thus for the correlated surfaces 304a-304c, the computer system 310
stores data indicating, for example, the position of each surface 304a-304c relative to a

reference system.

The composite representation 320 can includes a composite range of motion
surface 322 calculated based on the boundaries 305a-305¢ of the range of motion
surfaces 304a-304c. To determine the boundaries 325 of the composite range of motion
surface 322, the computer system 310 uses data fitting, for example, to determine
boundaries 325 with least error relative to the correlated surfaces 304a-304¢ as a whole.
The computer system 310 alternatively determines an average or weighted average of the

boundaries 305a-305¢ of multiple surfaces 304a-304c.

The computer system 310 also analyzes the intersections of the impaction axes for
the joints described in the records 302a-302¢. The computer system 310 calculates
intersection points 324a-324¢ where the impaction axes of the correlated surfaces 304a-
304¢ would intersect the composite range of motion surface 322, From the intersection
points 324a-324c¢ corresponding to the different impaction axes, the computer system 310
determines a best-fit intersection point 326 on composite surface 322. For example, the
computer system 310 calculates the intersection point 326 to be the least error point

relative to the intersection points 324a-324c.

The intersection points 306a-306¢ of the records 302a-302¢ can each indicate the
position of an axis having a particular inclination angle and anteversion angle (e.g., 45
degrees and 15 degrees). As a result, the intersection point 326 represents an intersection
through the composite surface 322 of an axis having the same inclination angle and
anteversion angle (e.g., 45 degrees and 15 degrees). If the records 302a-302¢ indicate the
intersections of different axes with varying combinations of inclination and anteversion

angles, for example, 45 degrees and 15 degrees, 50 degrees and 20 degrees, 50 degrees
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and 15 degrees, and so on, the composite representation 320 can include intersection

points on the composite surface 322 for each of the different axes.

The computer system 310 identifies regions 330, 331, 332 extending about the
composite intersection point 326 that indicate statistical confidence levels for the position
of an impaction axis relative to the composite range of motion surface 322. For example,
the computer system 310 identifies multiple regions 330, 331, 332, each enclosing a
different portion of the composite range of motion surface 322, and that contain a
particular percentage of intersections from the impaction axes of the correlated records
302a-302c. The first region 330, the second region 331, and the third region 332 may
respectively include, for example, 90%, 95%, and 99% of the intersection points 324a-
324c¢ of the impaction axes of the correlated records 302a-302¢ through the composite

range of motion surface 322.

A database 300 can include both composite representations 320 and records 302a-
302¢ describing individual joints. The composite representation 320 can include, for
example, information that indicates a composite range of motion surface 322 and an
intersection point 326 for a composite impaction axis. A center of rotation point 328 (see
FIG. 13) for the surface 322 and a radius of curvature of the surface 322 can both be

derived from the surface 322, and can also be stored.

The intersection point 326 and the center of rotation point 328 define the position
of a composite axis 329 (see FIG. 13) relative to the composite range of motion surface
322. The composite axis 329 is thus based on the similarities between the positions of
impaction axes, each at the same known inclination and anteversion angles, relative to the
ranges of motion for the joints described in the records 302a-302¢c. As a result, the
composite axis 329 represents an axis having a particular set of inclination and
anteversion angles (e.g., 45 degrees inclination and 15 degrees anteversion) relative to the
composite surface 322. In some implementations, multiple composite axes can be
defined, each corresponding to a different combination of inclination angles and

anteversion angles.
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2.3 Using Stored Data for Alignment

The system 100 can assist a surgeon by determining the position of an impaction
axis using the hip joint data in the database 300, without requiring imaging data of the
joint being operated on. Data in the database 300 is used to determine the position of an

impaction axis for a joint not described in a record 302a-302c in the database 300.

The impaction axis for a joint can be defined by determining two points along the
impaction axis, a calculated center of rotation of the joint and a second point determined
relative to the limits of the range of motion of the joint. Data in the database 300
indicates the positions of one or more impaction axes at known inclination and
anteversion angles for j(;ints relative to ranges of motion for those joints. Relationships
between the impaction axes and the associated ranges of motion of the joints described in
the database 300 are used to determine the orientation of the second point along the
impaction axis for the joint not described in the database 300. Imaging data for the joint

is not needed to determine the trajectory of the impaction axis for the joint.

Referring to FIG. 14A, a surgeon establishes two references at positions that are
fixed relative to the joint 400 and moveable relative to each other as the joint 400 moves.
For exampie the surgeon implants a first EM field sensor 420 at the pelvis 402 and
implants a second EM field sensor 422 at the tip of the greater trochanter 408 of the
femur 406. The surgeon moves the joint 400 through a range of motion while the sensors
420, 422 are within the working volume of the EM field generator 21. The control unit
50 records locations 424 of the sensor 422 relative to the sensor 420 at multiple positions
of the joint 400, including positions at extremities of the range of motion of the joint 400.
Images or other representations 400°, 424’ of the joint 400 or points 426, or other data,

can be presented on the user interface 52.

Referring to FIG. 14B, as described for FIG. 10A, the control unit 50 calculates a
surface, such as a sphere 430, based on the measured locations 424. The control unit 50
calculates a center point 432 of the sphere 430, which corresponds to the center of motion
of the joint 400. The control unit 50 also calculates a range of motion surface 434, which
can be a portion of the sphere 430. The range of motion surface 434 approximates the

region spanned by the measured locations 424 of the sensor 422 during movement of the
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joint 400 through the range of motion. The positions of the sphere 430, surface 434,
measured locations 424, center of rotation 432 can be displayed or otherwise indicated on

the user interface 52.

Referring to FIG. 15, the control unit 50 determines a point 440 where an
impaction axis 446 intersects the range of motion surface 434. The intersection point 440
and the center point 432 define the position of the impaction axis 446 for the joint 400.
To identify the intersection point 440, the control unit 50 uses data from the database 300.
The control unit 50 can store the database 300 on an internal storage medium. In
addition, or alternatively, the control unit 50 accesses the database 300 over a network or

from a removable medium.

The location of the intersection point 440 on the surface 434 can be determined
based on the location of the intersection point 326 on the composite surface 322. For
example, the control unit 50 can locate a point 440 on the surface 434 corresponding to
the intersection point 326 relative to the composite surface 322. The corresponding point
440 can be one that has, for example, a similar location relative to the boundaries 435 of
the surface 434 as the point 326 has relative to the boundaries 325 of the composite
surface 322.

The position of the impaction axis 446 can be determined based on similarities of
the geometry of the surfaces 322, 434. For example, the position of the intersection point
326 relative to the boundaries 325 of the composite surface 322 is used to determine the
corresponding intersection point 440 of the impaction axis 446 relative to the boundaries
435 of the surface 434 for the joint 400. The control unit 50 can identify landmarks 327
of the composite surface 322 and can determine relative distances between the
intersection point 326 and the landmarks 327. The control unit 50 can then identify
landmarks 437 for the surface 434 corresponding to the landmarks 327 of the composite
surface 322, and can define the intersection point 440 at a location having similar relative

distances with respect to the landmarks 437 for the surface 434.

For example, the control unit 50 can align the two surfaces 434, 322 relative to
each other in a similar manner as described for FIG. 13. The control unit 50 orients the

surfaces 322, 434 in a common coordinate reference system using correlations between
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the surfaces 322, 434 including, for example, corresponding landmarks 437, 327 and
corresponding boundaries 325, 435. The control unit 50 can align the surfaces 322, 434
based on, for example, least error between the boundaries 325, 435 of the surfaces 322,
434, greatest degree of overlap of the area of the surfaces 322, 434, alignment of
landmarks 437, 327 of surfaces 322, 434, or a combination of these and other criteria.
Once the two surfaces 322, 434 are oriented relative to each other, the intersection point
326 on the composite surface 322 coincides with the corresponding location on the range
of motion surface 434. Thus the intersection point 440 can be selected as the location of
the intersection point 326 when the surfaces 322, 434 are aligned based on corresponding

features.

In some implementations, the intersection point 440 is determined using records
302a-302c¢ describing individual joints rather than a composite representation 320 of
multiple joints. For example, the control unit 50 can access one or more records 302a-
302c for different joints and can determine the location of the intersection point 440
based on one or more intersection points 324a-324c¢ described in the records 302a-302c.
The control unit 50 can also determine the intersection point using a subset of the records
302a-302c¢, for example, a subset of records that the control unit 50 selects based on a

high degree of similarity to the range of motion surface 434.

In some implementations, different composite representations are used for
different patients. For example, a different composite representation can be accessed for
patients having a small, medium, or large femoral neck length. Each composite
representation can be generated using data describing joints for which the range of
motion surface has a radius of curvature within a particular range. For patients having a
radius of curvature in a particular range, the appropriate implant likely has a femoral neck
length in a corresponding range. Similarly, a radius of curvature in a particular range can

correspond to a particular range of femoral stem sizes.

To determine the intersection point 440 for the joint 400, the control unit 50
selects the composite representation most appropriate for the radius of curvature of the
range of motion surface 434 of joint 400. Thus the intersection point can be determined

based on the propetties of joints having similar characteristics to the joint being operated
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on. In addition, each different composite representation can correspond to a different
femoral implant size or range of femoral implant sizes. The control unit 50 can suggest
to the surgeon a particular femoral implant or implant characteristic that is suited to the
joint 400 based on the particular composite representation used to calculate the
intersection point 440, based on the radius of curvature of the range of motion surface

434, or based on other aspects of the range of motion of the joint 400.

Referring to FIG. 16, the control unit 50 defines the impaction axis 446 for the
joint 400 through the point 432 corresponding to the center of rotation of the joint 400
and through the intersection point 440 located on the range of motion surface 434. The
positions of the range of motion surface 434, the center of rotation point 432, and the
second point are all known relative to the first sensor 420. Thus the system 100 can be
used to align instruments 30 with respect to the impaction axis 446 in the reference frame

of the first sensor 420.

The inclination angle and anteversion angle of the impaction axis 446 are also
known, because the impaction axis 446 is selected to correspond to the composite axis
329. The composite axis 329 represents a known inclination angle and anteversion angle.
Because the impaction axis 446 has a corresponding position relative to the range of
motion surface 434 as the composite axis 329 has relative to the composite surface 322,
the impaction axis 446 has the same inclination angle and anteversion angle as the
composite axis 329. Therefore, the position of the impaction axis 446, known relative to
anatomical references, can be used as a reference axis from which positions of

instruments 30 can be determined relative to anatomical references.

