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APPARATUS AND METHOD FOR
FACILITATING THE IMPLANTATION OF
ARTIFICIAL COMPONENTS IN JOINTS

STATEMENT REGARDING FEDERALLY 5
SPONSORED RESEARCH OR DEVELOPMENT

This work was supported in part by a National Challenge
grant from the National Science Foundation Award IRI
9422734 10

CROSS REFERENCE TO RELATED
APPLICATIONS

Not Applicable
15

BACKGROUND OF THE INVENTION

The present invention is directed generally to the implan
tation of artifici'il joint components and more particularly
to computer assisted surgical implantation of artificial 2
acetabular and femoral components during total hip replace 2

ment and revision procedures
Total hip replacement (THR) or arthroplasty (THA)

operations have been performed since the early 1960s to
repair the acetabulum and the region surrounding it and to 25
replace the hip components such as the femoral head that
have degenerated Currently approximately 200 000 THR
operations are performed annually in the United States
alone of which approximately 40 000 are redo procedures
otherwise known as revisions The revisions become nec 30
essary due to a number of problems that may arise during the
lifetime of the implanted components such as dislocation
component wear and degradation and loosening of the
implant from the bone

Dislocation of the femoral head from the acetabular 35
component or cup is considered one of the most frequent
early problems associated with THR because ot the sudden
physical and emotional hardship brought on by the dislo
cation The incidence of dislocation following the primary
THR surgery is approximately 2-6% and the percentage IS 40
even higher for revisions While dislocations can result from
a variety of causes such as soft tissue laxity and loosening
of the implant the most common cause is impingement of
the femoral neck with either the rum ot an acetabular cup
implant or the soft tissue or bone surrounding the implant 45
Impingement most frequently occurs as a result of the
malposition of the acetabular cup component within the
pelvis

Some clinicians and researchers have found incidence of
impingement and dislocations can be lessened if the cup IS 50

oriented specifically to provide for approximately 15 of
anteversion and 45 of abduction however this incidence is
also related to the surgical approach For example McCo
Ilum et al cited a comparison of THAs reported in the
orthopaedic literature that revealed a much higher incidence 55

of dislocation in patients who had THAs with a posterolat
eral approach McCollum D E and W J Gray Disloca
tion after total hip arthroplasty (causes and prevention)
Clinical Orthopaedics and Related Research Vol 261
p 159-170 (1990) McCollum s data showed that when the 60
patient is placed in the lateral position for a posterolateral
THA aipproach the lumbar lordotic curve is flattened and the
pelvis may be flexed as much as 35 It the cup was oriented
at 15 -20 of flexion with respect to the longitudinal axis of
the body when the p)atient stood up and the postoperative 65
lumbar lordosis was regained the cup could be retroverted
as much as 10 -15 resulting in an unstable cup placement

2
Lewinnek et al performed a study taking into account the
surgical approach utilized and found that the cases falling in
the zone of 15 ±10 of anteversion and 40 ±10 of abduc
tion have an instability rate of 1 5% compared with a 6%
instability rate for the cases falling outside this zone Lewin
nek G E et al Dislocation after total hip replacement
arthroplasties Journal of Bone and Joint Surgery Vol
60 A No 2 p 217-220 (March 1978) The Lewinnek work
essentially verifies that dislocations can be correlated with
the extent of malpositioning as would be expected The
study does not address other variables such as implant
design and the anatomy of the individual both of which are
known to greatly affect the performance of the implant

The design of the implant significantly affects stability as
well A number of researchers have found that the head to
neck ratio of the femoral component is the key factor of the
implant impingement see Amstutz H C et al Range of
Motion Studies for Total Hip Replacements Clinical
Orthopaedics and Related Research Vol 111 p 124-130
(September 1975) Krushell et al additionally found that
certain long and extra long neck designs of modular
implants can have an adverse effect on the range of motion
Krushell R J Burke D W and Harris W H Range of
motion in contemporary total hip arthroplasty (the impact of
modular head neck components) The Journal of
Arthroplasty Vol 6 p 97-101 (February 1991) Krushell et
al also found that an optimally oriented elevated rim liner
in an acetabular cup implant may improve the joint stability
with respect to implant impingement Krushell R J Burke
D W and Harris W H Elevated rim acetabular compo
nents Effect on range of motion and stability in total hip
arthroplasty The Journal of Arthroplasty Vol 6
Supplement p 1-6 (October 1991) Cobb et al have shown
a statistically significant reduction of dislocations in the case
of elevated rim liners compared to standard liners Cobb T
K Morrey B F Ilstrup D M The elevated rim acetabu
lar liner in total hip arthroplasty Relationship to postopera
tive dislocation Journal of Bone and Joint Surgery Vol
78 A No 1 p 80-86 (January 1996) The two year prob
ability of dislocation was 2 19% for the elevated liner
compared with 3 85% for standard liner Initial studies by
Maxian et al using a finite element model indicate that the
contact stresses and therefore the polyethylene wear are not
significantly increased for elevated rim liners however
points of impingement and subsequent angles of dislocation
for different liner designs are different as would be expected
Maxian T A et al Femoral head containment in total hip
arthroplasty Standard vs extended lip, liners 42nd Annual
meeting Orthopaedic Research society p 420 Atlanta Ga
(Feb 19-22 1996) and Maxian T A et al Finite element
modeling of dislocation propensity in total hip arthroplasty
42nd Annual meeting Orthopaedic Research society p
259-64 Atlanta Ga (Feb 19-22 1996)

An equally important concern in evaluating the disloca
5tion propensity of an implant are variations in individual
anatomies As a result of anatomical variations there is no
single optimal design and orientation of hip replacement
components and surgical procedure to minimize the dislo
cation propensity of the implant For example the pelvis can

)assume different positions and orientations depending or
whether an individual is lying supine (as during a CT scan
or routine X rays) in the lateral decubitis position (as during
surgery) or in critical positions during activities of normal
daily living (like bending over to tie shoes or during normal

5gait) The relative position of the pelvis and leg when
defining a neutral plane from which the angles of
movement anteversion abduction etc are calculated will
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significantly influence the measured amount of motion per
mitted before impingement and dislocation occurs
Therefore it is necessary to uniquely define both the neutral
orientation of the femur relative to the pelvis for relevant
positions and activities and the relations between the femur
with respect to the pelvis of the patient during each segment
of leg motion

Currently most planning for acetabular implant place
ment and size selection is performed using acetate templates
and a single anterior posterior x ray of the pelvis Acetabular
templating is most useful for determining the approximate
size of the acetabular component however it is only of
limited utility for positioning of the implant because the
x rays provide only a two dimensional image of the pelvis
Also the variations in pelvic orientation can not be more
fully considered as discussed above

Intra operative positioning devices currently used by sur
geons attempt to align the acetabular component with
respect to the sagittal and coronal planes of the patient B F
Morrey editor Reconstructive Surgery of the Joints
chapter Joint Replacement Arthroplasty pages 605-608
Churchill Livingston 1996 These devices assume that the
patient s pelvis and trunk are aligned in a known orientation
and do not take into account individual variations in a
patient s anatomy or pelvic position on the operating room
table I hese types of positioners can lead to a wide discrep
ancy between the desired and actual implant placement
possibly resulting in reduced range of motion impingement
and subsequent dislocation

Several attempts have been made to more precisely pre
pare the acetabular region for the implant components U S
Pat No 5 007 936 issued to Woolson is directed to estab
lishing a reference plane through which the acetabulum can
be reamed and generally prepared to receive the acetabular
cup implant The method provides for establishing the
reference plane based on selecting three reference points
preferably the 12 o clock position on the superior rim of the
acetabulum and two other reference points such as a point
in the posterior rim and the inner wall that are a known
distance from the superior rim The location of the superior
rim is determined by performing a series of computed
tomograiphy (CT) scans that are concentrated near the supe
nior rim and other reference locations in the acetabular
region

In the Woolson method calculations are then performed
to determine a plane in which the rim of the acetabular cup
should be positioned to allow for a predetermined rotation of
the femoral head in the cup The distances between the
points and the plane are calculated and an orientation jig is
calibrated to define the plane when the jig is mounted on the
reference points During the surgical procedure the surgeon
must identify the 12 o clock orientation of the superior rim
and the reference points In the preferred mode the jig is
fixed to the acetabulum by drilling a hole through the
reference point on the inner wall of the acetabulum and
affixing the jig to the acetabulum The jig incorporates a drill
guide to provide for reaming of the acetabulum in the
selected plane

A number of difficulties exist with the Woolson method
For example the preferred method requires drilling a hole in
the acetabulum Also visual recognition of the reference
points must be required and precision placement on the jig
on reference points is performed in a surgical setting In
addition proper alignment of the reaming device does not
ensure that the implant will be properly positioned thereby
establishing a more lengthy and costly procedure with no

4
guarantees of better results These problems may be a reason
why the Woolson method has not gained widespread accep
tance in the medical community

In U S Pat Nos 5 251 127 and 5 305 203 issued to Raab
5a computer aided surgery apparatus is disclosed in which a

reference jig is attached to a double self indexing screw
previously attached to the patient to provide for a more
consistent alignment of the cutting instruments similar to
that of Woolson However unlike Woolson Raab et al

10 employ a digitizer and a computer to determine and relate
the orientation of the reference jig and the patient during
surgery with the skeletal shapes determined by tomography

Similarly U S Pat Nos 5 086 401 5 299 288 and 5 408

15409 issued to Glassman et al disclose an image directed
Ssurgical robotic system for reaming a human femur to accept

a femoral stem and head implant using a robot cutter system
In the system at least three locating pins are inserted in the
femur and CT scans of the femur in the region containing the

2locating pins are performed During the implanting
20procedure the locating pins are identified on the patient as

discussed in col 9 lines 19-68 of Glassman s 401 patent
The location of the pins duning the surgery are used by a
computer to transform CT scan coordinates into the robot

25cutter coordinates which are used to guide the robot cutter
25during reaming operations

While the Woolson Raab and Glassman patents provide
methods and apparatuses that further offer the potential for
increased accuracy and consistency in the preparation of the

30 acetabular region to receive implant components there
remain a number of difficulties with the procedures A
significant shortcoming of the methods and apparatuses is
that when used for implanting components in a joint there
are underlying assumptions that the proper position for the

35 placement of the components in the joints has been deter
mined and provided as input to the methods and apparatuses
that are used to prepare the site As such the utility and
benefit of the methods and apparatuses are based upon the
correctness and quality of the implant position provided as

40 input to the methods
In addition both the Raab and Glassman methods and

apparatuses require that fiducial markers be attached to the
patient prior to performing tomography of the patients
Following the tomography the markers must either remain

45 attached to the patient until the surgical procedure is per
formed or the markers must be reattached at the precise
locations to allow the transformation of the tomographic
data to the robotic coordinate system either of which is
undesirable and/or difficult in practice

50 Thus the need exists for apparatuses and methods which
overcome among others the above discussed problems so
as to provide for the proper placement and implantation of
the joint components to provide an improved range of
motion and usage of the joint following joint reconstruction

55 replacement and revision surgery

BRIEF SUMMARY OF THE INVENTION

The above objectives and others are accomplished by
methods and apparatuses in accordance with the present

60 invention The apparatuses and methods include creating a
joint model of a patient s joint into which an artificial
component is to be implanted and creating a component
model of the artificial component The joint and artificial
component models are used to simulate movement of the

65 p)atient s jnint with the artificial component in a test position
The component model and the joint model are used to
calculate a range of motion of the joint for at least one test
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position based on the simulated movement An implant
position including angular orientation for the artificial
component is determined based on a predetermined range of
motion and the calculated range of motion A goal of the
simulation process is to find the implant position which
optimizes the calculated range of motion using the prede
termined range of motion as a basis for optimization In
practice the predetermined range of motion is determined
based on desired functional motions selected by a medical
practitioner on a patient specific basis (e g sitting requires
flexion of 90 ) In a preferred embodiment the implant
position can be identified in the joint model During surgery
the joint model can be aligned with the joint by registering
positional data from discrete points on the joint with the joint
model Such registration also allows for tracking of the joint
during the surgical procedures

A current preferred application of the invention is for
determining the implant position and sizing of an acetabular
cup and femorail implant for use in total hip replacement
surgery Also mn a preferred embodiment alignment of the
joint model with the patient s joint is performed using
surface based registration techniques The tracking of the
pelvis the acetabular cup femoral implant and surgical
instrument is preferably performed using an emitter/detector
optical tracking system

The present invention provides the medical practitioner a
tool to precisely determine an optimal size and position of
artificial components in a joint to provide a desired range of
motion of the joint following surgery and to substantially
lessen the possibility of subsequent dislocation
Accordingly the present invention provides an effective
solution to problems heretofore encountered with precisely
determining the proper sizing and pla(,ement of an artificial
component to be implanted in a joint In addition the
practitioner is afforded a less invasive method for executing
the surgical procedure in accordance with the present inven
tion These advantaiges and others will become apparent
from the following detailed description

BRIEF DESCRIPTION OF THE DRAWINGS

A preferred embodiment of the invention will now be
described by way of example only with reference to the
accompanying figures wherein like members bear like ref
erence numerals and wherein

FIG 1 is a system overview of a preterred embodiment of
the present invention

FIG 2 is a flow chart illustrating the method of the present
invention

FIG 3 is a schematic layout of the apparatus of the present
invention being used in a hip replacement procedure

FIGS 4(a-c) show the creation of the pelvic model using
two dimensional scans of the pelvis (a) from which skeletal
geometric data is extracted as shown in (b) and used to
create the pelvic model (c)

FIGS 5(a-c) show the creation of the femur model using
two dimensional scans of the femur (a) from which skeletal
geometric data is extracted as shown in (b) and used to
cre,ite the femur model (c)

FIG 6 shows the sizing of the acetabular cup mn the pelvic
model

FIGS 7(a-e) show the creation of different sized femoral
implant models (a) and the fitting of the femoral implant
model into a cut femur (L--e)

FIG 8 is a schematic drawing showing the range of
motion of a femoral shaft and the impingement (in dotted
lines) of a femordl shaft on an acetabular cup

FIGS 9(a-b) shows the range of motion results from
biomnechanical simulation of two respective acetabular cup
orientations and

FIGS 10 (a) and (b) show the registration of the pelvis
5 and femur

DETAILED DESCRIPTION OF THE
INVENTION

10 The apparatus 10 of the present invention will be
described generally with reference to the drawings for the
purpose of illustrating the present preferred embodiments of
the invention only and not for purposes of limiting the same
A system overview is provided in FIG 1 and general

15 description of the method of the present invention is pre
sented in flow chart form in FIG 2 The apparatus 10
includes a geometric pre operative planner 12 that is used to
create geometric models of the joint and the components to
be implanted based on geometric data received from a

20 skeletal structure data source 13 The pre operative planner
12 is interfaced with a pre operative kinematic biomnechani
cal simulator 14 that simulates movement of the joint using
the geometric models for use in determining implant
positions including angular orientations for the compo

25 nents The implant positions are used in conjunction with the
geometric models in intra operative navigational software
16 to guide a medical practitioner in the placement of the
implant components at the implant positions

The pre operative geometric planner 12 the pre operative
30 kinematic biomnechanical simulator 14 and the intra

operative navigational software are implemented using a
computer system 20 having at least one display monitor 22
as shown in FIG 3 For example applicants have found that
a Silicon Graphics 02 workstation (Mountain View Calif)