The control unit 50 calculates the alignments of instruments as described above
for FIGS. 5A and 5B, and outputs indications of the alignment of instruments 30 on the
user interface 52, as described above with respect to FIGS. 6, 7A, and 7B. The control
unit 50 also displays tolerances about the impaction axis 446 that indicate how closely an
alignment of an instrument corresponds to alignments for joints described in the database
300. For example, the control unit 50 can indicate the regions 330, 331, 332 which
would include intersections of a particular percentage of impaction axes described in the

database 300. For example, the regions 330, 331, 332 can be indicated that respectively
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contain at least 90%, 95%, and 99% of the impaction axes described in a sample set of
joint records 302a-302¢. The boundaries of the regions 330, 331, 332 can be accessed by

the control unit 50 or can be determined by the control unit 50.

In addition to indicating the alignment of the instruments 30 relative to the
impaction axis 446, the control unit 50 can indicate the preferred and current reaming
depths for reaming of the acetabulum of the joint 400. As described above, the control
unit 50 calculates the preferred reaming depth such that after impaction of an acetabular
shell, the center of rotation of the joint 400 will be located at the original the center of
rotation point 432 of the joint 400, or at a desired offset from the center of rotation point
432. Also, the control unit 50 can display the anteversion angle and inclination angle of

instruments 30, based on their position relative to the impaction axis 446.

In some implementations, the control unit 50 compares the shape and size of the
range of motion surface 434 for the joint 400 with the composite surface 322. When the
range of motion surface 434 is outside of a threshold level of similarity from the
composite range of motion surface 322, the control unit 50 indicates the difference on the
user interface 52, For example, the control unit 50 can determine, based on differences
between the surfaces 322, 434 that the joint 400 is abnormally flexible in one or more
aspects, which may warrant special considerations to ensure stability of the reconstructed
joint 400. The control unit 50 can thus alert the surgeon that caution or adjustment to the
procedure may be needed to ensure that the reconstructed joint 400 is not prone to
dislocation. The control unit 50 can suggest compensation for abnormal range of motion
characteristics, such as suggesting the use of a particular inclination angle or anteversion

angle calculated to compensate for the abnormality.

(3) Alignment for Femoral Resurfacing

A surgeon can use the system 100 to prepare a femur to receive a femoral implant.
Using input about the position and dimensions of the femoral neck, the system 100
calculates an axis for a femoral guide pin. The femoral neck can be measured intra-
operatively, so that no imaging data for the joint is needed. The system 100 also indicates

the alignment of instruments relative to the calculated axis to guide installation of the
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guide pin along the axis. The installed guide pin can then be used for reaming the

femoral head.

Referring to FIG. 17, the surgeon establishes a reference at a fixed location
relative to the femur 406 of the joint 400. For example, the sensor 422, previously used
to determine the range of motion of the joint 400, can be maintained at the greater
trochanter 408 of the femur 406. The sensor 422 can be located to avoid interference
with resurfacing of the femoral head 409 and femoral neck 410 or with implantation of a
femoral implant. The femur 406 and the sensor 422 are brought into the working volume

of the EM field generator 21.

The surgeon exposes and measures the femoral neck 410. For Aexample, the
surgeon measures different locations 456 on the surface of the femoral neck 410 by
contacting the femoral neck 410 with a probe 450 coupled to an EM field sensor 452.
The probe 450 includes an end 454, such as a narrow tip, that contacts the femoral neck
410. The location of the end 454 of the probe 450 is known and fixed relative to the
sensor 452 of the probe 450. For example, the distance between the sensor 452 and the
end 454 is known, allowing the control unit 50 to determine the position of the end 454

based on the signal produced by the sensor 452.

With the end 454 of the probe 450 in contact with the femoral neck 410, the
surgeon presses a button 451 or activates another trigger, causing the control unit 50 to
record the current position of the sensor 452 relative to the sensor 422. The control unit
50 determines the position of the sensor 452 of the probe 450 relative to the end 454 and
stores the location 456 of the end 454 contacting the femoral neck 410. The surgeon

moves the probe 450 and records additional locations 456 about the femoral neck 410.

In some implementations, the control unit 50 automatically records a location 456
in response to the probe 450 engaging the femoral neck 410. The end 454 of the probe
450 can include an element that is responsive to contact, such as a pressure sensitive
element or a depressible element. When contact with the end 454 occurs, the probe 450
sends a signal to the control unit 50, triggering the control unit 50 to record the current
position of the probe 450. Thus as the surgeon contacts the end 454 against the femoral

neck 410, the control unit 50 automatically records the contacted location 456.
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As the locations 456 are measured, the control unit 50 can indicate the position of
the probe 450 and indicate the locations 456 relative to the femur 406, for example, by
displaying indications 456’ on a three-dimensional view 406’ of the femur 406 on the

user interface 52.

Referring to FIG. 18, the cbntrol unit 50 uses the measured locations 456 to
calculate an axis 464 for insertion of a guide pin. For example, the control unit 50
extrapolates from the measured locations 456 to calculate a cylinder 462 about the
femoral neck 410. The cylinder 462 can be calculated to have a least error size and
alignment relative to the locations 456. Alternatively, the cylinder 462 can be calculated
to have a radius that encompasses substantially all of the locations 456. The control unit
50 calculates the central axis 464 of the cylinder 462, which is the preferred trajectory of
the guide pin. The control unit 50 may display a three-dimensional view similar to the

view illustrated in FIG. 16 on the user interface 52.

Referring to FIG. 19, the control unit 50 displays a view of the cylinder 462 on the
user interface 52. For example, the control unit 50 displays a view of the cylinder 462
aligned through the central axis of the cylinder 462. The radius of the cylinder 462 can
also be determined and indicated on the user interface 52. The measured locations 456
and a point 466 indicating the central axis 464 are also indicated on the user interface 52.
Using the user interface 52, the surgeon can adjust the location of the cylinder 462
relative to the measured locations 456, and thus alter the position of the axis 464 relative
to the measured locations 456. For example, the surgeon can shift the position of the
cylinder 462 and its central axis 464 in a direction normal to the cylinder 462, adjusting
an offset of the cylinder 462 relative to the femoral neck 410. In some implementations,
when the center of rotation of the joint 400 is determined, as described above, the center

of rotation point 432 can be indicated on the user interface 52.

Referring to FIG. 20, the control unit 50 indicates the alignment of instruments
relative to the femur 406. The surgeon uses a drill 470 that includes an EM field sensor
472 coupled at a known, fixed position relative to the drill 470. The drill 470, with its
attached sensor 472, and the femur 406 with the implanted sensor 422 are brought into

the working volume of the EM field generator 21. Based on the signals received from the
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sensors 422, 472, the control unit 50 calculates the position of the drill 470 relative to the
axis 464.

Alternatively, rather than using a sensor 472 coupled to the drill 470, the drill 470
can be coupled to the EM field generator 21 at a known position. The position of the
implanted sensor 422 relative to the EM field generator 21 thus indicates the position of
the drill 470 relative to the sensor 422, and can be used to determine the orientation of the

drill 470 relative to the axis 464.

On the user interface 52, the control unit 50 displays an indication 470’ of the
position of the drill 470 and an indication 464’ of the position of the axis 464 relative to
the drill 470. For example, the control unit 50 indicates angular deviations and
translational offsets from the axis 464. The control unit 50 can display an illustration
showing three-dimensional aspects of the femur 406, based on the measured locations
456, and the alignment of the axis 464 aI;d the alignment of the drill 470 relative to the
femur 406.

The surgeon fits a guide pin 474 on the drill 470 and implants the guide pin 474
along the axis 464, as indicated by the control unit 50. As the guide pin 474 is inserted,
the control unit 50 updates the information displayed on user interface 52 to reflect the
current position of the drill 470 relative to the axis 464, based on signals received from
the sensors 422, 472. After the guide pin 474 is implanted, the surgeon visually confirms
correct placement of the implanted pin 474 relative to anatomical features of the femur
406. With the guide pin 474 in place, the surgeon uses the guide pin 474 to align cutting

tools to prepare the femur 406 to receive a femoral implant.

In addition, the radius of the cylinder 462 can be used to select the size and
configuration of tools used to cut the femoral head 409. For example, a surgeon can
configure cutting tools to ensure that cutting of the femoral neck 410 does not occur
within a particular radius of the guide pin 474, to avoid creating a notch in the femoral
neck 410 while preparing the femur 406. The radius about the guide pin 474, in which

cutting does not occur, can be the radius of the cylinder 462.

Based on the measurement of the range of motion for the joint 400, the system

100 calculates the center of rotation point 432 for the joint 400 relative to the implanted
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sensor 422. The center of rotation point 432 is a point located inside the femoral head
409. The center of rotation point 432, determined prior to dislocation of the joint 400,
can be used by the control unit 50 to determine, for example, the appropriate depth to
ream the femur 406 or the preferred location at which to perform an osteotomy of the

femoral neck 410.

(4) Locating a Surgical Axis

A surgeon can use the system 100 to determine a surgical alignment for one bone
of a joint based on the position of another bone of the joint. For example, for the hip
joint 400, the position of the femoral guide pin axis 464 (FIG. 18) can be used to
determine the position of an impaction axis relative to the pelvis 402. This technique,
described in further detail below, is an alternative to the methods of determining the

position of an impaction axis using a guide or using joint data for other joints.

The surgeon attaches a first reference, the first sensor 420, at a fixed position
relative to the pelvis 402 and attaches a second reference, the second sensor 422, at a
fixed position relative to the femur 406, as described with respect to FIG. 14A. The
second reference 422 need not be placed at the tip of the greater trochanter 408, but may
be located there. Optionally, the range of motion of the joint 400 and the center of
rotation of the joint 400 can be determined relative to the first sensor 420 using the

techniques described with respect to FIG. 14A.

Referring to FIG. 21A, the surgeon dislocates the joint 400. The surgeon
determines an alignment relative to the femur 406, for example, a substantially central
axis through the neck 410 of the femur 406. This axis can be the guide pin axis 464
determined as described with respect to FIGS. 17 and 18, determined based on measured
locations 456 about the neck 410 of the femur 406. The control unit 50 determines the
position of the guide pin axis 464 relative to the second sensor 422. Alternatively, rather
than determining the position of a substantially central axis through the neck 410 of the
femur 406, the position of a different axis having a known anatomical alignment relative

to the femur 406 can be determined.
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Referring to FIG. 21B, rather than inserting a guide pin along the guide pin axis
464, the surgeon reduces the joint 400. With the joint 400 reduced, the surgeon places the
femur 406 at a known position relative to the pelvis 402. For example, the surgeon
places the leg of the patient in a neutral position. The neutral position can be a “zero-
degree” position corresponding to full extension of the hip, for example, a position in
which the femur 406 extends straight in a similar manner as if the patient were standing.
In the neutral position, the guide pin axis 464, which represents a substantially central
axis through the femoral neck 410, coincides with the preferred impaction axis for

installing an acetabular implant.