35 can be suitably employed as the computer system 20
however the choice of computer system 20 will necessarily
depend upon the resolution and calculational detail sought in
practice During the pre operative stages of the method the
display monitor 22 is used for viewing and interactively

40 creating and/or generating models in the pre operative plan
ner 12 and displaying the results of the biomnechanical
simulator 14 The pre operative stages of the method may be
carried out on a computer (not shown) remote from the
surgical theater

45 During the intra operative stages of the method the
computer system 20 is used to display the relative locations
of the objects being tracked with a tracking device 30 The
medical practitioner preferably can control the operation of
the computer system 20 during the procedure such as

50 through the use of a foot pedal controller 24 connected to the
computer system 20 The tracking device 30 can employ any
type of tracking method as may be known in the art for
example emitter/detector systems including optic acoustic
or other wave forms shape based recognition tracking

55 algorithms or video based mechanical electro magnetic
and radio frequency (RF) systems In a preferred
embodiment schematically shown in FIG 3 the tracking
device 30 is an optical tracking system that includes at least
one camera 32 that is attached to the computer system 20

60 and positioned to detect light emitted from a number of
special light emitting diodes or targets 34 The targets 34
can be attached to bones tools and other objects in the
operating room equipment to provide precision tracking of
the objects One such device that has been found to be

65 suitable for performing the tracking function is the
Optotrak Tm 3020 system from Northern Digital Inc
Ontario Canada which is advertised as capable of achieving
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accuracies of roughly 0 1 mm at speeds of 100 measure
ments per second or higher

The apparatus 10 of FIG 1 is operated in accordance with
the method illustrated in FIG 2 The skeletal structure of the
joint is determined at step 40 using tomographic data (three
dimensional) or computed tomographic data (pseudo three
dimensional data produced from a series of two dimensional
scans) or other techniques from the skeletal data source 13
Commonly used tomographic techniques include computed
tomography (CT) magnetic resonance imaging (MRI)
positron emission tomographic (PET) or ultrasound scan
ning of the joint and surround structure The tomographic
data from the scanned structure generated by the skeletal
data source 13 is provided to the geometric planner 12 for
use in producing a model of the skeletal structure It should
be noted that in a preferred embodiment there is no
requirement that fiducial markers be attached to the patient
in the scanned region to provide a reference frame for
relating the tomography scans to intra operative position of
the piltient although markers can be used as a cross refer
ence or for use with other alternative embodiments

At step 42 a surface model is created or constructed
from the skeletal geometric data using techniques su(,h as
those described by B Geiger in Three dimensional mod
eling of human organs and its application to diagnosis and
surgical planning Ph D thesis Ecole des Mines de Paris
April 1993 The geometric models constructed from the
skeletal data source 13 can be manually generated and input
to the geometric planner 12 but it is preferable that the data
be used to create the geometric models in an automated
fashion

Also at step 42 geometric models of the artificial com
ponents to be implanted into the joint are created/generated
The geometric models can be created in any manner as is
known in the art including those techniques described for
creating joint models The geometric models of the artificial
components can be used in conjunction with the joint model
to determine an initial static estimate ot the proper size ot the
artificial components to be implanted

In step 44 the geometric models of the joint and the
artificial components are used to perform biomechanical
simulations of the movement of the joint containing the
implanted artificial components The biomnechanical simu
lations are preferably performed at a number of test posi
tions to dynamically optimize the size position and orien
tation of the artificial components in the patient s joint to
achieve a predetermined range of motion following surgery
The predetermined range of motion for a particular patient
is determined based on the expected activities of the patient
following surgery For example with regard to hip
functions daily activities such as getting out of bed
walking sitting and climbing stairs th-it are performed by
individuals requiring different ranges of motion as will be
discussed in further detail below

The size and orientations ot the implant component and
movements simulated at various test positions used in step
44 can be fully automated or manually controlled In a
preterred embodiment the selection and test process would
be automated so as to be more fully optimizable to a
predetermined range of motion either generally or for
predetermined activity However becaiuse it is necessary
that medical practitioners be comfortable and develop con
fidence in the system manual control is provided over the
selection of the implant components and the test positions in
the biomechanicil simulator 14

In step 46 the simulated movement of the joint at various
implant positions is used to calculate a range of motion for

8
each implant position In step 48 the calculated ranges of
motion are compared to the predetermined range of motion
to select an implant position for the artificial components A
goal of the simulation process is to find the implant position

5 which optimizes the calculated range of motion using the
predetermined range of motion as a basis for optimization
In practice the predetermined range of motion is determined
based on desired functional motions selected by a medical
practitioner on a patient specific basis (e g sitting requires

10 flexion of 90 ) The determination of the implant position
can be further influenced by others factors such as the
variation in the calculated range of motion as a function of
implant component orientation This criterion is useful for
determining the surgical margin of error that is available to

15 the medical practitioner without a substantial diminution in
the range of motion of the joint

Steps 40 42 44 46 and 48 represent a pre operative
procedure 50 which is performed so that the artificial
components can be properly sized and implant positions can

20 he properly determined The remainder of the steps in FIG
2 steps 52 54 and 56 comprise a procedure 60 wtich
enables a surgeon to reahize the desired implant position in
the surgical theater

In step 52 the implant positions determined using pro
25 cedure 50 are then identified by marking or incorporating

the information in some appropriate manner in the geometric
model of the joint The geometric models of the joint and the
artificial components can then be used in conjunction with
positional data obtained from the joint and the artificial

30 components during a surgical procedure to provide intra
operative guidance for the implantation of the artificial
components

In step 54 the joint model based on the skeletal data is
aligned with the intra operative position of the patient s

35 joint In a preferred embodiment step 54 is performed using
a technique known as three dimensional (3D) surface reg
istration In 3D surface registration discrete registration
points are obtained from the joint skeletal structure to define
the intra operative position of the patient s joint The reg

40 istration points are fitted to the joint model of the skeletal
structure to determine a coordinate transformation that is
used to align the joint model with the intra operative posi
tion of the patient s joint Once the transformation is
established the intra operative position of the patient s joint

45 can be tracked using the joint model by obtaiming positional
data from a point on the joint that provides spatial corre
spondence between the pre operative models and the intra
operative measurements A more thorough description of the
surface registration procedure is discussed in D A Simon

50 M Hebert and T Kanade Real time 3 D Pose Estimation
Using a High Speed Range Sensor Carnegie Mellon
University Robotics Institute Technical Report CMU RI
TR 93 24 (November 1993) D A Simon M Hebert and
T Kanade Techniques for fast and accurate intra surgical

55 registration Journal ot Image Guided Surgery 1(1) 17-29
(April 1995) and D A Simon et al Accuracy validation
in image guided orthopaedic surgery Proc 2nd Int 1 Symp
MRCAS Baltimore (Nov 1995) which are incorporated
herein by reference

60 The physical location of the intra operative registration
points on the joint from which the positional data is obtained
will determine the amount of positional data required to
uniquely determine and align the geometric model with the
registration points For example it is desirable to obtain

65 positional data from the joint that will maximize the con
straint on the possible solutions to the alignment problem
and provide high level of sensitivity to variations in the

Mako   Exhibit 1003   Page  24



5,880,976
9

position including orientation of the joint as discussed
above in the Simon et al references The goal of the
registration process is to determine a registration transfor
mation which best aligns the discrete points that provide
the spatial position and orientation of the joint with the joint
models Preferably an initial estimate of this transformation
is first determined using manually specified anatomical
landmarks to perform corresponding point registration
Once this initial estimate is determined the surface based
registration algorithm uses the pre and intra operative data
to refine the initial transformation estimate

Alternatively step 54 can be implemented using registra
tion systems that employ fiducial markers to align the
pre operative data with the intra operative position of the
patient s joint In those methods the fiducial markers must
be surgically implanted into the skeletal structure before
pre operative images are acquired in step 40 The intra
operative position of the fiducial markers are compared to
the pre operative data to determine the position of the
patient s joint An example of such a fiducial marker system
is discussed in R H Tatylor et al An image directed
robotic system for precise orthopaedic surgery IEEE
Trans on Robotics and Automation 10(3) 261-275 June
1994 In addition step 54 can be implemented using other
registration systems that do not require the pre operative use
of fiducial markers

In step 56 the position of the joint and the implant
components are tracked and compared in near real time to
the implant position identified in the joint model In this step
the tracking device 30 provides the positional data repre
sentative of the position of the patient s joint to the computer
system 20 The computer system 20 employs registration
routines within the intra operative navigational software 16
to determine the position and orientation of the joint and
then displays the relative positions of the artificial compo
nent and the implant position The tracking device 30 can
also be used to track and provide positional data represen
tative of the position of other physical objects in the oper
ating room such as surgical instruments Additional details
of the methods and apparatuses are presented in HipNav
Pre operative Planning and Intra operative Navigational
Guidance for Acetabular Implant Placement in Total Hip
Replacement Surgery DiGioia et al 2 d CAOS
Symposium Bern Switzerland 1996 which is incorpo
rated herein by reference

The operation of the apparatus 10 will now be discussed
with reference to its use in a THR procedure Generally an
acetabular cup 70 (FIG 8) having a cup liner 72 in a convex
portion thereof is implanted in an acetabulum 74 (FIG 4b)
of a pelvis 76 In addition a femoral implant 78 (FIG 7)
having a head or ball 80 and a neck or shaft 82 is
implanted into a femur 84 The femur 84 has a head portion
86 (FIG 5) that is removed to facilitate the implantation A
bore 88 is drilled in the femur 84 into which the femoral
implant 78 is placed The femoral neck 82 is secured in the
bore 88 in a position to allow the femoral head 80 to
cooperate with the cup Iner 72 in the acetabular cup 70

In accordance with step 40 skeletal structure data is
obtained on the femur and pelvic regions of the patient
preferably via CT scans as shown in FIGS 4(a) and 5(a)
respectively from the skeletal data source 13 The CT scans
are either manually or automatically inputted in the com
puter system 20 (FIGS 4(b) and 5(b)) and used to create
geometric surface models 90 and 92 of the patient s pelvis
76 and femur 84 (FIGS 4(c) and 5(c)) respectively as per
step 42

Geometric models 94 and 96 of the acetabular cup 70 and
an femoral implant 78 shown in FIGS 6 and 7 respectively

10
are created either manually or in an automated fashion using
conventional computer assisted design modelling techniques
with implant design or manufacturing data The size of the
acetabular cup 70 can be determined automatically based on

5 the size of the acetabulum 74 determined from the pelvis
model 90 the skeletal data or can be manually input
Similarly the femoral implant 78 can be manually sized to
cooperate with the selected acetabular cup 70 using standard
implant components or the sizing of the head 80 and neck 82

10 of the femoral implant 78 can be customized to fit the femur
84 using the femoral implant model 96 and the femur model
92 as shown in FIGS 7(a-e) One skilled in the art will
appreciate that the computer system 20 in performing step
42 can be programmed using separate or combined software

1routines to create the geometric surface models of the
patient s anatomy and the implant components

The computer system 20 uses the geometric model 90 of
the patient s pelvis 76 the model 92 of the patient s femur
the model 94 of the acetabular cup 70 and model 96 of the

20 femoral implant 78 to perform simulated biomnechanical
testing of the acetabular cup 70 and the femoral implant 78
implanted at various test positions in the acetabulum 74 and
femur 84 respectively according to step 44 For example in
the case of femoral neck 82--cup liner 72 impingement

25 shown in FIG 8 the important parameters in evaluating the
prosthetic range of motion are the head 80 to neck 82 ratio
of the femoral implant 78 the position including angular
orientation of the acetabular cup 70 and the relative position
of the femoral implant 78 with respect to the cup 70

30 While the present invention is applicable to non
axisymnmetric acetabular implants (i e hooded liners non
neutral liners) and femoral necks (i e non symmetric cross
sections) the following discussion of an axisymmetric
acetabular cup and femoral neck alignment case is presented

3S to ease the explanation of the concepts If the center of
rotation in the acetabular cup 70 coincides with the center of
the head 80 of the femoral implant 78 as shown in FIG 8
the angle 0 between the axis of symmetry Z of the acetabu
lar cup 70 and the line of impingement OB defines the

40 allowable angle of motion The limits of impingement create
a cone within which the axis of the femoral neck (line OA)
can move without the femoral neck impinging upon the cup
liner 72

The position of the neck axis with respect to the cone can
4s be evaluated by observing its intersection with a plane P

placed at an arbitrary distance normal to the Z axis The
cross section ot the cone defines the impingement circle (if
as stated above both the liner 72 and the neck 82 are
axisymmetric) and the path of the axis of the femoral neck

so 82 defines a curve in the plane P In FIG 8 the axis of the
femoral neck 82 begins at point A and moves along the path
AB to point B at which point the femoral neck 82 impinges
upon the cup liner 72

The motion of the femoral neck 82 can be derived from
55 (and expressed as a function of) the physiological movement

of the leg described in terms of combined flexion
extension abduction adduction and external and internal
rotation FIGS 9(a) and 9(b) show an example of range of
motion (ROM) simulation for two different cup orientations

60 and for two identical sets of ROM exercises (1) 90 flexion
(A)+15 adduction (B)+maximum internal rotation (C) and
(11) 10 extension (D)+maximum external rotation (E) As a
result of reorienting the cup from 45 abduction+15 flexion
(FIG 9(a)) to 50 abduction+5 flexion (FIG 9(b)) maxi

65 mum internal rotation at the impingement point C is reduced
from 15 7 to 4 3 in exercise I and maximum external
rotation at the impingement point E is increased from 45 8
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to 55 8 in the exercise 1I In accordance with step 48 the
implant position is determined by comparison of the calcu
lated range of motion of the femoral implant 78 in the
acetabular cup 70 with the predetermined range of motion
See Simulation of Implant Impingement and Dislocation in
Total Hip Replacement Jaramaz et al Computer Assisted
Radiology 10 h International Symposium and Exhibition
Paris June 1996 which is incorporated herein by reference

In the execution of the intra operative procedure 60 the
implant position is identified in the pelvic model 90 prior to
surgery as in step 52 During the surgical procedure the
pelvis 76 of the patient is exposed One of the tracking
targets 34 a pelvic target is attached to the pelvic region as
shown in FIG 3 Preterably the target 34 is attached in close
proximity to the acetabulum 74 to provide data as close to
the area of interest as possible without becoming an impedi
ment to the surgicil procedure The close proximate place
ment of the target 34 provides an additional benefit of
minimizing the extent to which the pelvis must be exposed
during the procedure Positional data from discrete locations
on the patient s pelvis 76 and femur 84 are taken and
provided as input to the navigational guidance software 16
according to step 54

The intra operative positional data is registered with the
pelvic model 90 and femur model 92 as shown in FIGS
10(a) and (b) to align the models with the intra operative
position of the patient s pelvis 76 and femur 84 respectively
During the acquisition of discrete registration point posi
tional data from the pelvis 76 the tracking device 30 via
camera 32 is used to track the pelvic target The pelvic
target position data is used in combination with the trans
formation developed using the registration data provide a
spatial correspondence between pre operative CT coordi
nates (i e pelvic model) and the intra operative coordinates
(i e measurements of the patient s pelvis relative to the
pelvic target) Intra operative tracking of the acetabular cup
70 is also performed relative to the pelvic target

The position of the acetabular cup 70 prior to implantation
is preferably tracked by attaching at least one other tracking
target 34 a second target to a cup insertion tool 98 as
shown in FIG 3 and mathematically relating the position of
the second target 34 to the position of the cup 70 In this
manner the potential for damage to the cup 70 from directly
mounting the target 34 to the cup 70 is eliminated In
addition the target 34 can be placed on the tool 98 so as to
not obscure the medical practitioner s view of the surgical
area Preferably a third or reference target 34 is positioned
to allow for spatial orientation of the operating room