The surgeon brings the identifier 20 near the joint 400 so that the first sensor 420
and the second sensor 422 are in electromagnetic communication with the identifier 20.
The surgeon selects a control of the control unit 50, indicating that the femur 406 is
positioned in the neutral position. In response, the control unit 50 uses sensor signals
from the first sensor 420 and the second sensor 422 to calculate the position of each
sensor 420, 422 relative to the identifier 20. With the positions of the sensor 420, 422
known relative to the same reference, the control unit 50 calculates the position of the

second sensor 422 relative to the first sensor 420.

As described above, the control unit 50 previously determined the position of the
guide pin axis 464 relative to the second sensor 422. The control unit 50 uses (i) the
offset between the first sensor 420 and the second sensor 422 and (ii) the offset between
the second sensor 422 and the guide pin axis 464 to determine the position of the guide
pin axis 464 relative to the first sensor 420. Because the joint 400 is in the neutral
position, the position of the guide pin axis 464 is the position of the impaction axis 465
for the joint 400. The control unit 50 records the position of the guide pin axis 464,

determined relative to the first sensor 420, as the position of the impaction axis 465.

The surgeon dislocates the joint 400 and aligns instruments relative to the
impaction axis 465, for example, as described with respect to FIGS. 5A and 5B, by
coupling the identifier 20 or a third sensor to the instrument 30. The control unit 50
displays information indicating the current position of the instrument 30 relative to the

joint 400 and relative to preferred alignments, as described with respect to FIGS. 6, 7A,
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and 7B. Although the inclination angle and the anteversion angle of the impaction axis
465 may not be precisely known, the control unit 50 can display, with a margin of etror, a
likely inclination angle and anteversion angle corresponding to the impaction axis 465.
The surgeon uses the output on the user interface 52 to ream the acetabulum of the joint

400 and to install an acetabular implant along the impaction axis 465.

In some implementations, the position of the impaction axis can be determined by
positioning the femur 406 in a known position relative to the pelvis 402 different from
the neutral position of the joint 400. For example, the position of the sensors 420, 422
can be measured at 90 degrees of flexion. The control unit 50 can use a known offset or
relationship (known for the particular hip joint 400 or for hip joints generally) between
this position and the neutral position of hip joints to determine the position of the
impaction axis 465 from the position of the guide pin axis 464. In a similar manner, a
calculated position relative to the femur 406 other than a substantially central axis
through the femoral neck 410 may be used, together with a known relationship between

the calculated position and the femoral neck 410.

As an alternative, after determining the position of the guide pin axis 464, a hole
can be drilled along the guide pin axis 464 before reducing the joint 400 and determining
the position of the impaction axis 465. The surgeon inserts a third sensor into the guide
pin hole along the guide pin axis 464, in alignment along the guide pin axis 464. The
surgeon reduces the joint 400 while the third sensor resides within the femoral head 409
or the femoral neck 410. The surgeon then positions the joint 400 in the neutral position
and uses the control unit 50 to record the position of the third sensor relative to the first
sensor 420 while the joint 400 is in the neutral position. In the neutral position of the

joint 400, the third sensor is aligned along the preferred impaction axis 465 of the joint.

The surgeon again dislocates the joint 400 and removes the third sensor from the
guide pin hole. The surgeon can couple the third sensor at a known position of the
instrument 30. As the surgeon moves the instrument 30, the control unit 50 can indicate
the position of the third sensor relative to the previously measured position of the third

sensor. The output of the control unit 50 can assist the surgeon to return the third sensor
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to its previous position along the impaction axis 465 or to a particular offset from the

impaction axis, thus aligning the instrument relative to the impaction axis 465.

The same technique may be used to determine an alignment for joints other than
hip joints, including ball and socket joints such as a shoulder joint. For example, the
surgeon can place a first sensor at a fixed position relative to the scapula and a second
sensor at a fixed position relative to the humerus. The surgeon dislocates the shoulder
joint, and measures locations on the humerus similar to the locations measured on the
femoral neck for a hip joint. Using the measured locations, the control unit 50
determines the position of a first axis relative to the second sensor, which is on the
humerus. The first axis has a known position relative to the humeral head, for example,
the control unit 50 determines a position of substantially central axis through the

anatomical neck of the humerus, or another known position relative to the humerus.

The surgeon then reduces the shoulder joint, and aligns the humerus to a known
position relative to the scapula. The known position can be a neutral position, for
example, a position corresponding to the patient’s arm at her side, with the longitudinal
axis of the humerus generally parallel to the longitudinal axis of the patient’s body.
While the shoulder joint is in the known position, the surgeon uses the control unit to
determine the position of the first axis relative to the first sensor. The surgeon uses the
control unit 50 to determine the position of an impaction axis for preparation and
installation of a glenoid implant for the shoulder joint. The impaction axis may not
coincide with the first axis when the shoulder joint is in the neutral position, but
nevertheless can have, for shoulder joints generally, a known angular offset and
positional offset from the ana‘;omical position represented by the first axis when the joint
is in the neutral position. In a similar manner as described above, the control unit 50
determines the position of the impaction axis based on the position of the second sensor
relative to the first sensor, the position of the first axis relative to the second sensor, and a

standard offset between the first axis and the position of an impaction axis.
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(5) Trialing Techniques

A reference, such as an EM field sensor, can be attached to a trial component
(e.g., a trial implant) or a permanent implant to determine the suitability of the trial
component or the implant for a particular joint. For example, a surgeon can use the
system 100 can to select an appropriate femoral component for the hip joint 400. Similar
techniques can be used to select an acetabular implant, or to select implants for another

type of joint, such as a shoulder joint.

Referring to FIG. 22A, the location of the center of rotation point 432 of the joint
400 has been determined, for example, as described with respect to FIGS. 14A and 14B.
The position of a preferred femoral neck axis for the femur 406, such as the guide pin
axis 464, has also been determined, for example, as described with respect to FIGS. 17
and 18. These positions are stored by the control unit 50 as relative positions from
second sensor 422, which is attached at a fixed location relative to the femur 406. The
positions of the center of rotation point 432 and axis 464 are properties of the joint 400

indicating, for example, preferred alignments that should be matched by an implant.

The surgeon prepares the femur 406 to receive an implant, for example, by
performing an osteotomy of the femoral neck 410 and femoral head 409. The surgeon
also reams into the femur 406 along the longitudinal axis of the femur to define an
opening 411 in the femoral canal. The femur 406 is thus prepared to receive a femoral

implant.

Referring to FIG. 22B, the control unit 50 accesses data indicating the
characteristics of one or more trial components. For example, the control unit 50 can
access a trial component library including data for each of multiple femoral trial
components. For each trial component, the data can indicate one or more of neck length,
neck height, neck angle, neck length, offset from a stem axis 453, a component width or
other dimension, and other characteristics. The data can also indicate positions of a

trunnion or other fastener to receive a ball head.

The characteristics indicated by the data can include functional characteristics that
define how a joint receiving the trial component will operate. Functional characteristics

can include the position of a neck axis 455, for example the position of a substantially
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central axis through the neck of the trial component. Functional characteristics can also
include a joint center of rotation point 457, which can represent a center of rotation that
would result for a joint due to installation of the implant. The data can also describe
adjustments to the trial component and offsets that can be achieved from standard
positioning, for example, through the use of ball heads with different dimensions. In
some implementations, different ball heads can be used to achieve different center of

rotation points for the same trial component or implant.

The data can include data about trial components and corresponding implants for
multiple implant types. The data can also describe modular implant systems, permitting
the control unit 50 to determine the dimensions and characteristics of different
combinations of modular components. In some implementations, the data for a trial
component represents a model 459 indicating external surface dimensions of the trial
component. The control unit 50 can use the model 459 not only to determine positions
along the exterior of a matching trial component, but also to display a two-dimensional or

three-dimensional visualization of the trial component.

The data also describes the position of one or more landmarks 461a, 461b relative
to the trial component. As a result, the characteristics of each trial component can have a
known relationship relative to the landmarks. For example, the positions of the neck axis
455, the joint center of rotation point 457, and surfaces of the trial component represented

by the model 459 can be known relative to each landmark 461a, 461b.

Using the user interface 52, the surgeon enters her preferences, such as the
preferred type of implant or implant system to be used during the procedure. Using the
data in the trial component library, the control unit 50 compares the characteristics of trial
components with the known characteristics of the femur 406 and the joint 400. For
example, the second reference 422 can be located at an anatomic reference location of the
femur 406, such as the tip of the greater trochanter 408, and the location can be input to
the control unit 50. The control unit 50 uses the distance between the center of rotation
point 432 and the second reference 422 to determine a neck length for a trial component
likely to match the characteristics of the joint 400. Similarly, the control unit 50 uses the

location of the center of rotation point 432 relative to the location of the second reference
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422 to determine a neck angle for a trial component. The control unit 50 uses the
location of the center of rotation point relative to the axis 464 to determine an offset
needed, if any, to achieve the joint center of rotation point 432. The control unit 50
selects one or more trial components that are likely to result in the correct joint
characteristics, and provides information indicating the selected trial components on the

user interface 52.

Referring to FIG. 23, the surgeon selects a trial component 463, which may or
may not have been suggested by the control unit 50, and indicates on the user interface 52
which trial component 463 is selected. For example, the surgeon enters a product code
for the trial component 463 or a corresponding implant, or selects from among options
displayed on the user interface 52. If modular components or adjustable components are
used, the surgeon indicates the particular combination or configuration of components

used.

The surgeon inserts the trial component 463 in the femur 406. The surgeon also
attaches a third EM sensor 467 at the landmark 461b. The sensor 467 can be attached to
the trial component 463 before or after the trial component 463 is inserted in the femur
406. The landmark 461b can be, for example, a location in a bore configured to receive a
screw or other fastener. To achieve a known position at the landmark 461, a housing of
the sensor 467 can engage a bottom of the bore. Alternatively, a portion of the housing of
the sensor 467 can engage the trial component 463 to be level with an exterior surface of
the trial component. The control unit 50 accesses information indicating the location of
the landmark 461b on the trial component 463. For example, the surgeon can input
information identifying the landmark 461b. Alternatively, the surgeon can select a

landmark 461b suggested by control unit 50.