Guidance in the placement of the acetabular cup 70 is
provided by the navigational software 16 in the computer 20
which displays on the monitor 22 near real time position
tracking of the cup 70 relative to the to the pre operatively
specified implant position Once the cup 70 is aligned with
the implant position the cup 70 is in the pre operatively
planned orientation

A series of tests were developed and performed to assess
the ability of the apparatus 10 to correctly predict the
impingement of the femoral neck 82 with acetabular cup
liner 72 The series of tests were developed because the
testing described in available references did not include
experimental parameters such as neck size and the orien
tation of the fomneral neck axis necessary to evaluate the
biomnechanical simulator The testing was performed using a
laboratory p)rototype of the apparatus 10 known as the
HipNaVTM system Details of the testing are presented in
Jaramaz et al Range of Motion After lotal Hip Arthro

plasty Experimental Verification of the Analytical
Simulator Carnegie Mellon University Robotics Institute
Technical Report CMU RI TR 97 09 (February 1997) and
Jaramaz et al Simulation of Implant Impingement and

5 Dislocation in Total Hip Replacement Computer Assisted
Radiology 10'1 International Symposium and Exhibition
Paris June 1996 both of which are incorporated herein by
reference

Although the present invention has been described with
10 specific examples directed to hip replacement and revision

those skilled in the art will appreciate that the method and
apparatus may be employed to implant a component in any
joint The skilled artisan will further appreciate that any
number of modifications and variations can be made to

15 specific aspects of the method and apparatus of the present
invention without departing from the scope of the present
invention Such modifications and variations are intended to
be covered by the foregoing specification and the following
claims

20 What is claimed is
1 A computer system for determining an implant position

of at least one artificial component in a patient s joint
comprising

25 means for creating a joint model of a patient s joint into
25 which an artificial component is to be implanted

means for creating a component model of the artificial
component

means for simulating movement of the patient s joint with

30 the artificial component in a test position using the
component model and the joint model

means for calculating a range of motion of the joint at the
test position based on the simulated movement and

means for determining an implant position for the artifi
35 cial component based on a predetermined range of

motion and the calculated range of motion
2 The computer system of claim 1 wherein said means

for creating a joint model comprises means for creating a
joint model using skeletal geometric data derived from the

40 joint
3 The computer system of claim 2 wherein said means

for creating a joint model compnises means for creating a
joint model using tomographic data derived from the joint

4 The computer system of claim 2 wherein said means
45 for creating a joint model comprises means for creating a

joint model using computed tomographic data derived from
the joint

5 The computer system of claim 1 wherein said means
for determining comprises means for determining an implant

50 position in the patient s joint based on a predetermined
range of motion for a predetermined activity and the calcu
lated range of motion

6 The computer system of claim 1 wherein said means
for simulating comprises means for simulating movement of

55 the artificial component in a test position in the patient s
joint using the component model and the joint model

7 An apparatus for facilitating the implantation of arti
ficial components in joints comprising

a tracking device for providing positional tracking data
60 representative of the position of a patient s joint and an

artificial component and
a computer system comprising

means for creating a joint model of the patient s joint
into which the artificial component is to be

65 implanted
means for creating a component model of the artificial

component
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means for simulating movement of the patient s joint
with the artificial component in a test position using
the component model and the joint model

means for calculating a range of motion of the joint for
said test position based on the simulated movement

means for determining an implant position of the
artificial component in the patient s joint based on a
predetermined range of motion and the calculated
range of motion

means for identifying~ the determined implant position
in the joint model and

means for aligning the joint model with the patient s
joint and the artificial component model with the
corresponding artificial component baised on said
positional tracking data

8 The apparatus of claim 7 wherein said computer
system further comprises

means for calculating the position of the artificial com
ponent relative to the implant position and

a display system aittached to said computer system to
provide a display of the position of the artificial coin
ponent with respect to the implant position

9 The apparatus of claim 7 wherein said tracking device
comprises an optical tracking system

10 The apparatus of claim 9 wherein said optical track
ing system comprises at least one camera positioned to trick
the position of the patient s joint and the artificial compo
nent

11 The apparatus of claim 9 wherein said optical tracking
system comprises

tracking targets attached to the patient and the artificial
component and

at least one camerai positioned to track the position of said
tracking targets

12 The apparatus of claim 7 wherein said tracking device
is selected from the group consisting of an acoustic tracking
system shape based recognition tracking system video
based tracking system mechanical tracking system electro
magnetic tracking system and radio frequency tracking
system

13 The aippairatus of claim 7 wherein said means for
aligning comprises

means for determining spatial coordinates of discrete
points on the joint and

means for calculating a coordinate transformation to align
the joint model with the discrete points on the joint

14 A computer system for determining an implant posi
tion of an artificial acetabular cup in a patient s acetabulum
and an artificial femoral head and shaft component in the
patient s femur to provide for cooperation between the
artificial femoral head and the acetabular cup said computer
system comprising

means for creating a pelvic model of a patient s pelvis into
which an artificial acetabular cup component is to be
implanted

means for creating an acetabular cup model of the artifi
cial acetabular cup

means for creating a femoral model of a patient s femur
into which an artificial femoral head and shaft compo
nent is to be implanted

means for creating a femoral head and shaft model of the
artificial femoral head and shaft component

means for simulating movement of the patient s hip joint
with the artificial femoral head cooperating with the
acetabular cup in a test position using the femoral head

14
and shaft and acetabular cup models and the pelvic and
femoral models

means for calculating a range of motion of the femoral
head and shaft component in the acetabular cup for the

5 test position based on the simulated movement and
means for determining an implant position for the artifi

cial acetabular cup and femoral component based on a
predetermined range of motion and the calculated range
of motion

10 15 A method of determining an implant position for
artificial components in a joint comprising

creating a joint model of a patient s joint into which an
artificial component is to be implanted

15 creating a component model of the artificial component
simulating movement of the patient s joint with the arti

ficial component in a test position using the component
model and the joint model

calculating a range of motion of the joint for said test
20 position based on the simulated movement and

determining an implant position for the artificial compo
nent based on a predetermined range of motion and the
calculated range of motion

25 16 A method of facilitating the implantation of artificial
25components in joints comprising

creating a joint model of a patient s joint into which an
artificial component is to be implanted

creating a component model of the artificial component

30 simulating movement of the patient s joint with the arti
ficial component in a test position using the component
model and the joint model

calculating a range of motion of the joint for said test
position based on the simulated movement

35 determining an implant position for the artificial compo
nent based on a predetermined range of motion and the
calculated range of motion

identifying the implant position in the joint model

40 aligning the joint model with the patient s joint and the
40 artificial component model with the corresponding arti

ficial component based on positional tracking data
representative of the position of the joint and the
artificial component and

45 tracking the artificial component and the joint to maintain
alignment of the joint model with the joint and to
determine the artificial component position relative to
the implant position in the joint

17 The method of claim 16 wherein said step of aligning

50 further comprises
determining spatial coordinates of selected points on the

joint and
calculating a coordinate transformation to align the joint

model with the points on the joint
55 18 The method of claim 17 wherein said step of aligning

further comprises providing a stationary marker to provide
a frame of reference for said step of determining spatial
coordinates

19 The method of claim 16 wherein said step of tracking
60 further comprises the step of determining the position of

surgical instruments relative to the joint
20 A computerized method of facilitating the implanta

tion of an artificial acetabular cup in an acetabulurn of a
pelvis comprising

65 creating a three dimensional pelvic model based on skel
etal geometric data of a pelvis and acetabulum into
which an artificial acetabular cup is to be implanted
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creating a three dimensional component model of the
artificial acetabular cup and a femoral component

simulating movement of the patient s hip joint with the
artificial femoral head cooperating with the acetabular
cup in a test position using the femoral head and shaft
and acetabular cup models and the pelvic and femoral
models

calculating a range of motion of the femoral head and
shaft component in the acetabular cup for the test
position based on the simulated movement

determining an implant position for the artificial acetabu
lar cup and temoral component based on a predeter
mined range of motion and the calculated range of
motion

identifying the implant position in the pelvic model
aligning the pelvic model with the patient s pelvis and the

acetabular cup model with the acetabular cup based on
positional tracking data providing the position of the
pelvis and the acetabular cup and

tracking the acetabular cup and the pelvis to maintain
alignment of the pelvic model with the pelvis and to
determine the acetabular cup position relative to the
implant position in the hip

21 The method of claim 20 wherein
said step of creating further comprises creating a three

dimensional femur model of a femur from skeletal data
said step of interfacing further comprises interfacing the

femur model with the femoral component model at a
femoral implant position

said step of simulating further comprises simulating
movement of the artificial femoral component in the
acetabular cup at the femoral test position using the
artificial component and pelvic models

said step of identifying further comprises identifying the
femoral implant position in the femur model

said step of aligning further comprises aligning femoral
points on the femur to align the femoral model with the
femur and

said step of tricking further comprises tracking the femo
ral component and the femur to maintain alignment of
the femur model with the femur and to determine
femoral component position relative to the femoral
implant position and the acetabular cup

22 A computer readable medium containing instructions
for determining an implant position for artificial components
in a joint wherein said instructions comprise instructions
for

16
creating a joint model of a patient s joint into which an

artificial component is to be implanted

creating a component model of the artificial component

5 simulating movement of the patient s joint with the arti
ficial component in a test position using the component
model and the joint model

calculating a range of motion of the joint for at least one
test position based on the simulated movement and

10 determiming an implant position for the artificial compo
nent based on a predetermined range of motion and the
calculated range of motion

23 A computer readable medium containing instructions

15for facilitating the implantation of an artificial acetabular
cup in an acetabulum of a pelvis wherein said instructions
comprise instructions for

creating a joint model of a patient s joint into which an
artificial component is to be implanted

20 creating a component model of the artificial component
simulating movement of the patient s joint with the arti

ficial component in a test position using the component
model and the joint model

calculating a range of motion of the joint for at least one
25 test position based on the simulated movement

determining an implant position for the artificial compo
nent based on a predetermined range of motion and the
calculated range of motion

30 identifying the implant position in the joint model
aligning the joint model with the patient s joint and the

artificial component model with the corresponding arti
ficial component based on positional tracking data
representative of the position of the joint and the

35 artificial component and
tracking the artificial component and the joint to maintain

alignment of the joint model with the joint and to
determine the artificial component position relative to
the implant position in the joint

40 24 The computer readable medium of claim 23 wherein
said step instruction for aligning comprises instructions for

determining spatial coordinates of discrete points on the
joint and

45 calculating a coordinate transformation to ahign the joint
model with the discrete points on the joint

* * * * *
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IIN THE UNITED STATES PATENT AND TRADEMARK OFFICE
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Assistant Commissioner for Patents
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NEW APPLICATION TRANSMITTAL

Transmitted here)W Ih for filing Is the patent a I tion of
Inventoq(s) D~±.4.M~iGioia, David A

and Taieo Kanade

Simn-,-Branislav aramaz,
Morgan, IRobert VII-UlToe,

WARNING Patent must be apphed for in the name(s) of all of the actual inventor(s) 3 7 CFR 1 41(a) and 1 53(b)

For (title)

APPARATUS AND MVETHOD FOR FAGCIL ITAT ING
OF ARTIFICIAL COMvPONENTS IN JOINTS

THE IMPLANTAT I ON

CERTIFICATION UNDER 37 CFR 1 10

I hereby certify that this New Application Transmittal and the documents referred as e I!qtherein are being
deposited with the United States Postal Service on this date r e Dr u a ry h 1 in an envelope
as Express Mail Post Office to Addressee Mailing Label Number E 1 3 74 8 89 6'61us addressed
to the Assistant Commissioner for Patents Washington D C 20231

Beth H Retort

NOTE Each paper or fee referred to as enclosed herein has the number of the Express Mail mailing label placed
thereon prior to mailing 37 CFR 1 10(b)

WARNING Certificate of mailing (first class) or facsimile transmission procedures of 37 CFR 1 8 cannot be used
to obtain a date of mailing or transmission for this correspondence

(Application Transmittal [4 I]-page 1 of 9)

PATENT

0 jR ,/ p o ()F) (1), (,- o t-3

Mako   Exhibit 1003   Page  30



IType of Application
This new application is for a(n)

(check one applicable item below)

SOriginal (nonprovisional)

ElDesign
[I Plant

WARNING Do not use this transmittal for a completion in the U S of an International Application under 35
U S C 371(c)(4) unless the International Application is being filed as a divisonal continuation or
continuation in part application

WARNING Do not use this transmittal for the iling of a provisional application

NOTE If one of the following 3 items apply then complete and attach ADDED PAGES FOR NEW APPLICATION
TRANSMITTAL WHERE BENEFIT OF A PRIOR U S APPLICATION CLAIMED and a NOTIFICATION
IN PARENT APPLICATION OF THE FILING OF THIS CONTINUATION APPLICATION

E0 Divisional
El Continuation
E7 Continuation-in-part (C-I-P)

2 Benefit of Prior U S Application(s) (35 U S C 119(e), 120 or 121)
NOTE If the new application being transmitted is a divisional continuation or a continuation in part of a parent

case or where the parent case is an International Application which designated the U S or benefit
of a pnior provisional application Is claimed then check the following item and complete and attach

L ADDED PAGES FOR NEW APPLICAT7ON TRANSMITTAL. WHERE BENEFIT OF PRIOR US APPLICA
TION(S) CLAIMED

WARNING If an application claims the benefit of the filing date of an earlier filied application under 35 U S C
720 121 or 365(c) the 20-year term of that application will be based upon the filing date of the
earliest U S application that the application makes reference to under 35 U S C 120 121 or 365(c)
(35 U S C 154(a) (2) does not take Into account for the determination of the patent term any
application on which prionity is claimed under 35 US C 119 365(a) or 365(b)) For a c-i-p
application applicant should rewiew whether any claim in the patent that will issue Is supported
by an earlier application and If not the applicant should consider canceling the reference to the
earlier filed application The term of a patent is not based on a claim by claim approach See Notice

I I of April14 1995 60 Fed Reg 20 195 at 20 205
WARNING When the last day of pendency of a provisional application falls on a Saturday Sunday or Federal

holiday within the Distnict of Columbia any nonprovisional application claiming benefit of the
provisional application must be filed pnor to the Saturday Sunday or Federal holiday within the
District of Columbia See 3 7 C F R § 1 78(a)('3)

El The new application being transmitted claims the benefit of prior U S applica-
tion(s) Enclosed are ADDED PAGES FOR NEW APPLICATION TRANSMITTAL
WHERE BENEFIT OF PRIOR U S APPLICATION(S) CLAIMED

3 Papers Enclosed That Are Required for Filing Date under 37 C F R 1 53(b)
(Regular) or 37 C F R 1 153 (Design) Application
-1 Pages of specification

12Pages of claims
1 Pages of Abstract
10Sheets of drawing

El formal
KIE informal

(Application Transmittal [4-1--page 2 of 9)
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WARNING DO NOT submit oniginal drawings A high quality copy of the drawings should be supplied when
fiing a patent application The drawings that are submitted to the Office must be on strong white
smooth and non shiny paper and meet the standards according to § 1 84 If corrections to the
drawings are necessary they should be made to the oniginal drawing and a high quahity copy of
the corrected original drawing then submitted to the Office Only one copy is required or desired
Comments on proposed new 37 CFR 184 Notice of March 9 1988 (1990 0 G 57 62)

NOTE Identifying indicia if provided should include the application number or the title of the Invention
inventors name docket number (if any) and the name and telephone number of a person to call if
the Office is unable to match the drawings to the proper application This information should be placed
on the back of each shaet of drawing a minimum distance of 1 5 cm (5/8 inch) down from the top
of the page 3 7C FR 1 84(c))

(complete the following, if applicable)

El The enclosed drawing(s) are photograph(s), and there is also attached a
'PETITION TO ACCEPT PHOTOGRAPH(S) AS DRAWING(S) 370C F R 1 84(b)

4 Additional papers enclosed
El Preliminary Amendment
El Information Disclosure Statement (37 C F R 1 98)
El Form PTO-1449 (PTO/SB/08A and 0813)

El Citations
El Declaration of Biological Deposit

ElSubmission of "Sequence Listing computer readable copy and/or amendment
pertaining thereto for biotechnology Invention containing nucleotide and/or
amino acid sequence

El Authorization of Attorney(s) to Accept and Follow Instructions from Representa-
tive

El Special Comments
ElOther

u 5 Declaration or oath
H El Enclosed

Executed by

(check all applicable boxes)

El inventor(s)
Ellegal representative of inventor(s)

37 CFR 1 42 or 1 43
Eljoint inventor or person showing a proprietary

interest on behalf of Inventor who refused to sign
or cannot be reached

El This is the petition required by 37 CFR 1 47 and the statement
required by 37 CFR 1 47 is also attached See item 13 below for
fee

X2 Not Enclosed
WARNING Where the filing is a completion in the U S of an International Application but where a declaration

is not available or where the completion of the U S application contains subject matter in addition
to the Intemnational Application the application may be treated as a continuation or continuation in
part as the case may be utilizing ADDED PAGE FOR NEW APPLICATION TRANSMITTAL WHERE
BENEFIT OF PRIOR U S APPLICATION CLAIMED

(Appication Transmittal [4 I]-page 3 of 9)
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0l Application is made by a person authorized under 37 C F R 1 41 (c) on behalf
of all the above named Inventor(s)

(T'he declaration or oath, along with the surcharge required by 37 CFR 1 16(e) can be
fliled subsequently)

NOTE It is important that all the correct inventor(s) are named for filing under 37 CFR 1 41(c) and 1 53(b)

El Showing that the filing is authorized
(not required unless called into question 37 CFR 1 41(d))

6 Inventorship Statement
WARNING If the named inventors are each not the Inventors of all the claims an explanation including the

ownership of the various claims at the time the last claimed invention was made should be
submited

The inventorship for all the claims In this application are
El The same

or
El Not the same An explanation including the ownership of the various claims at

the time the last claimed Invention was made,
El Is submitted
El will be submitted

-a 7 Language
NOTE An application including a signed oath or declaration may be filed in a language other than English

A venfied English translation of the non English language application and the processing fee of $130 00j ~required by 37 CFR 1 17(k) is required to be filed with the application or within such time as may beset by the Office 37 CFR 1 52(do

41NOTE A non English oath or declaration in the form provided or approved by the PTO need not be translated
14 37 CFR 1 69(b)

El English
J El Non-English

ElThe attached translation Is a verified translation 37 C F R 1 52(d)
8 Assignment

El An assignment of the Invention to ___________________

El Is attached A separate El "COVER SHEET FOR ASSIGNMENT (DOCU-
MENI) ACCOMPANYING NEW PATENT APPLICATION or El FORM PTO
1595 Is also attached

El will follow
NOTE If an assignment is submitted with a new application send two separate letters one for the application

and one for the assignment Notice of May 4 1990 (1114 0 G 77 78)
WARNING A newly executed CERTIFICATE UNDER 37 CFR 3 73(b) must be filed when a continuation in part

application is filed by an assignee Notice of Apni 30 1993 1150 00G 62 64

(Application Transmittal [4 11-page 4 of 9)
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9 Certified Copy
Certified copy(les) of application(s)

Country Appin no Filed

Country AppIn no Filed

Country Appln no Filed

from which priority Is claimed
0 is (are) attached
0 will follow

NOTE The foreign application forming the basis for the claim for prionty must be referred to in the oath or
declaration 37 CFR 1 55(a) and 1 63

NOTE This item is for any foreign pnionty for which the application being iled directly relates If any parent
U S application or intemationfal Application from which this application claims benefit under 35 U S C
120 is itself entitled to pnonty from a prior foreign application then complete item 18 on the ADDED
PAGES FOR NEW APPLICATION TRANSMITTAL WHERE BENEFIT OF PRIOR U S APPLICATDON(s)
CLAIMED

10 Fee Calculation (37 C F R 116)
A ~ Regular application

CLAIMS AS FILED

Number filed Number Extra Rate Basic Fee
37 C FR 1 16(a)

$770 00
Total
Claims (37 CFR 1 16(c)) 2 4 20 = 4 X $ 2200 88 00

Independent 8_ 5400
Claims (37 CFR 1 16(b)) - 3 = X $.8000 40 0
Multiple dependent claim(s),
if any (37 CFR 1 16(d)) + $260 00

M Amendment cancelling extra claims is enclosed
El Amendment deleting multiple-dependencies Is enclosed
E3 Fee for extra claims is not being paid at this time

NOTE f the fees for extra claims are not paid on filing they must be paid or the claims cancelled by amendment
pnor to the expiration of the time period set for response by the Patent and Trademark Office in any
notice of fee deficiency 37 CFR 1 16(d)

Filing Fee Calculation $1,258 00

(Application Transmittal [4 1-page 5 of 9)
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B f Design application
($320 00-37 CFR 1 16(f))

Filing Fee Calculation $
C 7 Plant application

($530 00-37 CFR 1 16(g))
Filing fee calculation $

11 Small Entity Statement(s)
0 Verified Statement(s) that this is a filing by a small entity under 37 CFR 1 9 and

1 27 is (are) attached
WARNING Status as a small entity in one application or patent does not affect any other application or patent

including applications or patents which are directly or indirectly dependent upon the application
or patent in which the status has been established A nonprovisional application claiming benefit
under 35 U S C 119(e) 720 121 or 365(c) of a pnior application may rely on a venfied statement
filed In the pnior application if the nonpro visional application includes a reference to a verified
statement in the prior application or includes a copy of the venfied statement filed In the prior
application if status as a small entity Is still proper and desired 3 7 C F R § 1 28(a)

(complete the following, if applicable)

Dl Status as a small entity was claimed in prior application
/ filed on ,from which benefit

Is being claimed for this application under
35 U S C E 11 9(e),

0 120,
S121
0365(c),

and which status as a small entity Is still proper and desired
0 A copy of the verified statement in the prior application is included

Filing Fee Calculation (50% of A, B or C above)

$
I U NOTE Any excess of the full fee paid will be refunded if a verified statement and a refund request are filed

within 2 months of the date of timely payment of a full fee The two month peniod is not extendable
under § 1 136 37 CFR 1 28(a)

12 Request for International-Type Search (37 C F R 1 104(d))

(complete if applicable)

D Please prepare an International-type search report for this application at the time
when national examination on the merits takes place

(Appiication Transmittal [4 I]-page 6 of 9)

Mako   Exhibit 1003   Page  35



13 Fee Payment Being Made at This Time

IiNot Enclosed
0 No filing fee Is to be paid at this time

(This and the surcharge required by 3 7 C F R 1 16(e) can be paid subse
quently)

~IEnclosed

C3 Basic filing fee
El Recording assignment

($40 00, 37 C FR 121 (h))
(See attached "COVER SHEET FOR
ASSIGNMENT ACCOMPANYING NEW
APPLICATION')

0 Petition fee for filing by other than all the
inventors or person on behalf of the inventor
where Inventor refused to sign or cannot be
reached
($130 00, 37 C F R 1 47 and 1 17(h))

CFor processing an application with a
specification in
a non-English language
($130 00, 37 C F R 1 52(d) and 1 17(k))

CProcessing and retention fee
($130 00 37 C FR 1 53(d) andl121(1))

Li C Fee for International-type search report
U($40 00 37 CF R 121 (e))

$1,258 00

$

$

$

$

$
NOTE 37 CFR 1 21(7) establishes a fee for processing and retaining any application that Is abandoned for failing

to complete the application pursuant to 37 CFR I 53(d) and this as well as the changes to 37 CFR
1 53 and 1 78 indicate that in order to obtain the benefit of a prior U S application either the basic
filing fee must be paid or the processing and retention fee of § 1 21(o) must be paid within 1 year from
notification under § 53(d)

Total fees enclosed $1, 258 00
14 Method of Payment of Fees

(3 Check in the amount of $ 1 , 2 58 0 0
El Charge Account No ____________

A duplicate of this transmittal Is attached

in the amount of

NOTE Fees should be itemized in such a manner that it is clear for which purpose the fees are paid 37 CFR
1 22(b)

(APplication Transmital [4 1-page 7 of 9)
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15 Authorization to Charge Additional Fees
WARNING If no fees ore to be paid on fiing the following items should not be completed
WARNING Accurately count claims especially multiple dependent claims to avoid unexpected high charges

if extra claim charges are authornzed
[3 The Commissioner Is hereby authorized tb charge the following additional fees

by this pape and during the entire pendency of this application to Account No
11-111

El 37 C F R 1 16(a), (f) or (g) (filing fees)
EJ 37 C F R 1 16(b) (c) and (d) (presentation of extra claims)

NOTE Because additional fees for excess or multiple dependent claims not paid on iling or on later presentation
must only be paid or these claims cancelled by amendment pnor to the expiration of the time period
set for response by the PTO in any notice of fee deficiency (37 CFR 1 16(d)) It might be best not to
authonze the PTO to charge additional claim fees except possibly when dealing with amendments after
final action

S37 C F R 1 16(e) (surcharge for filing the basic filing fee and/or declaration
on a date later than the filing date of the application)

S37 C F R 1 17 (application processing fees)
WARNING While 37 CFR 1 17(a) (b) (c) and (d) deal with extensions of time under § 1 136(a) this authorization

should be made only with the knowledge that Submission of the appropriate extension fee under
3 7C F R 1 136(a) is to no a vail unless a request or petition for extension is filed (Emphasis added)
Notice of November 5 1985 (1060 0 G 27)

Dl 37 C F R 1 18 (issue fee at or before mailing of Notice of Allowance
pursuant to 37 C F R 1 311 (b))

NOTE Where an authorization to charge the Issue fee to a deposit account has been filed before the mailing
of a Notice of Allowance the issue fee will be automatically charged to the deposit account at the time
of mailing the notice of allowance 37 CFR 1 311(b)

NOTE 37 CFR 1 28(b) requires Notification of any change in loss of entitlement to small entity status must
be filed In the application prior to paying or at the time of paying issue fee From the wording
of 37 CFR 1 28(b) (a) notification of change of status must be made even if the fee Is paid as other
than a small entity and (b) no notification is required if the change is to another small entity

16 Instructions as to Overpayment

Dl Credit Account No
0 Refund

SIGNATURE OF ATTORNEY
Reg No 29.1,6 88 Ewr .Pnok

Tel No ( 4 12 355-8645 (type or pnnt name of attorney)
4irk2atrick & Lackhar-t-LLP
PO Address 1500 Oliver Building

LLLLU hargh P A15 2 22

(Application Transmittal [4 11-page 8 of 9)
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ElIncorporation by reference of added pages
(check the following Item if the appilcation In this transmittal claims the
benefit of prior U S application(s) (including an international application
entering the U S stage as a continuation divisional or C I-P appication) and
complete and attach the ADDED PAGES FOR NEW APPLICATION TRANS-
MITTAL WH4ERE BENEFIT OF PPIlOR U S APPLICATION(S) CLAIMED)

C3 Plus Added Pages for New Application Transmittal Where Benefit of Prior U S
Application(s) Claimed

Number of pages added_____________

El Plus Added Pages for Papers Referred to in Item 4 Above
Number of pages added_____________

El Plus "Assignment Cover Letter Accompanying New Application
Number of pages added

liStatement Where No Further Pages Added
(if no further pages form a part of this Transmittal, then end this Transmittal
with this page and check the following Item)

SThis transmittal ends with this page

IJ

(Application Transmittal [4 1-page 9 of 9)
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W-58 - 161 _A_08/803993
TITLE OF THE INVENTIONR, D 04*% Apparatus and MRthnr1_frr]Eaa1litatin 1 -- mlntation of

*10 Artificial Components in Jo-ints

E CROSS-REFERENCE TO RELATED APPLICATIONS

Not Applicable

STATEMENT REGARDING FEDERALLY SPONSORED

RESEARCH OR DEVELOPMENT

10 This work was supported in part by a National Challenge
grant from the National Science Foundation Award IRI 9422734

BACKGROUND OF THE INVENTION

15 The present invention is directed generally to the
10 implantation of artificial joint components and, more
1C particularly, to computer assisted surgical implantation of

artificial acetabular and femoral components during total hip
replacement and revision procedures

20 Total hip replacement (THR) or arthroplasty (THA)

operations have been performed since the early 1960s to
repair the acetabulum and the region surrounding it and to
replace the hip components, such as the femoral head, that
have degenerated Currently, approximately 200,000 THR

25 operations are performed annually in the United States alone,
of which approximately 40,000 are redo procedures, otherwise
known as revisions The revisions become necessary due to a
number of problems that may arise during the lifetime of the
implanted components, such as dislocation, component wear and

30 degradation, and loosening of the implant from the bone
Dislocation of the femoral head from the acetabular

component, or cup, is considered one of the most frequent
early problems associated with THR, because of the sudden
physical, and emotional, hardship brought on by the

35 dislocation The incidence of dislocation following the

1
Pr 29853 01
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primary THR surgery is approximately 2-6!k and the percentage

is even higher for revisions While dislocations can result

from a variety of causes, such as soft tissue laxity and

loosening of the implant, the most common cause is

5 impingement of the femoral neck with either the rim of an

acetabular cup implant, or the soft tissue or bone

surrounding the implant Impingement most frequently occurs

as a result of the malposition of the acetabular cup

component within the pelvis

10 Some clinicians and researchers have found incidence of

impingement and dislocations can be lessened if the cup is

oriented specifically to provide for approximately 150 of

anteversion and 450 of abduction, however, this incidence is

also related to the surgical approach For example, McCollum

15 et al cited a comparison of THAs reported in the orthopaedic

literature that revealed a much higher incidence of

dislocation in patients who had THAs with a posterolateral

approach McCollum, D E and W J Gray, "Dislocation after

total hip arthroplasty (causes and prevention)",. Clinical

20 Orthopaedics and Related Research, Vol 261, p 159-170

(1990) McCollum's data showed that when the patient is

placed in the lateral position for a posterolateral TEA

approach, the lumbar lordotic curve is flattened and the

pelvis may be flexed as much as 350 If the cup was oriented

25 at 15-200 of flexion with respect to the longitudinal axis of

the body, when the patient stood up and the postoperative

lumbar lordosis was regained, the cup could be retroverted as

much as 100-150 resulting in an unstable cup placement

Lewinnek et al performed a study taking into account the

30 surgical approach utilized and found that the cases falling

in the zone of 150±100 of anteversion and 400±100 of

abduction have an instability rate of 1 5k, compared with a

6k instability rate for the cases falling outside this zone

Lewinnek G E , et al , "Dislocation after total hip-

35 replacement arthroplasties", Journal of Bone and Joint

Surgery, Vol 60-A, No 2, p 217-220 (March 1978) The
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Lewinnek work essentially verifies that dislocations can be

correlated with the extent of malpositioning, as would be

expected The study does not address other variables, such

as implant design and the anatomy of the individual, both of
5 which are known to greatly affect the performance of the

implant

The design of the implant significantly affects

stability as well A number of researchers have found that

the head-to-neck ratio of the femoral component is the key

10 factor of the implant impingement, see Amstutz H C , et al
"Range of Motion Studies for Total Hip Replacements",