The control unit 50 accesses data indicating the characteristics of the trial
component 463 from the trial component library. The data indicates, for example, an
offset between the landmark 461b and a neck axis 468 of the trial component 463 and an
offset between the landmark 461b and a point 469 of the trial component 463
corresponding to a center of rotation. Because the third sensor 467 is located at the

landmark 461b, the offsets can be used to determine the position of the neck axis 468 and

68



10

156

20

25

WO 2012/173890 PCT/US2012/041613

the point 469 relative to the position indicated by signals produced by the third sensor
467.

When the trial component 463 is coupled to the joint 400, the trial component 463
defines new properties for the joint 400. For example, one property is a new femoral axis
coinciding with the neck axis 468 of the trial component 463. When the trial component
463 is coupled to the femur 406, the neck axis 468 replaces the natural neck axis (e.g., the
guide pin axis 464) of the femur 406. Another property of the joint 400 defined by the
trial component 463 is a new center of rotation point for the joint 400. With the trial
component 463 installed, the joint 400 has a new center of rotation point, defined by the

characteristics of the trial component 463 to be located at the point 469.

To determine whether the new properties of the joint 400 are acceptable, the
surgeon brings the femur 406 near the identifier 20 such that the second sensor 422 and
the third sensor 467 are within the working volume of the EM field generator 21. The
control unit 50 determines the position of the third sensor 467 relative to the second
sensor 422 based on the signals produced by the sensors 422, 467. Using the offsets
accessed from the data in the trial component library, the control unit 50 determines the
position of the neck axis 468 and the center of rotation point 469 relative to the first
sensor 420. While the trial component 463 is coupled to the femur 406 in the current

position, these positions represent current properties of the joint 400.

The control unit 50 compares the current position of the neck axis 468 with the
position of the preferred neck axis 464, determining, for example, one or more angular
and translational offsets. For example, the control unit 50 can determine an angle, B, that
represents a difference in the angle of inclination between the neck axis 468 and the
preferred neck axis 464. The control unit 50 also compares the location of the center of
rotation point 469 of the trial component 463 with the location of the preferred center of
rotation point 432 for the joint 400, determining an offset, D, between the locations.
Thus the control unit 50 determines differences between the initial properties of the joint
400 and the properties of the joint 400 achieved with the trial component 463 coupled at

its current position.

69



10

15

20

25

30

WO 2012/173890 PCT/US2012/041613

In some implementations, the control unit 50 displays on the user interface 52 an
illustration of the femur 406 and the trial component 463, and displays the positions of
the axes 464, 468 and the points 432, 469. The control unit 50 also indicates the
differences between the preferred positions and the positions achieved by the trial

component 463.

The control unit 50 determines whether the characteristics of the current trial
component 463 are within an acceptable tolerance from the preferred characteristics. For
example, the control unit 50 can compare the difference between the first property and
the second property to a threshold. If the calculated difference satisfies the threshold, the
control unit 50 indicates on the user interface 52 that the current trial component 463

provides acceptable joint characteristics.

If the characteristics of the trial component 463 are not acceptable, the control
unit 50 compares the current characteristics of the trial component 463 to a range of other
joint characteristics achievable with the same trial component 463 through adjustment or
addition of a particular modular component, such as a ball head with particular
characteristics. The control unit 50 determines whether a particular ball head or
adjustment to the trial component 463 can achieve the preferred joint characteristics. If
so, the control unit 50 identifies the component or adjustment that produces the preferred
characteristics and indicates the component or adjustment on the user interface 52. When
a modular implant system is used, the control unit 50 can indicate one or more

combinations of components that achieve the desired joint characteristics.

If no component or adjustment described in the trial component library can
produce the preferred joint characteristics with the trial component 463, the control unit
50 indicates that the trial component 463 is unacceptable. The control unit 50 can also
indicate a reason that the trial component is unacceptable, for example, because the neck

is 4 mm too short,

Using the data in the trial component library, the control unit 50 identifies a
second trial component that can achieve the preferred joint characteristics. For example,
the control unit 50 accesses trial component models 471a-471c in the trial component

library to select a trial component that most closely produces the preferred joint
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characteristics and satisfies the surgeon’s preferences. The control unit 50 can select the
second trial component, for example, one corresponding to the model 471c, to correct for
the offsets, B, D, from the preferred joint center of rotation 432 and the preferred neck

axis 464 that resulted from using the trial component 463.

If the trial component 463 is unacceptable, the surgeon removes it from the femur
406 and removes the sensor 467 from the trial component 463. The surgeon inserts a new
trial component in the femur 406, for example, a trial component corresponding to the
model 471c that the control unit 50 determined to be most likely to achieve the desired
joint characteristics. The surgeon inserts the third sensor 467 at a landmark of the second
trial component, and uses the control unit 50 to compare the characteristics of the second
trial component relative to the preferred joint characteristics in the same manner as

described above for the first trial component 463.

The surgeon can repeat the trialing process until a trial component with acceptable
characteristics is identified. The surgeon can then reduce the joint 400 with the
appropriate trial component and a ball head in place to measure the range of motion of
the joint, including using the techniques described below with respect to FIGS. 26A and
26B. When the surgeon is satisfied that the joint 400 exhibits the appropriate
characteristics with a particular trial component, the surgeon selects a permanent implant
having the same features as the selected trial component, and installs the permanent

implant in place of the trial component.

In some implementations, rather than attaching a sensor at a landmark of a trial
component, a sensor can be attached to a broach or other instrument used to install the
trial component. When the trial component is correctly placed in the femur 406, the
surgeon uses the control unit 50 to determine the position of the sensor on the broach
relative to the sensor 422 on the femur 406. The control unif 50 can use a known position
of the sensor relative to the broach and a known position of the broach and the trial
component to determine positions of the trial component from the position of the sensor

attached to the broach.

The trialing techniques described above can also be used for a shoulder joint, for

example, to trial humeral implants. In a similar manner as described above, the control
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unit 50 can use data about humeral trial components to intraoperatively provide
information about, among other characteristics, distances between the natural center of
rotation of the shoulder joint and the new center of rotation of the shoulder joint with a

particular humeral trial component or implant.

(6) Measuring Joint Characteristics

A surgeon can use the system 100 to measure characteristics of a joint. The
measured characteristics can be compared with previously measured characteristics for
the joint to determine the suitability of a component or to assess the quality of a

completed procedure.

Referring to FIG. 24A, the surgeon uses the control unit 50 to record information
indicating the range of motion of the joint 400. The range of motion is recorded, for
example, at the beginning of a surgical procedure to indicate the kinematics of the joint
400 prior to adjustments during the procedure. As described above, sensors 420, 422 can
be located at positions that are fixed relative to the joint 400, yet moveable relative to
each other as the joint 400 moves. As illustrated, the first sensor 420 can be implanted at
the pelvis 402, and the second sensor 422 can be implanted at the femur 406. While the
sensors 420, 422 are located in the working volume of the EM field generator 21, the
surgeon moves the joint 400 through its range of motion. The control unit 50 records a
first set of locations 424 of the second sensor 422 relative to the first sensor 420 at
different positions of the joint 400, which include positions corresponding to the limits of

the range of motion of the joint 400.

The control unit 50 calculates an approximation for the first set of recorded
locations of the second sensor 422 relative to the first sensor 420. For example, as
described above, the control unit 50 extrapolates the best-fit sphere 430 about the joint
400. The center point 432 of the sphere 430 corresponds to the center of rotation of the
joint 400. The control unit 50 also calculates the range of motion surface 434, a portion

of the sphere 430 that approximates the region spanned by the first set of locations 424.
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In some implementations, the surgeon can also enter parameters on the control
unit 50 to indicate a preferred range of motion for the joint 400, which may be different
from the range of motion indicated by the surface 434. For example, the surgeon may
expand, restrict, shift, or reshape the surface 434 to set a preferred range of motion,

according to the need of the patient.

Referring to FIG. 24B, the surgeon moves the joint 400 through a second range of
motion, for example, after an adjustment to the joint 400. For example, the second range
of motion can be performed after the insertion of a prosthesis or after reconstruction of
the joint 400. The second range of motion can be performed after insertion of a trial

component to test the suitability of the trial component.

The control unit 50 records a second set of locations 477 of the second sensor 422
relative to the first sensor 420, each corresponding to different positions of the joint 400
through the second range of motion. The second range of motion can be performed with
the second sensor 422 at the same position relative to the femur 406 as during movement
through the first range of motion. Thus the trajectory traced by the second sensor 422
during the second range of motion can be directly comparable with the trajectory of the
second sensor 422 during the first range of motion. Alternatively, if the second sensor
422 has been moved, or if a different sensor is attached to the femur 406, the control unit
50 correlates the locations to shift the recorded locations such that the data is known as if

the second sensor 422 had remained in its original position relative to the femur 406.

The control unit 50 calculates an approximation for the second set of locations
477. For example, the control unit 50 extrapolates a second sphere 480 using the second
set of locations 477, where the center point 482 of the second sphere 480 corresponds to a
current center of rotation of the joint 400. Using the second set of locations 477, the
control unit 50 identifies a surface 484 on the second sphere 480 that approximates the

new range of motion for the joint 400.

The control unit 50 identifies differences between the original or preferred
measured joint characteristics and the later-measured joint characteristics. For example,
the control unit 50 determines whether the center point 482 of the second sphere 480 is

offset from the center point 432 of the first sphere 430. ‘The control unit 50 also
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compares the radius of the second sphere 480 with the radius of the first sphere 430 to
determine whether the length of the patient’s leg has been altered by the procedure. ‘The
second sphere 480 is indicated as smaller than the first sphere 430 if the patient’s leg has
been shortened during the procedure. The control unit 50 determines a difference in leg
length, and if the difference in length is zero, the leg has not been altered by the between
the measurement of the first set of locations 424 and the second set of locations 477. In
addition, the control unit 50 compares the limits of the original range of motion with the
limits of the second range of motion, for example, by comparing the second range of

motion surface 484 with the original range of motion surface 434.

The control unit 50 indicates the differences between the original range of motion
and the current range of motion. For example, the control unit 50 displays a depiction of
the calculated spheres 430, 480 or range of motion surfaces 434, 484 about a three-
dimensional view of the joint 400. The control unit 50 can also display the center of

rotation points 432, 482 and measured locations 424, 477.

‘When the control unit 50 determines that the current characteristics for the joint
400 differ from the original characteristics for the joint 400, the control unit 50 calculates
suggested changes to correct the differences. For example, the control unit 50 determines
a suggested offset to correct a shift in the center of rotation of the joint 400, and a
suggested adjustment to correct an alteration in leg length. The control unit 50 also
indicates adjustments to realign the range of motion indicated by the surface 484 with the
surface 434. The control unit 50 indicates the suggésted changes to the joint 400 on the
user interface 52, allowing the surgeon to adjust the joint 400 to achieve the originally

measured characteristics.