Clinical Orthopaedics and Related Research Vol 111, p 124-

130 (September 1975) Krushell et al additionally found

that certain long and extra long neck designs of modular

15 implants can have an adverse effect on the range of motion

Krushell, R J , Burke D W , and Harris W H, "Range of motion

in contemporary total hip arthroplasty (the impact of modular
head-neck components)", The Journal of Arthroplasty, Vol 6,

p 97-101 (February 1991) Krushell et al also found that

20 an optimally oriented elevated-rim liner in an acetabular cup
implant may improve the joint stability with respect to

implant impingement Krushell, R J , Burke D W , and Harris

lu W H . "Elevated-rim acetabular components Effect on range of
MU motion and stability in total hip arthroplasty", The Journal

25 of Arthroplasty, Vol 6 Supplement, p 1-6, (October 1991)

Cobb et al have shown a statistically significant reduction

of dislocations in the case of elevated-rim liners, compared
to standard liners Cobb T K , Morrey B F, Ilstrup D MI
"The elevated-rim acetabular liner in total hip arthroplasty

30 Relationship to postoperative dislocation", Journal of Bone

and Joint Surgery, Vol 78-A, No 1, p 80-86, (January 1996)

The two-year probability of dislocation was 2 19k for the
elevated liner, compared with 3 85% for standard liner

Initial studies by Maxian et al using a finite element model
35 indicate that the contact stresses and therefore the

polyethylene wear are not significantly increased for
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elevated rim liners, however, paints of impingement and
subsequent angles of dislocation for different liner designs
are different as would be expected Maxian T A , et al
"Femoral head containment in total hip arthroplasty Standard

5 vs extended lip liners", 42nd Annual meeting, Orthopaedic

Research society, p 420, Atlanta, Georgia (February 19-22,
1996), and Maxian T A , et al "Finite element modeling of
dislocation propensity in total hip arthroplasty", 42nd
Annual meeting, Orthopaedic Research society, p 259-64,

10 Atlanta, Georgia (February 19-22, 1996)

An equally important concern in evaluating the
dislocation propensity of an implant are variations in
individual anatomies As a result of anatomical variations,

there is no single optimal design and orientation of hip
15 replacement components and surgical procedure to minimize the

13 dislocation propensity of the implant For example, the
pelvis can assume different positions and orientations
depending or whether an individual is lying supine (as during
a CT-scan or routine X-rays), in the lateral decubitis

20 position (as during surgery) or in critical positions during
activities of normal daily living (like bending over to tie
shoes or during normal gait) The relative position of the

IU pelvis and leg when defining a "neutrIall" plane from which the
angles of movement, anteversion, abduction, etc , are

25 calculated will significantly influence the measured amount
4 of motion permitted before impingement and dislocation

occurs Therefore, it is necessary to uniquely define both
the neutral orientation of the femur relative to the pelvis
for relevant positions and activities, and the relations

30 between the femur with respect to the pelvis of the patient
during each segment of leg motion

Currently, most planning for acetabular implant
placement and size selection is performed using acetate
templates and a single anterior-posterior x-ray of the

35 pelvis Acetabular templating is most useful for determining
the approximate size of the acetabular component, however, it

4
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is only of limited utility for positioning of the implant
because the x-rays provide only a two dimensional image of

the pelvis Also, the variations in pelvic orientation can

not be more fully considered as discussed above
5 Intra-operative positioning devices currently used by

surgeons attempt to align the acetabular component with

respect to the sagittal and coronal planes of the patient

B F' Morrey, editor, "Reconstructive Surgery of the Joints",

chapter Joint Replacement Arthroplasty, pages 605-608,

10 Churchill Livingston, 1996 These devices assume that the

patient's pelvis and trunk are aligned in a known

orientation, and do not take into account individual

variations in a patient's anatomy or pelvic position on the

operating room table These types of positioners can lead to

15 a wide discrepancy between the desired and actual implant

placement, possibly resulting in reduced range of motion,

impingement and subsequent dislocation

Several attempts have been made to more precisely
prepare the acetabular region for the implant components

20 U2 S Patent No 5,007,936 issued to Woolson is directed to

establishing a reference plane through which the acetabulum

can be reamed and generally prepared to receive the

Liacetabular cup implant The method provides for establishing
lu the reference plane based on selecting three reference

ho 25 points, preferably the 12 o'clock position on the superior
JI rim of the acetabulum and two other reference points, such as

a point in the posterior rim and the inner wall, that are a
known distance from the superior rim The location of the
superior rim is determined by performing a series of computed

30 tomography (CT) scans that are concentrated near the superior

rim and other reference locations in the acetabular region

In the Woolson method, calculations are then performed

to determine a plane in which the rim of the acetabular cup
should be positioned to allow for a predetermined rotation of

35 the femoral head in the cup The distances between the
points and the plane are calculated and an orientation ]ig is
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calibrated to define the plane when the jig is mounted on the
reference points During the surgical procedure, the surgeon
must identify the 12 o'clock orientation of the superior rim

and the reference points In the preferred mode, the jig is

5 fixed to the acetabulum by drilling a hole through the

reference point on the inner wall of the acetabulum and
affixing the jig to the acetabulum The jig incorporates a

drill guide to provide for reaming of the acetabulum in the

selected plane

10 A number of difficulties exist with the Woolson method

For example, the preferred method requires drilling a hole in

the acetabulum Also, visual recognition of the reference

points must be required and precision placement on the jig on

reference points is performed in a surgical setting In

15 addition, proper alignment of the reaming device does not

ensure that the implant will be properly positioned, thereby
establishing a more lengthy and costly procedure with no

guarantees of better results These problems may be a reason
IiJ why the Woolson method has not gained widespread acceptance

20 in the medical community
tu In U S Patent Nos 5,251,127 and 5,305,203 issued to

al Raab, a computer-aided surgery apparatus is disclosed in
lu which a reference jig is attached to a double self indexing

10 screw, previously attached to the patient, to provide for a
25 more consistent alignment of the cutting instruments similar

to that of Woolson However, unlike Woolson, Raab et al
employ a digitizer and a computer to determine and relate the

orientation of the reference jig and the patient during
surgery with the skeletal shapes determined by tomography

30 Similarly, U S Patent Nos 5,086,401, 5,299,288 and

5,408,409 issued to Glassman et al disclose an image

directed surgical robotic system for reaming a human femur to
accept a femoral stem and head implant using a robot cutter
system In the system, at least three locating pins are

35 inserted in the femur and CT scans of the femur in the region

containing the locating pins are performed During the

6
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implanting procedure, the locating pins are identified on the

patient, as discussed in col 9, lines 19-68 of Glassman's
1401 patent The location of the pins during the surgery are

used by a computer to transform CT scan coordinates into the
5 robot cutter coordinates, which are used to guide the robot

cutter during reaming operations

While the Woolson, Raab and Glassman patents provide

methods and apparatuses that further offer the potential for

increased accuracy and consistency in the preparation of the

10 acetabular region to receive implant components, there remain

a number of difficulties with the procedures A significant

shortcoming of the methods and apparatuses is that when used

for implanting components in a joint there are underlying

assumptions that the proper position f or the placement of the

15 components in the joints has been determined and provided as

input to the methods and apparatuses that are used to prepare

the site As such, the utility and benefit of the methods

and apparatuses are based upon the correctness and quality of

the implant position provided as input to the methods

20 In addition, both the Raab and Glassman methods and

apparatuses require that fiducial markers be attached to the

patient prior to performing tomography of the patients

Following the tomography, the markers must either remain
IL attached to the patient until the surgical procedure is

25 performed or the markers must be reattached at the precise
locations to allow the transformation of the tomographic data
to the robotic coordinate system, either of which is

undesirable and/or difficult in practice

Thus, the need exists for apparatuses and methods which

30 overcome, among others, the above-discussed problems so as to

provide f or the proper placement and implantation of the

joint components to provide an improved range of motion and

usage of the joint following joint reconstruction,

replacement and revision surgery

35
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BRIEF SUMMARY OF THE INVENTION

The above objectives and others are accomplished by

methods and apparatuses in accordance with the present

5 invention The apparatuses and methods include creating a

joint model of a patient's joint into which an artificial

component is to be implanted and creating a component model

of the artificial component The joint and artificial

component models are used to simulate movement of the

10 patient's joint with the artificial component in a test

position The component model and the joint model are used

to calculate a range of motion of the joint for at least one

test position based on the simulated movement An implant

position, including angular orientation, for the artificial

15 component is determined based on a predetermined range of

IJ motion and the calculated range of motion A goal of the

2 simulation process is to find the implant position which

4;0 optimizes the calculated range of motion using the

predetermined range of motion as a basis for optimization

20 In practice, the predetermined range of motion is determined

based on desired functional motions selected by a medical

practitioner on a patient specific basis Ce g sitting

requires flexion of 900) In a preferred embodiment, the
Nit implant position can be identified in the joint model

25 During surgery the joint model can be aligned with the joint

by registering positional data from discrete points on the

joint with the joint model Such registration also allows

for tracking of the joint during the surgical procedures

A current preferred application of the invention is for

30 determining the implant position and sizing of an acetabular

cup and femoral implant for use in total hip replacement

surgery Also in a preferred embodiment, alignment of the

joint model with the patient's joint is performed using

surface based registration techniques The tracking of the

35 pelvis, the acetabular cup, femoral implant, and surgical
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instrument is preferably performed using an emitter/detector

optical tracking system

The present invention provides the medical practitioner

a tool to precisely determine an optimal size and position of

5 artificial components in a joint to provide a desired range

of motion of the joint following surgery and to substantially

lessen the possibility of subsequent dislocation

Accordingly, the present invention provides an effective

solution to problems heretofore encountered with precisely

10 determining the proper sizing and placement of an artificial

component to be implanted in a joint In addition, the

practitioner is afforded a less invasive method for executing

the surgical procedure in accordance with the present

invention These advantages and others will become apparent

15 from the following detailed description

BRIEF DESCRIPTION OF THE DRAWINGS

A preferred embodiment of the invention will now be

20 described, by way of example only, with reference to the

accompanying figures wherein like members bear like reference

numerals and wherein

Fig 1 is a system overview of a preferred embodiment of

the present invention,

25 Fig 2 is a flow chart illustrating the method of the

present invention,

Fig 3 is a schematic layout of the apparatus of the

present invention being used in a hip replacement procedure,

Figs 4(a-c) show the creation of the pelvic model using

30 two dimensional scans of the pelvis (a), from which skeletal

geometric data is extracted as shown in (b) and used to

create the pelvic model (c),

Figs 5(a-c) show the creation of the femur model using

two dimensional scans of the femur (a), from which skeletal

35 geometric data is extracted as shown in (b) and used to

create the femur model (c),
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Fig 6 shows the sizing of the acetabular cup in the

pelvic model,

Figs 7(a-e) show the creation of different sized

femoral implant models (a) and the fitting of the femoral

5 implant model into a cut femur (b-e),

Fig 8 is a schematic drawing showing the range of

motion of a femoral shaft and the impingement (in dotted

lines) of a femoral shaft on an acetabular cup,

Figs 9(a-b) shows the range of motion results from

10 biomechanical simulation of two 
respective acetabular cup

orientations, and

Figs 10 (a) and (b) show the registration of the pelvis

and femur

15 DETAILED DESCRIPTION OF THE INVENTION

The apparatus 10 of the present invention will be

described generally with reference to the drawings for the

purpose of illustrating the present preferred embodiments of

20 the invention only and not for purposes of limiting the same
U A system overview is provided in Figure 1 and general

description of the method of the present invention is

presented in flow chart form in Figure 2 The apparatus 10

includes a geometric pre-operative planner 12 that is used to

kl 25 create geometric models of the joint and the components to be

implanted based on geometric data received from a skeletal

structure data source 13 The pre-operative planner 12 is

interfaced with a pre-operative kinematic biomechanical

simulator 14 that simulates movement of the joint using the

30 geometric models for use in determining implant positions,

including angular orientations, for the components The

implant positions are used in conjunction with the geometric

models in intra-operative navigational software 16 to guide a

medical practitioner in the placement of the implant

35 components at the implant positions

10
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The pre-operative geometric planner 12, the pre-

operative kinematic biomechanical simulator 14 and the intra-

operative navigational software are implemented using a

computer system 20 having at least one display monitor 22, as

5 shown in Figure 3 For example, applicants have found that a

Silicon Graphics 02 workstation (Mountain View, CA) can be

suitably employed as the computer system 20, however, the

choice of computer system 20 will necessarily depend upon the

resolution and calculational detail sought in practice

10 During the pre-operative stages of the method, the display

monitor 22 is used for viewing and interactively creating

and/or generating models in the pre-operative planner 12 and

displaying the results of the biomechanical simulator 14

The pre-operative stages of the method may be carried out on
15 a computer (not shown) remote from the surgical theater

During the intra-operative stages of the method, the

computer system 20 is used to display the relative locations

of the objects being tracked with a tracking device 30 The

medical practitioner preferably can control the operation of

20 the computer system 20 during the procedure, such as through
U the use of a foot pedal controller 24 connected to the

computer system 20 The tracking device 30 can employ any

type of tracking method as may be known in the art, for
example, emitter/detector systems including optic, acoustic

25 or other wave forms, shape based recognition tracking

algorithms, or video-based, mechanical, electro-magnetic and
radio frequency (RF) systems In a preferred embodiment,

schematically shown in Figure 3, the tracking device 30 is an

optical tracking system that includes at least one camera 32
30 that is attached to the computer system 20 and positioned to

detect light emitted from a number of special light emitting

diodes, or targets 34 The targets 34 can be attached to

bones, tools, and other objects in the operating room

equipment to provide precision tracking of the objects One

35 such device that has been found to be suitable for performing

the tracking function is the OptotrakT*' 3020 system from

11
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Northern Digital Inc , Ontario, Canada, which is advertised

as capable of achieving accuracies of roughly 0 1 mm at

speeds of 100 measurements per second or higher

The apparatus 10 of Fig 1 is operated in accordance

5 with the method illustrated in Fig 2 The skeletal

structure of the joint is determined at step 40 using

tomographic data (three dimensional) or computed tomographic

data (pseudo three dimensional data produced from a series of

two dimensional scans) or other techniques from the skeletal

10 data source 13 Commonly used tomographic techniques include

computed tomography (CT), magnetic resonance imaging (MRI),

positron emission tomographic (PET), or ultrasound scanning

of the joint and surround structure The tomographic data

from the scanned structure generated by the skeletal data

15 source 13 is provided to the geometric planner 12 for use in

producing a model of the skeletal structure It should be

9 noted that, in a preferred embodiment, there is no

requirement that fiducial markers be attached to the patient

in the scanned region to provide a reference frame for
20 relating the tomography scans to intra-operative position of

the patient, although markers can be used as a cross

reference or for use with other alternative embodiments

At step 42, a surface model is created, or constructed,

25 from the skeletal geometric data using techniques, such as
25 those described by B Geiger in "Three-dimensional modeling

of human organs and its application to diagnosis and surgical

planning", Ph D thesis, Ecole des Mines de Paris, April

1993 The geometric models constructed from the skeletal

data source 13 can be manually generated and input to the

30 geometric planner 12, but it is preferable that the data be

used to create the geometric models in an automated fashion

Also at step 42, geometric models of the artificial

components to be implanted into the joint are

created/generated The geometric models can be created in

35 any manner as is known in the art including those techniques

described for creating joint models The geometric models of
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the artificial components can be used in conjunction with the

joint model to determine an initial static estimate of the

proper size of the artificial components to be implanted

In step 44, the geometric models of the joint and the

5 artificial components are used to perform biomechanical

simulations of the movement of the joint containing the

implanted artificial components The biomechanical

simulations are preferably performed at a number of test

positions to dynamically optimize the size, position and

10 orientation of the artificial components in the patient's

joint to achieve a predetermined range of motion following

surgery The predetermined range of motion for a particular

patient is determined based on the expected activities of the

patient following surgery For example, with regard to hip

15 functions, daily activities, such as getting out of bed,

13 walking, sitting and climbing stairs, that are performed by

individuals requiring different ranges of motion, as will be

discussed in further detail below
W The size and orientations of the implant component, and

20 movements simulated at various test positions used in step 44

can be fully automated or manually controlled In a

preferred embodiment, the selection and test process would be

automated so as to be more fully optimizable to a

predetermined range of motion, either generally, or for

25 predetermined activity However, because it is necessary

that medical practitioners be comfortable and develop

confidence in the system, manual control is provided over the

selection of the implant components and the test positions in

the biomechanical simulator 14

30 In step 46, the simulated movement of the joint at

various implant positions is used to calculate a range of

motion for each implant position In step 48, the calculated

ranges of motion are compared to the predetermined range of

motion to select an implant position for the artificial

35 components A goal of the simulation process is to find the
implant position which optimizes the calculated range of

13
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motion using the predetermined range of motion as a basis for

optimization In practice, the predetermined range of motion

is determined based on desired functional motions selected by

a medical practitioner on a patient specific basis (e g

5 sitting requires flexion of 900) The determination of the

implant position can be further influenced by others factors

such as the variation in the calculated range of motion as a

function of implant component orientation This criterion is

useful for determining the surgical margin of error that is

10 available to the medical practitioner without a substantial

diminution in the range of motion of the joint

Steps 40, 42, 44, 46 and 48 represent a pre-operative

procedure 50 which is performed so that the artificial

components can be properly sized and implant positions can be

15 properly determined The remainder of the steps in Fig 2,

steps 52, 54, and 56 comprise a procedure 60 which enables a

surgeon to realize the desired implant position in the

surgical theater

In stpp 52, the implant positions determined using

20 procedure 50 are then identified, by marking or incorporating

U the information in some appropriate manner in the geometric

model of the joint The geometric mGdels of the joint and

I" the artificial components can then be used in conjunction

with positional data obtained from the joint and the

25 artificial components during a surgical procedure to provide
intra-operative guidance for the implantation of the
artificial components

In step 54, the joint model based on the skeletal data
is aligned with the intra-operative position of the patient's

30 joint In a preferred embodiment, step 54 is performed using
a technique known as three dimensional (3D) surface

registration In 3D surface registration, discrete
registration points are obtained from the joint skeletal

structure to define the intra-operative position of the
35 patient's joint The registration points are fitted to the

joint model of the skeletal structure to determine a

14
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coordinate transformation that is used to align the joint

model with the intra-operative position of the patient's

joint Once the transformation is established, the intra-

operative position of the patient's joint can be tracked

5 using the joint model by obtaining positional data from a

point on the joint that provides spatial correspondence

between the pre-operative models and the intra-operative

measurements A more thorough description of the surface

registration procedure is discussed in D A Simon, M

10 Hebert, and T Kanade, "Real-time 3-D Pose Estimation Using a

High-Speed Range Sensor", Carnegie Mellon University,

Robotics Institute Technical Report CMU-RI-TR-93-24 (November

1993), D A Simon, M Hebert, and T Kanade, "Techniques for

fast and accurate intra-surgical registration", Journal of

15 Image Guided Surgery, 1(1) 17-29, (April 1995), and D A

J Simon, et al, "Accuracy validation in image-guided

orthopaedic surgery", Proc 2nd Int'l Symp MRCAS, Baltimore,

(Nov 1995), which are incorporated herein by reference

The physical location of the intra-operative

20 registration points on the joint from which the positional
IIJ data is obtained will determine the amount of positional data

reurdt nqeydtrie n lg h emti oe

reurdtFnqul eemn1adaintegemtiAoe
with the registration points For example, it is desirable

to obtain positional data from the joint that will maximize

25 the constraint on the possible solutions to the alignment
problem and provide high level of sensitivity to variations

in the position, including orientation, of the joint, as

discussed above in the Simon et al references The goal of

the registration process is to determine a "registration

30 transformation" which best aligns the discrete points that

provide the spatial position and orientation of the joint

with the joint models Preferably, an initial estimate of

this transformation is first determined using manually

specified anatomical landmarks to perform corresponding point

35 registration Once this initial estimate is determined, the
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surface-based registration algorithm uses the pre- and intra-

operative data to refine the initial transformation estimate

Alternatively, step 54 can be implemented using

registration systems that employ fiducial markers, to align

5 the pre-operative data with the intra-operative position of

the patient's joint In those methods, the fiducial markers

must be surgically implanted into the skeletal structure

before pre-operative images are acquired in step 40 The

intra-operative position of the fiducial markers are compared

10 to the pre-operative data to determine the position of the

patient's joint An example of such a fiducial marker system

is discussed in R H Taylor, et al , "An image-directed

robotic system for precise orthopaedic surgery", IEEE Trans

on Robotics and Automation, 10(3) 261-275, June 1994 In

15 addition, step 54 can be implemented using other registration

systems that do not require the pre-operative use of fiducial

markers

In step 56, the position of the joint and the implant

components are tracked and compared in near real time to the
20 implant position identified in the joint model In this

step, the tracking device 30 provides the positional data
representative of the position of the patient's joint to the

lu computer system 20 The computer system 20 employs
lu registration routines within the intra-operative navigational
ko 25 software 16 to determine the position and orientation of the
41 joint and then displays the relative positions of the

artificial component and the implant position The tracking

device 30 can also be used to track and provide positional

data representative of the position of other physical objects
30 in the operating room, such as surgical instruments

Additional details of the methods and apparatuses are
presented in "HipNav Pre-operative Planning and Intra-

operative Navigational Guidance for Acetabular Implant

Placement in Total Hip Replacement Surgery" DiGioia et al
35 2d CAOS Symposium, Bern, Switzerland, 1996 , which is

incorporated herein by reference

16
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The operation of the apparatus 10 will now be discussed

with reference to its use in a THR procedure Generally, an

acetabular cup 70 (Fig 8) having a cup liner 72 in a convex

portion thereof is implanted in an acetabulum 74 (Fig 4b) of

5 a pelvis 76 In addition, a femoral implant 78 (Fig 7)

having a head, or ball, 80 and a neck, or shaft, 82 is

implanted into a femur 84 The femur 84 has a head portion

86 (Fig 5) that is removed to facilitate the implantation

A bore 88 is drilled in the femur 84 into which the femoral

10 implant 78 is placed The femoral neck 82 is secured in the

bore 88 in a position to allow the femoral head 80 to

cooperate with the cup liner 72 in the acetabular cup 70

In accordance with step 40, skeletal structure data is

obtained on the femur and pelvic regions of the patient,

15 preferably via CT scans as shown in Figure 4(a) and 5(a),

respectively, from the skeletal data source 13 The CT scans

are either manually or automatically inputted in the computer
system 20 (Figs 4(b) and 5(b)) and used to create geometric

surface models 90 and 92 of the patient's pelvis 76 and femur

20 84 (Figs 4(c) and 5(c)), respectively as per step 42

Geometric models 94 and 96 of the acetabular cup 70 and

an femoral implant 78, shown in Figures 6 and 7,

respectively, are created either manually or in an automated
I'A fashion using conventional computer assisted design modelling

10 25 techniques with implant design or manufacturing data The
14)1 size of the acetabular cup 70 can be determined automatically

based on the size of the acetabulum 74 determined from the

pelvis model 90, the skeletal data or can be manually input

Similarly, the femoral implant 78 can be manually sized to

30 cooperate with the selected acetabular cup 70 using standard
implant components or the sizing of the head 80 and neck 82

of the femoral implant 78 can be customized to fit the femur

84 using the femoral implant model 96 and the femur model 92

as shown in Figures 7(a-e) One skilled in the art will

3.5 appreciate that the computer system 20 in performing step 42

can be programmed using separate or combined software

17
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routines to create the geometric surface models of the

patient's anatomy and the implant components

The computer system 20 uses the geometric model 90 of

the patient's pelvis 76, the model 92 of the patient's femur,

5 the model 94 of the acetabular cup 70, and model 96 of the

femoral implant 78 to perform simulated biomechanical testing

of the acetabular cup 70 and the femoral implant 78 implanted

at various test positions in the acetabulum 74 and femur 84,

respectively, according to step 44 For example, in the case

10 of femoral neck 82 - cup liner 72 impingement, shown in

Figure 8, the important parameters in evaluating the

prosthetic range of motion are the head 80 to neck 82 ratio

of the femoral implant 78, the position, including angular

orientation, of the acetabular cup 70 and the relative

15 position of the femoral implant 78 with respect to the cup

70

While the present invention is applicable to non-

axisymmetric acetabular implants (i e hooded liners, non-

neutral liners) and femoral necks (i e non-symmetric cross

qP 20 sections), the following discussion of an axisymmetric
hi acetabular cup and femoral neck alignment case is presented
Ci to ease the explanation of the conceQts If the center of

!,U rotation in the acetabular cup 70 coincides with the center

of the head 80 of the femoral implant 78, as shown in Figure

25 8, the angle 0 between the axis of symmetry Z of the

acetabular cup 70 and the line of impingement OB defines the
allowable angle of motion The limits of impingement create

a cone within which the axis of the femoral neck (line OA)

can move without the femoral neck impinging upon the cup

30 liner 72

The position of the neck axis with respect to the cone

can be evaluated by observing its intersection with a plane P
placed at an arbitrary distance normal to the Z axis The
cross section of the cone defines the impingement circle (if,

35 as stated above, both the liner 72 and the neck 82 are
axisymmetric), and the path of the axis of the femoral neck

18
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82 defines a curve in the plane P In Figure 8, the axis of

the femoral neck 82 begins at point A and moves along the

path AB to point B at which point the femoral neck 82

impinges upon the cup liner 72

5 The motion of the femoral neck 82 can be derived from

(and expressed as a function of) the physiological movement

of the leg, described in terms of combined flexion,

extension, abduction, adduction, and external and internal

rotation Figs 9(a) and 9(b) show an example of range of

10 motion (ROM) simulation for two different cup orientations

and for two identical sets of ROM exercises (1) 900 flexion

(A) + 150 adduction (B) + maximum internal rotation (C) and

(1I) 100 extension (D) + maximum external rotation (E) As a

result of reorienting the cup from 450 abduction + 150

15 flexion (Fig 9(a)) to 500 abduction + 50 flexion (Fig

9 (b)), maximum internal rotation at the impingement point C

U is reduced from 15 70 to 4 30 in exercise I and maximum

external rotation at the impingement point E is increased

from 45 80 to 55 80 in the exercise II In accordance with

20 step 48, the implant position is determined by comparison of
lu the calculated range of motion of the femoral implant 78 in

i

13I the acetabular cup 70 with the predetermined range of motion
lui See "Simulation of Implant Impingement and Dislocation in

ILJ Total Hip Replacement", Jaramaz et al , Computer Assisted

ho 25 Radiology, loth International Symposium and Exhibition, Paris,
ij June, 1996, which is incorporated herein by reference

In the execution of the intra-operative procedure 60,
the implant position is identified in the pelvic model 90

prior to surgery as in step 52 During the surgical
30 procedure, the pelvis 76 of the patient is exposed One of

the tracking targets 34, a pelvic target, is attached to the

pelvic region, as shown in Figure 3 Preferably, the target
34 is attached in close proximity to the acetabulum 74 to

provide data as close to the area of interest as possible
35 without becoming an impediment to the surgical procedure

The close proximate placement of the target 34 provides an

19
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additional benefit of minimizing the extent to which the

pelvis must be exposed during the procedure Positional data

from discrete locations on the patient's pelvis 76 and femur

84 are taken and provided as input to the navigational

5 guidance software 16 according to step 54

The intra-operative positional data is registered with

the pelvic model 90 and femur model 92, as shown in Figs

10(Ca) and (b), to align the models with the intra-operative

position of the patient's pelvis 76 and femur 84,

10 respectively During the acquisition of discrete registration

point positional data from the pelvis 76, the tracking device

30, via camera 32, is used to track the pelvic target The

pelvic target position data is used in combination with the

transformation developed using the registration data provide

15 a spatial correspondence between pre-operative CT coordinates

(i e pelvic model) and the intra-operative coordinates (i e

measurements of the patient's pelvis relative to the pelvic

target) Intra-operative tracking of the acetabular cup 70

is also performed relative to the pelvic target

20 The position of the acetabular cup 70 prior to

W implantation is preferably tracked by attaching at least one
I other tracking target 34, a second Lqrget, to a cup insertion

IU tool 98, as shown in Figure 3, and mathematically relating

the position of the second target 34 to the position of the

25 cup 70 In this manner, the potential for damage to the cup

70 from directly mounting the target 34 to the cup 70 is

eliminated In addition, the target 34 can be placed on the

tool 98 so as to not obscure the medical practitioner's view

of the surgical area Preferably, a third, or reference,

30 target 34 is positioned to allow for spatial orientation of

the operating room

Guidance in the placement of the acetabular cup 70 is

pro4ided by the navigational software 16 in the computer 20

which displays on the monitor 22 near real time position

35 tracking of the cup 70 relative to the to the pre-operatively

specified implant position Once the cup 70 is aligned with
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the implant position, the cup 70 is in the pre-operatively

planned orientation

A series of tests were developed and performed to assess

the ability of the apparatus 10 to correctly predict the
5 impingement of the femoral neck 82 with acetabular cup liner

72 The series of tests were developed because the testing

described in available references did not include

experimental parameters, such as neck size and the

orientation of the fomeral neck axis, necessary to evaluate

10 the biomechanical simulator The testing was performed using
a laboratory prototype of the apparatus 101 known as the

HipNaVTM system Details of the testing are presented in

Jaramaz et al, "Range of Motion After Total Hip

Arthroplasty Experimental Verification of the Analytical
15 Simulator", Carnegie Mellon University, Robotics Institute

00 Technical Report CMU-RI-TR-97-09 (Feb 1997) and Jaramaz et
Ial'l "Simulation of Implant Impingement and Dislocation in
J Total Hip Replacement", Computer Assisted Radiology, loth

International Symposium and Exhibition, Paris, June, 1996,

20 both of which are incorporated herein by reference

Although the present invention has been described with
specific examples directed to hip replacement and revision,
those skilled in the art will appreciate that the method and
apparatus may be employed to implant a component in any