After adjustments are made to the joint 400, for example, after adjusting the joint
400 based on the suggested changes indicated on the user interface 52, additional range
of motion measurements can be made. The control unit 50 can measure a third set of
locations of the sensor 422 relative to the sensor 420, calculate a best-fit sphere and range
of motion surface based on the third set of locations, and determine whether the
adjustments succeeded in restoring the preferred joint characteristics. Range of motion

measurements and comparisons with original joint characteristics can be repeated until
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the surgeon is confident that the kinematics of the joint 400 match the preferred
kinematics of the joint, which may be the kinematics measured prior to the surgical

procedure.

(7) Determining Alignments for Revision Procedures

The surgeon can use the system 100 to determine alignments and to select
implants for revision arthroplasty procedures. For example, the surgeon can use the
system to quickly determine joint characteristics such as the position of a center of

rotation of a joint.

Referring to FIG. 25A, the joint 400 is shown after a primary arthroplasty has
been completed. A femoral implant 490 is installed at the femur 406, and an acetabular

implant 491 is installed in the acetabulum of the joint 400.

For a revision surgery, the surgeon identifies the types of implants 490, 491
installed in the joint 400. For example, the surgeon can identify the product codes or
other identifying information for the implants 490, 491. The surgeon inputs information
identifying the implants 490, 491 into the control unit 50. The control unit 50 can access
an implant library that, like the trial component library, describes the characteristics of
multiple implants. The control unit 50 accesses data indicating the characteristics of the
implants 490, 491. The surgeon can also input to the control unit 50 additional
information about the reconstructed joint 400, such as information identifying a ball

component of the joint 400.

The surgeon attaches three EM sensors 481, 483, 485 at the joint 400. The first
sensor 481 is attached at a fixed location relative to the pelvis 402, for example on the
pelvis 402. The second sensor 483 is located at a fixed location relative to the femur, for
example, on the femur 406. The third sensor 485 is attached at a landmark of the femoral
implant 490. The surgeon orients the identifier 20 so that the sensors 481, 483, 485 are
located within the working volume of the EM field generator 21.

The control unit 50 receives signals from the sensors 481, 483, 485, and

determines the positions of the sensors 481, 483, 485 relative to each other. The control
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unit 50 uses standard characteristics of the femoral implant 490, determined based on
data from the implant library, to determine the position of a center of rotation point 493

and a femoral neck axis 494 with respect to the sensors 481, 483, 485.

The control unit 50 determines the center of rotation point relative to both the first
sensor 481 and the second sensor 483. Thus when the joint 400 is reduced, the position
of the center of rotation point 493 can be known with respect to the pelvis 402 and the
femur 406 using different sensors 481, 483.

The surgeon can move the femur 406 into a known alignment relative to the
pelvis such that the position of the femoral neck axis 494 has a known position relative to
a preferred impaction axis. For example, as described with respect to FIG. 21B, the
surgeon moves the femur 406 into a neutral alignment relative to the pelvis 402, in which
the femoral neck axis 494 coincides with the preferred impaction axis. In the neutral
position of the joint 400, the surgeon uses the control unit 50 to record the position of the
sensors 481, 483, 485/ relative to each other, and the control unit 50 designates the
position of the femoral neck axis 494 while the joint 400 is in the neutral position to be

the position of the impaction axis.

In some implementations, rather than aligning the joint 400 in a neutral position to
determine the position of the impaction axis, a fourth EM sensor can be attached to a
landmark having a known position relative to the acetabular implant 491. The control
unit 50 accesses data in the implant library indicating characteristics of the acetabular
implant 491, and uses the data to determine the position of the impaction axis relative to
the landmark. Because the fourth sensor is located at a known, fixed position relative to
the acetabular implant 491, the surgeon can determine the position of the impaction axis
along which the acetabular implant 491 was installed using the first sensor 481 and the

fourth sensor, without using the position of the femoral neck axis 494.

In addition, when using the fourth sensor to determine the position of the
impaction axis, the control unit 50 can be used to determine whether the impaction axis
(determined based on the installed position of the acetabular component 491) coincides
with the femoral neck axis 494 (determined based on the installed position of the femoral

implant 490). The surgeon can position the joint 400 in the neutral position and can use
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the control unit 50 to compare the position of the femoral neck axis 494 with the position
of the impaction axis. The control unit 50 can calculate offsets between the axes and can

use the offsets to adjust the preferred axes for the revised joint 400.

Optionally, while the joint 400 is reduced, the surgeon can measure the range of
motion of the joint 400 as described with respect to FIG. 24A. The range of motion
resulting from the primary arthroplasty can be compared with ranges of motion measured
during and after the revision arthroplasty to determine whether an appropriate range of

motion has been achieved.

Referring to FIG. 25B, the surgeon dislocates the joint 400, and if the procedure
so requires, removes the femoral implant 490. The second sensor 483 remains on the
femur 406, such that the position of the original center of rotation point 493 and the
original femoral neck axis 494 can are known relative to the femur 406, by virtue of their

known position relative to the second sensor 483.

In a similar manner, the surgeon can remove the acetabular implant 491. Because
the position of the impaction axis is known relative to the first sensor 481, which remains
attached to the pelvis 402, the surgeon can use the system 100 to position instruments and

implants relative to the impaction axis.

Referring to FIG. 26A, the surgeon can enter offsets on the control unit 50 to alter
the desired characteristics of the joint 400. For example, if the center of rotation resulting
from of the primary arthroplasty is undesirable, the surgeon can set a new center of
rotation point 495 by indicating an offset from the previous center of rotation point 493.
The control unit 50 uses the techniques described above to select trial components and
implants that achieve the desired joint characteristics. For example, the control unit 50
can identify and suggest new implants that achieve the new center of rotation point for

the joint 495.

Referring to FIG. 26B, after the surgeon completes the trialing phase of the
procedure, the surgeon installs a femoral implant 498 and an acetabular implant 499. The
surgeon reduces the joint 400 and attaches the sensor 485 at a landmark of the femoral
component 485. The surgeon uses the control unit 50 to determine one or more

characteristics of the joint 400 based on the position of the sensor 485 and the known
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characteristics of the femoral implant 498. For example, the control unit 50 calculates the
location of the current center of rotation point 497 and compares it with the location of
the center of rotation point 493 of the joint 400 before the revision arthroplasty. Thus the
surgeon can compare characteristics of the joint 400 after the revision to the
characteristics of the joint from the primary arthroplasty to determine whether the goals

of the revision have been achieved and whether additional adjustments should be made.

Combinations of the above techniques can be used. When beginning an
arthroplasty procedure, the control unit 50 can display a list of options to permit the
surgeon to customize the procedure. For example, the control unit 50 can permit the
surgeon to select which method the surgeon prefers to use to determine the position of the
impaction axis for the joint. As another example, the surgeon may select to use the
system 100 for installing an acetabular implant, but select to not use the system 100 for
assistance when preparing a femur to receive a femoral implant. The control unit 50 thus
permits the surgeon can create a customized surgical plan by selecting “a la carte”
options at the beginning of the procedure. During the procedure, the control unit 50
streamlines the procedure by omitting steps and functionality that are not desired by the

surgeon.

Referring to FIG. 27, the control unit 50 includes an input module 110, a
processing module 120, and an output module 130. The control unit 50 also includes a
control module 140, a communication module 150, and a power supply (not shown).
Although the functions of the control unit 50 are described as modules, the functions
need not be performed by separate components. For example, a single processor may
perform operations to enable the functionality of multiple modules. As another example,

a single component or interface may provide both input and output functionality.

The input module 110 includes a sensor interface 112 to receive signals from EM
field sensors. The sensor interface 112 can include a wired communication link, a
wireless communication link, or both. The sensor interface 112 can also be configured to

receive input from other types of sensors, such as infrared sensors, ultrasound sensors,
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and proximity sensors (such as eddy current sensors). The sensor interface 112 can be

used to request and receive calibration data that is stored at a sensor.

The input module 110 also includes user input controls 116, for example, buttons,
a keypad, and a touch sensitive surface. The input module 110 can include a wired or

wireless interface that permits input to be received from one or more peripheral devices.

The input module 110 optionally includes an identifier input interface 114 to
receive input from the identifier 20. In some implementations, the control unit 50 does
not require input from the identifier 20. Control signals transmitted by the control unit 50
can be used to determine operating properties of the identifier 20. In other
implementations, however, the identifier 20 can provide information through the
identifier input interface 114. As described with respect to FIG, 28 below, some
identifiers can input data indicating the relative positions of references, and such

information can be received over the identifier input interface 114.

The processing module 120 includes one or more processing devices 122 and one
or more storage devices 124. The one or more processing devices 122 communicate with
the one or more storage devices 124 to record and access data, for example, data received
through the input module and data produced as the result of calculations by the one or
more processing devices 122. The one or more storage devices 124 store instructions that
can be executed by the one or more processing devices 122, causing the one or more
processing devices 122 to perform operations as described above. The operations
include, for example, determining relative positions between references and calculating
the alignments based on the relative positions. The one or more storage devices 124 can
include remote storage devices accessed through a network. The one or more storage
devices 124 can store, for example, a trial component library, an implant library, data

describing characteristics of multiple joints, and other data.

The one or more processing devices 122 generate control signals to control the
operation of the identifier 20. The control unit 50 transmits the control signals to the
identifier 20 using the control module 140, which includes an interface to communicate

with the identifier 20,
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The output module 130 includes a display 132 on which the user interface 52 is
displayed. In some implementations, the display 132 is a removable or physically
separate module from a housing of the control unit 50. The output module 130 can also

include a speaker or other device to provide audio output to the user.

The communication module 150 permits the control unit 50 to communicate with
other systems over a network. The control unit 50 can thus access data over a network

and can transmit data over a network.

Referring to FIG. 28, an alternative alignment system 500 can be used to perform
each of the techniques described above. The system 500 includes a control unit 550, an
identifier 520, and one or more fiducials, such as infrared reflectors 540a-540c. The
identifier 520 and infrared reflectors 540a-540c are references which can be used to
determine the relative positions of tissues and instruments during procedures. References
in the system 500 can communicate using infrared rather than electromagnetic fields,
allowing the control unit 550 to determine relative positions. In some implementations,
infrared emitters can be used in addition to, or as alternatives to, the infrared reflectors

540a-540c.