25 joint The skilled artisan will further appreciate that any
number of modifications and variations can be made to
specific aspects of the method and apparatus of the present
invention without departing from the scope of the present

invention Such modifications and variations are intended to
30 be covered by the foregoing specification and the following

claims

21
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CLAIMS

What is claimed is

1 A computer system for determining an implant position of

at least one artificial component in a patient's joint,

comprising

means for creating a joint model of a patient's joint

into which an artificial component is to be implanted,

means for creating a component model of the artificial

component,

means for simulating movement of the patient's joint

with the artificial component in a test position using the

component model and the joint model,

means for calculating a range of motion of the joint at

the test position based on the simulated movement, and
means for determining an implant position for the

artificial component based on a predetermined range of motion

and the calculated range of motion

2 The computer system of claim 1, wherein said means for
~IJ creating a joint model comprises means for creating a joint

model using skeletal geometric data derived from the joint

3 The computer system of claim 2, wherein said means for

creating a joint model comprises means for creating a joint

model using tomographic data derived from the joint

4 The computer system of claim 2, wherein said means for

creating a joint model comprises means for creating a joint

model using computed tomographic data derived from the joint

22
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5 The computer system of claim 1, wherein said means for

determining comprises means for determining an implant

position in the patient's joint based on a predetermined

range of motion for a predetermined activity and the

calculated range of motion

6 The computer system of claim 1, wherein said means for

simulating comprises means for simulating movement of the

artificial component in a test position in the patient's

joint using the component model and the joint model

23
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7 An apparatus for facilitating the implantation of

artificial components in joints, comprising

a tracking device for providing positional tracking data

representative of the position of a patient's joint and an

artificial component, and

a computer system comprising,

means for creating a joint model of the patient's

joint into which the artificial component is to be

implanted,

means for creating a component model of the artificial

component,

means for simulating movement of the patient's joint

with the artificial component in a test position using the

component model and the joint model,

1:3 means for calculating a range of motion of the joint

for said test position based on the simulated movement,

means for determining an implant position of the

artificial component in the patient's joint based on a

predetermined range of motion and the calculated range of
I U motion,

1 , means for identifying the determined implant position
Id in the joint model, and

means for aligning the joint model with the patient's
joint and the artificial component model with the

~ I corresponding artificial component based on said positional

tracking data

8 The apparatus of claim 7, wherein said computer system

further comprises

means for calculating the position of the artificial

component relative to the implant position, and,

a display system attached to said computer system to

provide a display of the position of the artificial component

with respect to the implant position
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9 The apparatus of claim 7, wherein said tracking device

comprises an optical tracking system

10 The apparatus of claim 9, wherein said optical tracking

system comprises at least one camera positioned to track the

position of the patient's joint and the artificial component

11 The apparatus of claim 9, wherein said optical tracking

system comprises *
0- tracking targets attached the patient and the artificial

component, and,

at least one camera positioned to track the position of

said tracking targets

12 The apparatus of claim 7, wherein said tracking device

is selected from the group consisting of an acoustic tracking

system, shape based recognition tracking system, video-based

W tracking system, mechanical tracking system, electra-magnetic

big tracking system and radio frequency tracking system
IUi~

P 13 The apparatus of claim 7, wherein said means for
U aligning comprises

means for determining spatial coordinates of discrete
points on the joint, and

means for calculating a coordinate transformation to

align the joint model with the discrete points on the joint

25

Mako   Exhibit 1003   Page  63



14 A computer system for determining an implant position of

an artificial acetabular cup in a patient's acetabulum~~-~
A

artificial femoral head and shaft component in the patient's

femur to provide for cooperation between the artificial

femoral head and the acetabular cup, said computer system

comprising

means for creating a pelvic model of a patient's pelvis

into which an artificial acetabular cup component is to be

implanted,

means for creating an acetabular cup model of the

artificial acetabular cup,

means for creating a femoral model of a patient's femur

into which an artificial femoral head and shaft component is

to be implanted,

means for creating a femoral head and shaft model of the

artificial femoral head and shaft component,
W means for simulating movement of the patient's hip joint

it with the artificial femoral head cooperating with the

40 acetabular cup in a test position using the femoral head and

shaft and acetabular cup models and the pelvic and femoral

models,

means for calculating a range of motion of the femoral

head and shaft component in the acetabular cup for the test

position based on the simulated movement, and

means for determining an implant position for the

artificial acetabular cup and femoral component based on a

predetermined range of motion and the calculated range of

motion

26
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15 A method of determining an implant position for

artificial components in a joint, comprising

creating a joint model of a patient's joint into which

an artificial component is to be implanted,

creating a component model of the artificial component,

simulating movement of the patient's joint with the

artificial component in a test position using the component

model and the joint model,

calculating a range of motion of the joint for said test

position based on the simulated movement, and

determining an implant position for the artificial

component based on a predetermined range of motion and the

calculated range of motion

27
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16 A method of facilitating the implantation of artificial

components in joints, comprising

creating a joint model of a patient's joint into which

an artificial component is to be implanted,

creating a component model of the artificial component,

simulating movement of the patient's joint with the
artificial component in a test position using the component

model and the joint model,

calculating a range of motion of the joint for said test

position based on the simulated movement,

determining an implant position for the artificial

component based on a predetermined range of motion and the

calculated range of motion,

identifying the implant position in the joint model,
K aligning the joint model with the patient's joint and

the artificial component model with the corresponding

q*31 artificial component based on positional tracking data
1 03 representative of the position of the joint and the

65 artificial component, and,
IU tracking the artificial component and the joint to

1 maintain alignment of the joint model with the joint and to
lu determine the artificial component position relative to the
EU implant position in the joint

17 The method of claim 16, wherein said step of aligning

further comprises

determining spatial coordinates of selected points on
the joint, and

calculating a coordinate transformation to align the
joint model with the points on the joint

28
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18 The method of claim 17, wherein said step of aligning

further comprises providing a stationary marker to provide a

frame of reference for said step of determining spatial

coordinates

19 The method of claim 16, wherein said step of tracking

further comprises the step of determining the position of

surgical instruments relative to the joint

29
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20 A computerized method of facilitating the implantation
of an artificial acetabular cup in An acetabulum of a pelvis,
comprising

creating a three dimensional pelvic model based on

skeletal geometric data of a pelvis and acetabulum into which

an artificial acetabular cup is to be implanted,

creating a three dimensional component model of the

artificial acetabular cup and a femoral component,

simulating movement of the patient's hip joint with the
artificial femoral head cooperating with the acetabular cup

in a test position using the femoral head and shaft and
acetabular cup models and the pelvic and femoral models,

calculating a ranj-e of motion of the femoral head and
shaft component in the acetabular cup for the test position
based on the simulated movement,

determining an implant position for the artificial

acetabular cup and femoral component based on a predetermined
lu range of motion and the calculated range of motion,

"rd identifying the implant position in the pelvic model,
aligning the pelvic model with the patient's pelvis and

the acetabular cup model with the acetabular cup based on
lu positional tracking data providing the position of the pelvis

and the acetabular cup, and,

d~I tracking the acetabular cup and the pelvis to maintain

alignment of the pelvic model with the pelvis and to
determine the acetabular cup position relative to the implant
position in the hip

Mako   Exhibit 1003   Page  68



21 The method of claim 20, wherein

said step of creating further comprises creating a three

dimensional femur model of a femur from skeletal data,

said step of interfacing further comprises interfacing

the femur model with the femoral component model at a femoral

implant position,

said step of simulating further comprises simulating

movement of the artificial femoral component in the

acetabular cup at the femoral test position using the

artificial component and pelvic models,

said step of identifying further comprises identifying

the femoral implant position in the femur model,

said step of aligning further comprises aligning femoral

points on the femur to align the femoral model with the

femur, and

said step of tracking further comprises tracking the

femoral component and the femur to maintain alignment of the

femur model with the femur and to determine femoral component

position relative to the femoral implant position and the
flu acetabular cup

31

Mako   Exhibit 1003   Page  69



22 A computer readable medium containing instructions f or
determining an implant position for artificial components in
a joint, wherein said instructions comprise instructions for

creating a joint model of a patient's joint into which
an artificial component is to be implanted,

creating a component model of the artificial component,
simulating movement of the patient's joint with the

artificial component in a test position using the component
model and the joint model,

calculating a range of motion of the joint for at least
one test position based on the simulated movement, and

determining an implant position for the artificial
component based on a predetermined range of motion and the
calculated range of motion

32
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23 A computer readable medium containing instructions for

facilitating the implantation of an artificial acetabular cup
in an acetabulum of a pelvis, wherein said instructions

comprise instructions for

creating a joint model of a patient's joint into which
an artificial component is to be implanted,

creating a component model of the artificial component,

simulating movement of the patient's joint with the
artificial Component in a test position using the component

model and the joint model,

calculating a range of motion of the joint for at least
one test position based on the simulated movement,

determining an implant position for the artificial

component based on a predetermined range of motion and the

calculated range of motion,

identifying the implant position in the joint model,

aligning the joint model with the patient's joint and

theartficalcomponent model with the corresponding
artificial component based on positional tracking data

representative of the position of the joint and the

artificial component, and

w tracking the artificial component and the joint to
maintain alignment of the joint model with the joint and to
determine the artificial component position relative to the
implant position in the joint

24 The computer readable medium of claim 23, wherein said
p step instruction for aligning eewiprte-instructions for

determining spatial coordinates of discrete points on
the joint, and

calculating a coordinate transformation to align the
joint model with the discrete points on the joint

33
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ABSTRACT OF THE DISCLOSURE

Apparatuses and methods are disclosed for determining an

implant position for at least one artificial component in a

5 joint and facilitating the implantation thereof The

apparatuses and methods include creating a joint model of a

patient's joint into which an artificial component is to be

implanted and creating a component model of the artificial

component The joint and artificial component models are

10 used to simulate movement in the patient's joint with the

artificial component in a test position The component model

and the joint model are used to calculate a range of motion

in the joint for at least one test position based on the

simulated motion An implant position, including angular

15 orientation, in the patient's joint is determined based on a

predetermined range of motion and the calculated range of

motion In a preferred embodiment, the implant position can

be identified in the joint model and the joint model aligned

with the joint by registering positional data from discrete

20 points on the joint with the joint model Such registration

also allows for tracking of the joint during surgical

procedures A current preferred application of the invention

is for determining the implant position and sizing of an

acetabular cup and femoral implant for use in total hip

25 replacement surgery

34
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FhpNav: Pre-operative Planning and Intra-operative
Navigational Guidance for Acetabular Implant Placement

in Total H1ip Replacement Surgery

A M DiGioia M D 1 2, D A Simonl 2 B3 jaramazl 2, M Blackwe112. F Morgan2,
R V O'Toole 3, B Colgan 1, E Kische,12

'Center for Orthopaedc Research 2Robotics Institute 3Harvard Medical School
Shadyside Hospital Carnegie Mellon University 25 Shattuck St
Pittsburgh PA 15232 Pittsburgh, PA 15213 Boston MA 02115

Abstract

7the Hip Navigation or HipNav system allows a surgeon to determine optimal patient specific acetabular
implant placement and accurately achieve the desired acetabular implant placement during surgery Hip
Nav includes three components a pre operative planner, a range of motion simulator, and an intra-oper
ative tracking and guidance system The goals of the current HipNav system are to 1) reduce dislocations
follotwing total hip replacement due to acetabular malposition 2) determine and potentially increase the
'safe range of motion and 3) track in real time the position of the pelvis and acetabulum during surgery
This information will help the surgeon achieve more reliable and accurate positioning of the acetabular
cup and take into account specific anatomy for individual patients The HipNav system provides for a new
class of research tools that can be us J intra operatively to permit surgeons to re examine commonly held
assumptions concerning bone and implant motion range of motion testing and the "optial alignment
of acetabular cups

Keywords computer assisted surgery, total hip replacement, navigational guidance

1 Introduction
The incidence of dislocation following primary total hip replacement (THR) surgery is between 2-6% and
even higher following revisions [5] [4] It is therefore, one of the most commonly occurring complications
following hip replacement surgery Dislocation of a total hip replacement causes significant distress to the
patient and physician and is associated with significant additional costs in order to relocate the hip Anoth-
er complication of THR surgery is impingement between the neck of the femoral implant and the rim of
the acetabular component, as shown in Figure 1 Impingement can lead to advanced wear of the acetabular
rim resulting in polyethylene wear debris shown to accelerate loosening of implant bone interfaces The
position at which impingement occurs is determiuned by the design and geometry of the implants (such as
the size of the femoral head, the width of the neck, and the design of the acetabular liner), and more im-
portantly by the relative position of the femoral and acetabular implants In certain cases, impingement
may result in dislocation, as seen in the X-Ray of Figure 2 The causes of dislocation following total hip
replacement are multi factorial and include not only malposition of the implants causing impingement, but
also soft tissue and bone impingement, and soft tissue laxity [5] The most common cause of both impinge-
ment and dislocation is malposition of the acetabular component [5]

A system has been developed to permit accurate placement of the acetabular component during surgery
As shown in Figure 3, the Hip Navigation or HipNav system includes three components a pre-operative

This work is supported in part by a National Challenge grant from the
National Science Foundation Award ECS-9422734
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Figure 1 Implant impingement.

Figure 2 X-Ray showing pelvic dislocation

planner, a range of motion simulator, and an intra-operative tracking and guidance system The pre-oper
ative planner allows the surgeon to manually specify the position of the acetabular component within the
pelvis based upon pre operative CT images The range of motion simulator estimates femoral range of mo
tion based upon the implant placement parameters provided by the pre-operative planner The feedback
provided by the simulator can aid the surgeon in determining optimal, patient specific acetabular implant
placement The intra-operative tracking and guidance system is used to accurately place the implant in the
predetermuned optimal position regardless of the position of the patient on the operating room table

By accurately placing the acetabular component in an optimally selected position the HipNav system has
the potential to reduce the nsk of dislocations and the generation of wear debris caused by impingement
resulting from malpositioned components and increase the "safe" range of motion

2 Current Practice
Current planning for acetabular implant placement and size selection is performed using acetate templates
and a single anterior-posterior X-Ray of the pelvis Acetabular templating is most commonly performed

.A
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Figure 3 11ipNav system overview

to determine the approximate size of the acetabular component, but there is little effort to accurately de
termine the ideal position of the implant

The intra-operative positioning devices currently used by surgeons attempt to align the acetabular compo
nent with respect to the sagittal and coronal planes of the patient [6] These devices assume that the pa
tient's pelvis and trunk are aligned in a known orientation, and do not take into account individual
variations in a patient s anatomy or pelvic position on the operating room table Use of this type of posi
tioner can lead to a wiiie discrepancy between the desired and at-tual implant placement possibly resulting
in reduced range of motion, impingement and subsequent dislocation

3 System Description
The first step in using the HipNav system is the pre operative CT scan which is used to determine the pa
tient s specific bony geometry The CT images are used in the pre-operative planner which allows the sur
geon to determine appropriate implant size and placement In the current version of the planner the
surgeon can position cross sections of the acetabular implant upon orthogonal views of the pelvis as seen
in Figure 4 We are investigating other methods of presenting CT data to the surgeon including an ap
proach which displays implant placement on multiple CT cross sections, each of which passes through the
acetabulum's central axis (the axis which passes through the center of pelvic rotation and which is perpen-
dicular to the plane of the acetabular rim)

Once the surgeon has selected the position of the acetabular implant, the range of motion simulator is used
to determine the femoral positions (in terms of extension/flexion, abduction/adduction and internal/exter-
nal rotation) at which impingement would occur for that specific implant design and position Based upon
this range of motion information the surgeon may choose to modify the selected position in an attempt to
achieve the "optimal' cup position for the specific patient The range of motion simulator performs a k.i
nemnatic analysis which determines an "envelope" of the safe range of motion, as seen in Figure 5 A more
detailed description of the range of motion simulator appears in [3]