The identifier 520 includes one or more infrared detectors, such as or infrared
cameras or imaging devices. For example, the identifier 520 includes two infrared
cameras 521. The identifier 520 can also include an infrared emitter 523 to direct
infrared toward the infrared reflectors 540a-540c. The identifier 520 can communicate
with the control unit 550 over a communication link 525, which may be wired or

wireless.

The infrared reflectors 540a-540c can each include infrared reflectors or infrared
emitters. For example, as illustrated, each infrared reflector 540a-540c can include an
array of infrared-reflecting elements 542, such as spheres, positioned in a plane. Infrared
reflected from the infrared-reflecting elements 542 indicates the orientation of the plane
in which the spheres 542 are arranged. The identifier 520 directs infrared toward the
reflectors of one of the reflectors 540a-540c¢, and detects infrared reflected from each of
the infrared reflectors of the reflector. Based on the detected infrared, the control unit

550 calculates the position of the plane in which the infrared-reflecting elements 542 are
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positioned. For example, the control unit 550 can use triangulation to calculate the
position of the identifier 520 relative to the infrared reflector 540a-540c and the positions

of the infrared reflectors 540a-540c relative to each other.

The control unit 550 powers the infrared cameras 521 of the identifier 520 and
receives output signals from the infrared cameras 521. Using the output signals from the
infrared cameras 521, the control unit 550 determines the positions of the infrared
reflectors 540a-540c relative to the identifier 520. The control unit 550 further
determines the positions of the reflectors 540a-540c relative to each other and relative to

instruments 30 and tissues.

As an example, the preferred trajectory of an impaction axis 14 for the joint 10
can be determined using the system 500, in a similar manner to the techniques described
above with respect to FIGS. 3A to 6. The first infrared reflector 540a can be fixed to the
iliac crest 18 of the pelvis 16 as a semi-permanent planar reference, meaning, for
example, that the infrared reflector 540a remains in position throughout a procedure. The
second reflector 540b can be coupled to the acetabular guide 60. The identifier 520
directs infrared toward the reflectors 540a, 540b, and detects the reflected infrared with
the infrared cameras 521. The control unit 550 receives information indicating the
received infrared, determines the positions of the planes using the information. Based on
the position of the second reflector 540b and the plane indicated by the second reflector
540b, the control unit 550 calculates the position of the impaction axis 14 relative to the
plane indicated by the first reflector 540a. The third reflector 540c is coupled to the
instrument 30, for example, an impactor handle or reamer handle, and the position of the
third reflector 540c relative to the instrument 30 is determined relative to the first
reflector 540a. The position of the instrument 30 relative to the impaction axis 14 is then
indicated on a user interface 552 of the control unit 550. In a similar manner, the other
techniques described above can be performed using the identifier 520 and the infrared
reflectors 540a-540c of the system 500 rather than using the identifier 20 and the various
EM sensors of the system 100.

In addition to the references described above, other types of references may be

used. For example, infrared sensors, ultrasound sensors, and proximity sensors (such as
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eddy current sensors) can be used as references. References generally removed after a
procedure is completed. In some implementations, sensors can be sterilized. In other

implementations, disposable sensors are used and are discarded after each procedure.

Referring to FIG. 29, a process 600 for determining an alignment relative to a
joint can be performed by a surgeon. The process 600 described below can also include
additional features described above, for example, features described with reference to

FIGS. 3A to 7B.

A guide is coupled to the joint (602). The guide defines an axis or other
alignment, and the guide has outer contours formed to substantially conform to a portion
of the joint. The axis defined by the guide can correspond to a known inclination angle
and anteversion angle with respect to the joint. The position of the axis can be based on
imaging data for the joint. The guide can mate with a receiving portion of the jointin a
known orientation. In some implementations, the guide mates with the receiving portion

of the joint in a single orientation.

A first reference is attached a fixed position relative to the joint (604). The
position of the axis is determined relative to the first reference (606). For example, a
surgeon can couple a second reference to an instrument and align the instrument relative
to the axis. The surgeon can determine the position of the axis by using a control unit to
receive signals indicating the relative position of the second reference and the first
reference. The surgeon can initiate operation of the control unit such that the control unit

determines and stores the position of the second reference relative to the first reference.

The guide is removed from the joint (608). After the guide is removed from the
joint, an instrument is positioned near the joint (610). The position of the instrument
relative to the axis is determined based on the position of a second reference relative to
the first reference (612). The surgeon can use a control unit to determine the relative
position of the second reference and first reference, and to determine the position of the

instrument relative to the first reference.

Referring to FIG. 30, a process 700 for determining an alignment relative to a

joint can be performed by a surgeon. The process 700 described below can also include
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additional features described above, for example, features described with reference to

FIGS. 14A to 16.

A first reference is attached at a fixed position relative to a joint (702). A second
reference is attached at a second fixed position relative to the joint (704). The references
can be attached to different bones of the joint. The joint is moved through a range of
motion (706). Multiple locations of the second reference relative to the first reference are
measured (708). The position of an axis relative to the first reference is determined based

on the measured locations and positions of axes relative to other joints.

The surgeon can determine the position of the axis by using a control unit to
determine the location of a point substantially corresponding to a center of rotation of the
joint based on the measured locations. The surgeon can also use the control unit to access
data based on the positions of axes relative to other joints, and determine a second point
along the axis using the accessed data. For example, the surgeon can measure the
locations using a control unit configured to (i) generate a representation of the range of
motion of the joint based on the measured locations, (ii) access a composite
representation based on positions of axes relative to other joints, and (iii) determine the
position of the axis using correlations between the first representation and the composite

representation.

Referring to FIG. 31, a process 800 for determining an alignment relative to a
joint can be performed by a surgeon. The process 800 described below can also include
additional features described above, for example, features described with reference to

FIGS. 17 to 20.

A reference is attached at a fixed position relative to a bone of a joint (802).
Locations about a portion of the bone are measured (804). The locations are measured
such that locations are known relative to the reference. The locations can be measured
about the neck of a femur or neck of a humerus. The position of an axis is determined
relative to the reference based on the measured locations. The axis can be a substantially
central axis through the neck of the femur or neck of the humerus. The surgeon can

determine the position of the axis using a control unit configured to generate a cylindrical
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representation based on the measured locations and to determine a substantially central

axis of the cylindrical representation.

The position of an instrument is determined relative to the reference (808). The
surgeon can determine the position of the instrument using a control unit configured to
determine the position of a second reference relative to the reference, where the second
reference is attached to the instrument. The instrument is aligned relative to the axis

using the position of the instrument relative to the reference (810).

Referring to FIG. 32, a process 900 for determining an alignment relative to a
joint can be performed by a surgeon. The process 900 described below can also include
additional features described above, for example, features described with reference to

FIGS. 21A to 21B.

A first reference is attached at a fixed position relative to a first bone of a joint
(902). The position of an axis is determined relative to the first reference (904). A
second reference is attached at a fixed position relative to a second bone of the joint
(906). The first bone is positioned in a known alignment relative to the second bone
(908). The position of the first reference relative to the second reference corresponding
to the known alignment of the first bone relative to the second bone is determined (910).
For example, the relative position of the first reference and second reference can be
measured while the first bone is aligned relative to the second bone in the known
alignment. The position of the axis is determined relative to the second reference (912).
The position of the axis can be determined based on (i) the position of the first reference
relative to the second reference, and (ii) the position of the axis relative to the first

reference.

Referring to FIG. 33, a process 1000 for selecting an implant can be performed by
a surgeon. The process 1000 described below can also include additional features
described above, for example, features described with reference to FIGS. 22A, 22B, and
23.

A first property for a joint is identified (1002). The first property can be, for
example, a center of rotation point or an axis of the joint. The first property is known

relative to a first reference, and the first reference is located at a fixed position relative to
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the bone. An implant is coupled to the bone (1004). A characteristic of the implant has a
known relationship relative to a landmark of the implant, for example, a known position
relative to the landmark. The characteristic of the implant can be, for example, a neck
angle, a location of the implant corresponding to a joint center of rotation, a neck length,
a dimension of the implant, or a position of an axis defined by the implant, and the
known relationship relative to the landmark is a known position relative to the landmark.
The process 1000 can include determining the characteristic of the implant. The surgeon
can use the control unit to access data indicating the characteristic and its relationship to

the landmark.

A second reference is attached to the implant at a known position relative to the
landmark (1006), for example, at the landmark. The relative position of the second
reference and the first reference is determined (1008). Based on the relative position and
the characteristic of the implant, a second property for the joint is determined (1010).
The second property can be defined by the implant. For example, the second property
can be a center of rotation of the joint resulting from the position of the implant at the
bone. Differences between the first property and the second property are determined
(1012).

The first property and the second property can each a neck angle, a neck length, a
location of a joint center of rotation, or a position of an axis of a neck. For example, the
first property can be a location of a natural center of rotation of the joint, and the second
property can be a location of center of rotation of the joint defined by the implant when
coupled to the bone. As another example, the bone can be a femur, the first property can
be a position of an axis defined by a neck of the femur, the characteristic of the implant
can be the position of an axis defined by a neck of the implant, and the second property
can be the position of an axis defined by the neck of the implant when the implant is

coupled to the femur.

Referring to FIG. 34, a process 1100 for determining joint characteristics can be
performed by a surgeon. The process 1100 described below can also include additional

features described above, for example, features described with reference to FIGS. 24A to
24B.
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A first reference is fixedly attached at a first location (1102), for example, at a
bone of a joint. A second reference is fixedly attached at a second location such that
movement of the joint changes the relative position of the second reference and the first
reference (1104). A first set of locations of the second reference relative to the first
reference (1106). The first set of locations can include relative locations of the references
corresponding to different positions of the joint, including positions of the joint at
extremities of the range of motion of the joint. A second set of locations of the second
reference relative to the first reference is measured (1108). The second set of locations
can include relative locations of the references corresponding to different positions of the
joint, including positions of the joint at extremities of the range of motion of the joint. A
difference in one or more joint characteristics is determined using the first plurality of
locations and the second plurality of locations (1110). The first set of locations can be
measured before a surgical procedure, and the second set of locations can be measured
after the surgical procedure. Thus the difference in one or more joint characteristics can

be a difference caused by the surgical procedure.

Referring to FIG. 35, a process 1200 for determining an alignment for a revision
surgery can be performed by a surgeon. The process 1200 described below can also
include additional features described above, for example, features described with

reference to FIGS. 25A to 26B.

A first reference is attached at a fixed position relative to a bone of a joint (1202).
An implant attached to the bone is identified (1204). Information indicating one or more
characteristics of the identified implant is accessed (1206). For example, the surgeon can
cause the information to be accessed by inputting to a control unit information identifying
the identified implant, or by selecting a control requesting that characteristics be
accessed. A second reference is attached at a known position relative to the implant
(1208). For example, the second reference can be attached at a landmark of the implant.
A relative position of the second reference and the first reference is determined (1210).
For example, the surgeon can use a control unit to determine the relative position of the
references. A characteristic of the joint is determined based on the relative position, the

known position of the second reference, and the one or more characteristics of the
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implant (1212). The characteristic can be, for example, the position of a center of

rotation of the joint or an axis defined by of the implant.

Referring to FIG. 36, a process 1300 can be performed, for example, by one of the
control units 50, 550, to determine an alignment of an instrument relative to a joint. The
process 1300 can also include additional features described above, for example, features

described with reference to FIGS. 3A to 7B.

Information indicating a position of a first reference relative to a second reference
aligned relative to an axis is received (1302). The first reference is attached at a fixed
location relative to a joint. The second reference is aligned at a known position relative
to the axis, which is defined by a guide coupled to the joint. The guide is formed prior to
used such that the outer contours of the guide substantially conform to a portion of the
joint. For example, the guide can be an acetabular guide 60 formed to substantially -
conform to the contours of the acetabulum of a particular hip joint. The axis can be an
impaction axis 14 determined for the joint based on imaging data, such as tomography

data, for the particular hip joint to which the guide conforms.

The position of the axis is determined relative to the first reference (1304). The
position of the axis is determined using the known position of the second reference
relative to the axis and the information indicating the position of the first reference
relative to the second reference. For example, an offset between the position of the
second reference can be determined and used to calculate the position of the axis relative

to the first reference.

Information indicating the position of an instrument relative to the first reference
is received (1306). For example, a third reference can be coupled to the instrument, and
information indicating the position of the third reference relative to the first reference can
be determined. The information can be generated after the guide is uncoupled from the
joint, and can indicate a position of the instrument when the instrument is uncoupled

from the joint.

The position of the instrument is determined relative to the axis (1308). For
example, the position of the instrument is compared with the position of the axis

determined in (1304), with both positions being known relative to the same first
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reference. The position of the instrument can be determined after the guide is uncoupled

from the joint.

The process 1300 can include determining the location of a center of rotation
point for the joint relative to the first reference. The center of rotation point can be
known relative to the guide when the guide is coupled to the joint. Based on the known
location of the center of rotation point relative to the guide, and the known position of the
second reference relative to the guide, and the information indicating the position of the
first reference relative to the second reference, the location of center point relative to the
first reference is determined. The position of the center of rotation point can be used to
determine a preferred reaming depth for the joint, for example, based on known

characteristics of an implant for the joint.

Referring to FIG. 37, a process 1400 can be performed, for example, by one of the
control units 50, 550, to calculate the position of an axis relative to a joint. The process
1300 can also include additional features described above, for example, features

described with reference to FIGS. 8 to 16.

Information indicating a range of motion of a joint is received (1402). The
information can include a plurality of locations 424, where each of the plurality of
locations 424 corresponds to a different position of the joint. The information can
additionally or alternatively include representation of the range of motion, such as a
surface 434 defined in a three-dimensional coordinate system. The information can

indicate one or more extremities of the range of motion of the joint.

A first point substantially corresponding to the center of rotation of the joint is
determined (1404). The location of first point can be calculated using the information
indicating the range of motion. For example, the first point can be a focal point or center
point of a surface 434 representing the range of motion of the joint. The information
indicating the range of motion of the joint can be known relative to a reference, and the

location of the first point can be determined relative to the same reference.

A second point is determined using one or more correlations between the range of

motion and second ranges of motion of one or more other joints (1406). The second
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point can be determined using composite information representing commonalities among

ranges of motion and axes for multiple joints.

The correlations can include relationships identified between the range of motion
and the second ranges of motion, such as commonalities and identified corresponding
landmarks. Correlations can also include calculated positional offsets between the
boundaries of the range of motion and the boundaries of the second ranges of motion,
such as offsets to align the boundaries at a least-error orientation. For example, the
correlations can be used to align the range of motion of the joint with the second ranges
of motion in a three-dimensional coordinate system. The alignment can be based on
ordinary least squares or geometric least squares in three dimensions for points along the
boundaries of the ranges of motion and/or other points and regions indicating the range of

motion.

Determining the second point using the correlations can include using positions of
axes known relative to the second ranges of motion to determine one or more
corresponding positions relative to the range of motion. When the range of motion and
the second ranges of motion are aligned based on the correlations in a common
coordinate reference frame, the positions of the axes for the second ranges of motion are

aligned at the corresponding positions relative to the range of motion.

An axis between the first point and the second point is determined (1408). For
example, an axis intersecting the first point and the second point is defined relative to a
first reference which is located at a fixed position relative to the joint. The axis can be,

for example, an impaction axis 446 determined as described above.

Referring to FIG. 38, in the process 1400, determining a second point (1406) can

include the features of the process 1500.

A first representation of the range of motion of the joint is generated (1500). For

.example, the information indicating the range of motion of the joint can include a

multiple locations or points, and generating a representation can include data fitting a
surface to the locations or points. A composite representation based on the range of
motion of multiple joints is accessed (1504). A positional relationship based on

correlations between the first representation and the composite representation is
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determined (1506). For example, a positional relationship between the first
representation and the composite representation can be determined based on
commonalities among corresponding features. The commonalities can be used to align
the first representation relative to the composite representation. Based on the location of
a point known relative to the composite representation, the location of a corresponding
point is identified relative to the first representation (1508). For example, a point on the
first representation can be identified that corresponds to an intersection point of an axis
with the composite representation. The second point used to define the impaction axis

can be the point identified relative to the first representation.

Referring to FIG. 39, a process 1600 can be performed, for example, by one of the
control units 50, 550 or another computer system, to analyze joint data. The process
1600 can also include additional features described above, for example, features

described with reference to FIGS. 12A, 12B, and 13.

A plurality of records indicating a range of motion and the position of an axis are
accessed (1602). The records can be accessed from a data storage device, or can be
created based on received information. The position of the axis indicated in each record

can be a position determined using tomography data for the corresponding joint.

Relationships between the axes and the ranges of motion of the records are
identified (1604). The relationships can include positional relationships determined
based on correlations among corresponding features. Data indicating the identified
relationships are stored (1606). Examples of relationships include, correlations between
the ranges of motion indicated in different records, relationships between the position of
an axis indicated in one record and the position of an axis indicated in another record, and
relationships between the position of an axis in one of the records and the range of
motion of a different one of the records (see FIG. 12A to 12C and 13 and corresponding
description). Relationships can also include, for each of the records, relationships
between the position of the axis and features of the range of motion of the joint, such as

boundaries of the range of motion,

The process 1600 can include providing access to the stored relationships. The

process 1600 can include generating and storing a composite representation 320 of a
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range of motion and a composite axis 329 using the identified relationships. The process
800 can include determining, based on the identified relationships, a tolerance about the
composite axis 329, for example, the radius of one or more of the regions 330, 331, 332
in FIG. 12C. The tolerance can indicate that a particular number of records, percentage of
records, or range of percentages (e.g., the range “90% or more”), when correlated with
the composite range of motion based on corresponding features, have a corresponding

axis within the tolerance.

Referring to FIG. 40, a process 1700 can be performed, for example, by one of the
control units 50, 550, to indicate a position of an instrument relative to a bone of a joint.
The process 1700 can also include additional features described above, for example,

features described with reference to FIGS. 17 to 20.

Information indicating a plurality of locations about the neck of a femur is
received (1702). The received information can indicate locations relative to a reference
located at a known position relative to the femur. The reference can be coupled to the

femur,

The position of an axis is determined based on the plurality of locations (1704).
For example, a cylinder can be extrapolated from the plurality of locations, and the axis
can be a central axis of the cylinder. The cylinder can be determined relative to the

reference, and thus the position of the axis can be determined relative to the reference.

Information indicating a position of an instrument is received (1706). The
information can indicate the position of the instrument relative to the same reference

relative to which the plurality of locations is indicated.

Information indicating the position of the instrument relative to the axis is
provided (1708), for example, on a user interface. For example, a three-dimensional
view of the femur can be displayed, with indications of the position of the axis and the

position of the instrument.

Referring to FIG. 41, a process 1800 can be performed, for example, by one of the

control units 50, 550, to determine an alignment relative to a joint. The process 1800 can
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also include additional features described above, for example, features described with

reference to FIGS. 21A and 21B.

A position of an axis is determined relative to a first reference, the first reference
being located at a fixed position relative to a first bone of a joint (1802). Information
indicating a relative position of the first reference and a second reference is received
(1804). The second reference is located at a fixed position relative to a second bone of
the joint. The position of the first reference relative to the second reference corresponds
to a known position of the first bone relative to the second bone. For example, the first
bone can be a femur, the second bone can be a pelvis, and the known position can be a
neutral alignment of the femur relative to the pelvis. As another example, the first bone
can be a humerus, the second bone can be a scapula, and the known position can be a

neutral position of the humerus relative to the scapula.

The position of the axis is determined relative to the second reference (1806).
The position of the axis is determined relative to the second reference based on (i) the
relative position of the first reference and the second reference, and (ii) the position of the
axis relative to the first reference. For example, an offset can be determined between the
position of the second reference and the position of the axis when the first bone is in the
known position relative to the second bone. Information indicating the position of the
axis is provided (1808). For example, after dislocating the joint, information indicating

the position of the axis relative to the second bone can be provided.

Referring to FIG. 42, a process 1900 can be performed, for example, by one of the
control units 50, 550, to determine the suitability of an implant. The process 1900 can
also include additional features described above, for example, features described with

reference to FIGS. 22A, 22B, and 23.

A first property for a joint is identified (1902). The first property is known
relative to a first reference located at a fixed position relative to a bone. Information is
accessed indicating (i) a characteristic of an implant and (ii) a relationship between the
characteristic and a landmark of the implant (1904). The characteristic of the implant can
be, for example, one of a neck angle, a location corresponding to a joint center of

rotation, a neck length, a dimension of the implant, or a position of an axis defined by the
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implant, and the known relationship relative to the landmark is a known position relative
to the landmark. Information indicating a relative position of the first reference and a
second reference is received (1906). The second reference is located a known position
relative to the landmark, for example, at the landmark. A second property for the joint is
determined based on the relative position and the characteristic of the implant (1908).
The second property can be defined by the implant. A difference between the second
property and the first property is determined (1910).

The process 1900 can also include providing information indicating the difference
between the second property and the first property. The process 1900 can also include
identifying a second implant calculated to define a third property for the joint such that a
difference between the third property and the first property is less than the difference
between the second property and the first property, and providing information identifying
the second implant. Identifying the second implant can include identifying a desired
characteristic based on the difference between the first property and the second property
and the characteristic. For example, when the the first property and the second property
are neck lengths, and the difference between them indicates that neck length of the first
implant is too short, the desired characteristic can be determined by adding the difference
to the neck length of the first implant. Identifying the second implant can further include
accessing data indicating characteristics of multiple implants, comparing the desired
characteristic with one or more characteristics indicated by the accessed data, and
selecting one or more implants or combinations of implants having a characteristic

substantially equal to the desired characteristic.

Identifying a second implant can include identifying a model number or part
number for the second implant. The first property and the second property can each be an
angle of a neck, a length of a neck, a location of a joint center of rotation, or a position of
an axis of a neck. For example, the first property can be the location of a natural center
of rotation of the joint, and the second property can be a location of center of rotation of

the joint defined by the implant when coupled to the bone.

As another example, the first property can be a neck angle of a natural femur,

such as an angle between an axis through the neck of the femur and the longitudinal axis
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of the femur. The second property can be a neck angle defined by the implant, such as an
angle of an axis through the neck of the implant and the longitudinal axis of the femur

when the implant is coupled to the bone.

In some implementations, the bone is a femur, the first property is a position of an
axis defined by a neck of the femur, the characteristic of the implant is the position of an
axis defined by a neck of the implant, and the second property is the position of an axis

defined by the neck of the implant when the implant is coupled to the femur.

Referring to FIG. 43, a process 2000 can be performed, for example, by one of the
control units 50, 550, to determine differences in joint characteristics. The process 2000
can include additional features described above, for example, features described with

reference to FIGS. 24A and 24B.

Information indicating a first plurality of locations of a first reference relative to a
second reference is received (2002). Information indicating a second plurality of
locations of the first reference relative to the second reference (2004). The first plurality
of locations and the second plurality of locations can be measured at different positions of
a joint before and after a surgical procedure, respectively. The first plurality of locations
and the second plurality of locations can be measured with the first reference located a
known position relative to a bone of a joint, the second reference located a different

known position relative to a different bone of the joint, such that movement of the joint

A difference in one or more joint characteristics is determined using the first
plurality of locations and the second plurality of locations (2006). A first three-
dimensional surface can be extrapolated from the first plurality of locations to represent
the range of motion at a first point in time. A second three-dimensional surface can be
extrapolated from the second plurality of locations to represent the range of motion at a
second point in time. The first surface and the second surface can be compared. The first
surface and the second surface can be spheres, and' the radii of the spheres can be
compared to determine a difference in leg length. Points corresponding to the centers of
the spheres can be compared to determine a change in the center of rotation of the joint.
Changes in the center of rotation of the joint, differences in leg length, and other

characteristics can be determined.
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Based on the first plurality of locations and the second plurality of locations, for
example, using identified differences between the first surface and the second surface,
adjustments to the joint are calculated to cause the range of motion indicated by the first
plurality of locations to have a particular relationship with the range of motion indicated
by the second plurality of locations. For example, the particular relationship can be that
the ranges of motion are equal in size, shape, and location, or have a particular offset

from each other.

Referring to FIG. 44, a process 2100 can be performed, for example, by one of the
control units 50, 550, to determine an alignment for a revision surgery. The process 2200
can include additional features described above, for example, features described with

reference to FIGS. 25A, 25B, 26A, and 26B.

Infqrmation identifying an implant is received, the implant being attached to a
bone of a joint (2102). Information indicating one or more characteristics of the
identified implant is accessed (2104). Information indicating a relative position of a first
reference and a second reference is received (2106). The first reference is located at a
fixed position relative to the bone. The second reference is located at a known position
relative to the implant, such as a landmark. A characteristic of the joint is determined
based on the relative position of the second reference and the first reference (2108). The
determination of characteristic can also be determined based on the known position of the
second reference relative to the implant and the one or more characteristics of the
implant. The characteristic of the joint can be, for example, the center of rotation of the
joint. The characteristic of the joint can also be an axis defined by an implant or an axis

along which an implant is installed.

In the systems 100, 500 described above, the control units 50, 550 can each
include one or more storage devices, for example, a non-transitory computer readable
medium, that store instructions that can be executed or interpreted. When executed by
one or more processing devices of the control unit, the instructions cause the control unit

to perform the operations described above.
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Various implementations can include corresponding systems, apparatus, and
computer programs, configured to perform the actions of the processes described in this
document, encoded on computer storage devices. A system of one or more processing
devices or one or more computers or can be so configured by virtue of software,
firmware, hardware, or a combination of them installed on the system that in operation
cause the system to perform the actions. One or more computer programs can be so
configured by virtue having instructions that, when executed by data processing

apparatus, cause the apparatus to perform the actions.

Implementations of the subject matter and the functional operations described in
this specification, can be implemented in digital electronic circuitry, in tangibly-
embodied computer software or firmware, in computer hardware, including the structures
disclosed in this specification and their structural equivalents, or in combinations of one
or more of them. Implementations of the subject matter described in this specification
can be implemented as one or more computer programs, i.e., one or more modules of
computer program instructions encoded on a tangible non-transitory computer readable
medium for execution by, or to control the operation of, data processing apparatus. The
computer readable medium can be a machine-readable storage device, a machine-
readable storage substrate, a memory device, a composition of matter effecting a
machine-readable propagated signal, or a combination of one or more of them. The term
“data processing apparatus” encompasses all apparatus, devices, and machines for
processing data, including by way of example a programmable processor, a computer, or
multiple processors or computers. The apparatus can include, in addition to hardware,
code that creates an execution environment for the computer program in question, e.g.,
code that constitutes processor firmware, a protocol stack, an operating system, or a

combination of one or more of them.

A number of implementations and alternatives have been described.
Nevertheless, it will be understood that various modifications may be made without
departing from the spirit and scope of the disclosure. For example, although some of the
implementations above have been described with respect to surgical procedures for the
hip joint, the above-described implementations may be employed for targeting other

joints and operation sites of body, such as, for example, the shoulder joint. Additionally,
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the implementations described above may be employed for procedures other than
arthroplasty. Accordingly, other implementations are within the scope of the following

- claims.
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CLAIMS:

1. A system, comprising:
| a guide having an outer contour that substantially conforms to a receiving portion

of a joint, the guide defining an axis that has a known position relative to the joint when
the guide is mated to the joint;

a first reference device for attachment to a bone of the joint;

a second reference device for coupling at a known alignment relative to the guide;
and

a control unit in communication with the first reference device and the second
reference device, the control unit being configured to determine the position of the axis
relative to the first reference device based on data that indicates a position of the second
reference device relative to the first reference device when the second reference device is

in a known alignment with the guide and the guide is mated to the joint.

2. The system of claim 1, wherein the axis has a known inclination angle and a

known anteversion angle relative to the joint when the guide is coupled to the joint.

3. The system of claim 1, wherein the second reference is configured to be attached

to the guide at a position having a known offset relative to the axis.

4. The system of claim 1, wherein the outer contour of the guide is formed prior to
use of the guide such that the outer contour substantially conforms to a receiving portion
of the joint, and the guide mates with the receiving portion of the joint in a single

orientation.

5. The system of claim 1, wherein:
the joint is a hip joint of a particular patient;
the axis is an acetabular impaction axis for the hip joint determined based on

imaging data for the hip joint; and
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the guide is a patient-specific guide having the outer contour defined for the
particular patient, the outer contour substantially conforming to one or more portions of
an acetabulum of the hip joint such that the guide mates with the acetabulum in a single

orientation.

6. The system of claim 1, further comprising an electromagnetic field generator;
wherein the first reference device comprises a first electromagnetic field sensor,
and the second reference device comprises the electromagnetic field generator or a

second electromagnetic field sensor.

7. The system of claim 1, further comprising an infrared detector;
wherein the first reference device comprises a first fiducial, and the second

reference device comprises a second fiducial.

8. The system of claim 1, wherein, to determine the position of the axis relative to
the first reference device, the control unit is configured to determine the position of the
axis in a reference frame, the first reference having a fixed position relative to the

reference frame.

9. The system of claim 1, wherein the control unit is configured to:

determine a position of an instrument relative to the axis while the second
reference device or a third reference device is coupléd to the instrument; and

output, on a user interface, data indicating the position of the instrument relative

to the axis.

10.  The system of claim 9, wherein the control unit is configured to determine the

position of the instrument after the guide is removed from the joint.

11.  The system of claim 9, wherein, to determine the position of the instrument
relative to the axis, the control unit is configured to determine a rotational position of the

instrument about the axis; and
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wherein, to output data indicating the position of the instrument relative to the
axis, the control unit is configured to output data indicating the rotational position of the

instrument about the axis.

12.  The system of claim 1, wherein to determine the position of the axis relative to the
first reference device, the control unit is configured to:

access first data indicating a position of the axis relative to the guide; and

access second indicating an offset between the second reference and the guide

when the second reference device is in the known alignment with the guide.

13, The system of claim 1, wherein the control unit is further configured to:
determine a position of an instrument relative to a center of rotation of the joint or
a surface of the joint based on the information indicating a position of the instrument
relative to the first reference;
calculate a reaming depth along the axis relative to the position of the instrument;
and

provide information indicating the reaming depth.

14.  The system of claim 13, wherein:
to calculate the reaming depth, the control unit is configured to:
access information indicating one or more characteristics of an implant;
determine a preferred reaming depth based on the one or more
characteristics of the implant; and
determine a difference between a current position of the instrument and a
preferred position for the instrument, the preferred position corresponding to the
preferred reaming depth; and
to provide information indicating the reaming depth, the control unit is configured
to provide information indicating the difference between the current position of the

instrument and the preferred position of the instrument.

15.  Aapparatus for determining alignments relative to a joint, comprising:
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one or more processing devices and one or more storage devices storing

instructions that are operable, when executed by the one or more processing devices, to
cause the one or more processing devices to perform operations comprising:

receiving information indicating a measured position of a first reference
relative to a second reference, the measured position occurring while (i) the first
reference is attached at a fixed location relative to a bone of the joint, (ii) a patient-
specific guide having an outer contour that substantially conforms to a portion of the joint
is coupled to the bone, and (iii) the second reference is coupled at a known position
relative to the patient-specific guide;

determining a position of a surgical axis relative to the first reference
based on the measured position;

receiving information indicating a position of an instrument relative to the
first reference; and

after the guide is removed from the joint, determining the position of the
instrument relative to the surgical axis using the position of the instrument relative to the

first reference,
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