The optimal patient specific plan is used by the HipNav System in the operating room on the day of sur-
gery HipNav permits the surgeon to determine where the pelvis and acetabulum are in "operating room
coordinates' at all times during surgery Knowing the position of the pelvis during all phases of surgery
and especially during preparation and implantation of the acetabular implant, permits the surgeon to accu-
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Figure 4 Pre-operative planner
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Figure 5 Kinematic simulations Left - implant geometry Right - motion envelope

rately and precisely position the cup according to the pre-operative plan Alternately, using HipNav the
surgeon can align the component to an accepted standard such as "true" 45 degrees of abduction and 20
degrees of anteversion

There are several high-technology devices that are used intra-operatively to allow the surgeon to accurate
ly execute the pre-operative plan, as seen in Figure 6 One such device is an 'Optotrak' optical tracking
camera (Northern Digital Inc , Ontano, Canada) which is capable of tracking the position of special light
emitting diodes or "LEDs" These LEDs can be attached to bones, tools, or other pieces of operating room
equipment to allow highly reliable tracking Optotrak can achieve accuracies of roughly 0 1mm at speeds
of 100 measurements per second or higher

In order to determine the location of the pelvis and the acetabular implant during surgery, Optotrak targets
are attached to several conventional surgical tools as seen in Figure 7 The pelvis is tracked by attaching
a target to the pelvic portion of a Hams leg length caliper (Zinmmer, Inc , Warsaw, IN), and inserting this
device into the wing of the ilium The acetabular implant is tracked by attaching a second target to the han-
dle of an HGP II acetabular cup holder and positioner (Zimmrer, Inc , Warsaw, IN) A third Optotrak target
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Figure 6 Intra-operative execution

is required by the HipNav system to determine operating room coordinates (i e , left, right, up and down
with respect to the surgeon)

Several key steps are necessary to use the HipNav intra-operative guidance system One of the most im-
portant is the registration of pre-operative information (i e , the CT scan and pre-operative plan) to the po-
sition of the patient on the operating room table One limrutation of current registration systems used in
orthopaedics is the need for pins to be surgically implanted into bone before pre-operative images are ac
quired (e g [9]) An alternative technique being investigated within our group uses surface geometry to
perform repistration [8] [7] In this approach, the surfaces of a bone (such as the pelvis or acetabulum) can
be used to accurately align the intra-operative position of the patient to the pre-operative plan without the
use of pins or other invasive procedures Using this technique, it is necessary to sense multiple points on
the surface of the bone with a digitizing probe during surgery These "intra-operative data points' are then
matched to a geometric description of the bony surface of the patient derived from the CT images used to
plan the surgery

The registration process is illustrated in Figure 8 The pelvic surface model was constructed from CT data
using techniques described in 11) The discrete points were collected using a digitizing probe which was
physically touched to the indicated points The goal of the process is to determine a "registration transfor-

Figure 7 Standard surgical tools instrumented with optical tracking targets
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Figure 8 Surface-based registration

mation which best aligns the discrete points with the surface model An initial estimate of this transfor-
mation is first determined using manually specified anatomical landmarks to perform corresponding point
registration [2] Once this initial estimate is determiuned, the surface-based registration algorithm described
in [8] uses the pre- and intra-operative data to refine the initial transformation estimate

Once the location of the pelvis is determined via registration, navigational feedback can be provided to the
surgeon on a television monitor, as seen in Figure 9 This feedback is used by the surgeon to accurately
position the acetabular implant within the acetabular cavity To accurately align the cup within the acetab
ulum in the position determined by the pre-operative plan, the cross hairs representing the tip of wue im
plant and the top of the handle must be aligned at the fixed cross hair in the center of the image Once
aligned the implant is in the pre-operatively planned position and orientation

Registration also allows the position of the pelvis to be tracked during surgery using the Optotrak system
as demonstrated in Figure 10 This elimiunates the need for rigid fixation of the pelvis In addition, this
tracking ability allows us to record the position of the pelvis during surgery, and especially at key times
such as at the time of implantation of the acetabular component or during range of motion testing

Figure 9 Navigational feedback
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Figure 10 Real-time tracking of the pelvis

4 Conclusions
The goals of the HipNav system are to 1) reduce dislocations following total hip replacement due to im
pingement, 2) determine and potentially increase the 'safe" range of motion, and 3) track in real time the
position of the pelvis and acetabulum during surgery This information will help the surgeon achieve more
reliable and accurate positioning of the acetabular cup and take into account specific anatomy for individ
ual patients

HipNav will also provide clinicians and researchers with a new class of tools for critically examining corn
mon assumptions concerning range of motion bone motion and 'optimal' alignment For example the
pelvis can be tracked during surgery to determine its position at key times such as prior to dislocation
following dislocation, and during acetabular component implantation Using these tools we can evaluate
the efficacy of the HipNav system in placing the acetabular implant compared to traditional techniques
and critically examine commonly help beliefs of optimal acetabular position (i e , 45 degrees of abduction
20 degrees of antevers ion)

The HipNav system holds the promise of reducing dislocation rates in primar-y and revision total hip re
placement by optimizing the relative position of the acetabular implants and minimizing impingement In
addition it will provide a new category of smart" tools that will be useful to study issues in total hip re-
placement and ultimately other procedures
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Rangre of Motiopi in Contemporary Total
Hip Arthroplasty

The impact of Modular Head-Neck Components

Robert J Kxushell MD * Dennis W Burke NID t and
William H Hams MD4

Abstract ThL prosituiL rimi.t Or motioni (PROW) of t%vo ilodulir toial 111p
artI irop last% (THi \) 5%%itfI% aii10 011LlAtr 110191MILIihr Lomparm'oii WitmIIWas
f,Va U aiELLITt I ad-n-tck ij.ton In Of 11%..IIOdLIIirs% st im rL5U I td III a5malktr
PRO"vAthlintli-nt)iiiic(ILlarS%SILM Lo nij- r hL ad-nLLI% too IML I L0 minoniv
h3LI flantL%.%111IL11causL.dtilt Lrattsi rtulutionII InPROM Tht% fLtI bmt~ai
morL proI10111ILd 3a%1lIt.1l%MILC dLZINUItdModularlhaLl-mlck L()IIp0hItILLoffLr
rLtoixt/..1 bLnLtb btcan LIL a%% OLard IiLLth notabk s~maltr ROM anti in
cmtam.d ri%k of pro%tlILtII 1111LILtm TlILhtsulLon 5hOLId bL a%varLt hat ii
modt,rn %%%rumPROj\1Lm s t% MhitiittIL WL11,11i mmSUItdMorMot.r In
CII,L% of prosthtL1Lt,1IiilIL\ it OI 0II 1lL torfUIL tfl311tLor 3 modular lital

blIOUld bL (NiIIIIII..111100ods art SLIL,L%ttlfor mammmm..in PRIDM t11111aliv
throudih prL()jLr3tI%( niannim.ntititiril.f4jnoral nLf2k_rjLLII0uIIalld i 1 1%i
utilivation Key words MOdUlar ftmioral prmtht1%is rantL of motion

Rany- of miotion (ROM) is a tritical fcature in thL
design of total hip arthroplastiO5 (THA) (1 2) Con
ceptuall in the absnce of unduec 6 Ift tissue laxit%
the motion between tht femoral and acetabular corn
ponents will continue freelv until either prosthetic
or bone impingement occurs Motion bq~ond this
point of Impingement will cause progresst% e sublux
ation until dislocation occurs FrosthLUiC impinge
merit can also lead to increased wear dLbris and in
creased stress and micromotion at the implant-
cement-bone or bone-metal interfaces of the hip ar

From lthe Department ol Orritopitedu~s Brighsatit and It men s Hos
piral Boston%fassacttises and tDeparaprent f Ortit paedt s Wlas
sachitsetts GeneralHM.Spaul B stcn %l~assadiusu ts

RL.print r;qu,_5b Dr W'viliamn H Harris Biumt-.hann-.s Libo
ratom~ Jackson 1126 PyassaLhustuisGntral Hospital Bosion
MA 02114

throplasw. ProsthLtIC impingement and RONA are
markedl% influenCLd bv the configuration of the
hLad,~nLck~ region of the fLmoral com~ponent (1 2)
Most conEemporar THA systems have incorporated
into the geometry of the femoral neck t-.o features
not found in previous de~signs (1) a IMorse taper
which con% e%s the major advantage of allo"irig the
use of modular femoral head components of,.an-ing
neck lengths and (2) a flange or skirt on rman% mod
ular femoral head components with longer neck
I#-ngths (Fig 1)

These changes in contemporary implant geometry
can Mtasurably affect the prosthetic range of motion
(PROMI) Yet the magnitude of these effects has not
prLvioustv been studied in this paper we report on
ROM and impnsement in two conEemporan~ mod
ular hip designs in comparison with a traditional
nonmodular control met.hods to Optlmize RO%v
using contemporar modular systems are discis.)ed

p I-MP,
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lFig 1 Pemor4l components tested shown tos,,ether %vith
their modular 26 mm hLad components (from left to
right) PCA HGP arid nonmodular HD 2 A flani~e or

skirt is prLsLnt on nianv 1o111,Lr nLck modular hLad
componLnts This flani,i rItS OVLr 01L Uld Of tit NIorSL
taPir Of tIlLfkmoral Lomp)onLnt and in J[LiLnt %NidLns tit.
neck of the femoral component

Materials and Methods

An apparatus was constructed o 'incorporate a
thrLL dimcemional protractor that allowcd THAS to
be inSILd in consistent alignment and sirriqlated a
cqmpressi c force across thi hip joint RONI and sta
bilitv were tested with anatomic bone models and

( 

withi special Fixtures that held thL implants allo%, ins
tests of the 15o[a[Ld PRONI (Fig 2)

Two conemporary modular TH-A svstems %%ere,
studiL.d (ZIMMLr H(5P and Howmedica PCA) as %%ell
as an older nonmodular design for historical corn
parison (HOWMLdica H-D 2) (Fig 1) Each femoral
component was tested with its corresponding ace
tabular component and all aLCEabular components
were of comparable geometrv For cach modular sN, s
teMn the ROM using 26-mm head components was
measured In addition hLtad sizes of 22 mm and 32
mm were tested using the HGP system

Each acetabular component was inserted in 30 of
abduction and 20* of forward flexion Femoral corn
ponenEs were inserted in 15* of ante% ersion w%ith a
femoral anato0mic axis of 8* All implants were tested
in four positions in neutral abduction maximum
flexion in neutral rotation (FLEX) maximum e%tn
sion in neutral rotation (EKT) maximum inte nal
rotation in 90' flLxjon(IRF) and maximum exter-nal
rotation in 0* extension (ERE) As thiImplants %%LrL
tCStLd in La(.h of thLSL four POSItionsb a roUrd %%as
madL of thL point at whiLh prosthLUL 1111)111,1I.iLnL
and subluxation first occurred

Results

We defincd the total flexion arc as thL Kim in
degrees measured with thL hip in neutral rotation
and abduction from full flLxion to full exi.nrsion bL.
fore prosthetic impi%~ement-subluxal,ion occurrLd

Fig 2 Test apparatus shov%n
with bone modm ixFttures -to
secure the components can bLn
substituted for testint, isolatcd
prosthetic ROM
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Range of Motion in Contemporary Total Hip Arthroplasty

Table I Effect of Head Si: Z. Prosthq I ic RO(v

HGP Max Femon - %la Extension HGP MA trnaln~ R tat on t(90 RCq

Head Site 2 tln 6 uinpi 111m tn Nj15zISi 111%u 6 111 3 iI
Fange 106 tj 134 F1,311t. -1 14
jLonj1.j Mulo
4o F1jnl,c 125 1i7* ISO *4 1Flaij. 14
(Med) (Midi

The HC? with mm 6 itni Antd 32Ittint hLa~d- ofutimdiuitst t n in tt ind I PI
(flango ct kn lnt I

The largest flexion arc measured was that of the non
modular HD 2 and was 1520 Among the modular
components without a flange on the head-neck PILCC
the total flemon arc for the PCA (neck length -r-0)
was 134" and for the HGP (medium neck) was 1373
In contrast among the longer neck COMPOIlLnts with
flanges the ROM was considerably reduced The
total arc from maximum flLxion to maximum ex
tension was 1130 for thc PCA ( + 5 neck lLngth) and
1 17 diLgrees for the 1-lP (long neck lcn ,th)

Notable differences were also PrLsent 1whL11 intLr
nal rotation in 90 flexion was evaluated (nlLasurLd
with thL hip in 900 flLxion and nLutral abdUctIon
as thL numnbLr of dL%,rLLS from nLUtral rot-ition to
maximum 11nt.rnal rotation bMorm prosthiti1.1Lim1
pingeMLnt-subluxation) ThL nonmodular HD 2
had 270*of intLrnal rotation Among modular sv%tLms
without flangLs the PCA (+0 nLCk lkngth) had 150

of in[Lrnal rotation and thL HGP (ml.diumrn nck) had
Iso svstcrns with lonier nLCck 4.1i,thS Wiih (141niLb
had noLICLZbINlLcsS 1intLrnal rot-tion The PCA ( 5
nL(.k) had 0* of intLrnal rotation and t11L HGP (int
diumrnnL(k) 2* of intLrnzil rotation bLforL prosttiI
impin6ltMILnt-sublu xation

Tht effLct of head size on Prosth,iCM railtL Of MO
tion is shown in Tabit I ThL 22 mim h(.ad curn
ponent in the loi, nect, S17L which has a flanet. had
thL 5M3llLSt R0Pv1rLcordLd a total flion arL of 106"
and internal rotation of - 5" In contLrast a 32 mm
headpiece without a flant,1 had the lar6LS1 PRONI
recordLd among thL. modular componLnts waiha
total flexion arc of 1 50" dc reCS and inturnal rotation
of 27*

Discussion

The abilit% to interchange head-neck PILCCS in
modular total hip replacement desis,ns has well rec
o6nized benerItS 1t offLrs thL potential for reduced
femoral implant in%entory and the possibility of
changing nLCt length after the fcmoral component
has bCn inserted eithLr at thL tirn of ori6inal irn

Krushell et al

plantation or du revision What may be less %%ell
recot,ilzed is the ne.att% e impact thLSc de5qkn
changes ha e had upon implant geonictm and pros
thetic range of motion There is a marked diffCrL11Ce
bCtlVeLn thL neck geomnetrvOf Ethe modular femoral
components tested and thlat of thie nonmodular HD
2 This is particularly true of the anterior- posterior
dimensions of the neck a reijbon that has a significant
impact on ROM (Fi6s 3 and 4)

The nLCk of thL HID 2 is flat along its anterior and
posterior surface whereas the Mvorse taper s,,stem5
ha% e round necks More important the flange Of the
longer head-neck components in both s st:ems sub
stantiall% widens the neck of the femoral component
and decreases the head-neck~ ratio therebN, adverselv
affecting ROM

This obSLrvation raises a theoretical concern re
gardi, adverSL effects from increa ed impingement
SUChI as %%Lar dcbris or implant micrQrtiotion asso
ciatLd with thcL use of head-neck componlentS %%ith
flanges ThcL data suggest, that impingement and
slight sublUxation of head5 with flanges during daily
aUtiUti5 might not bc unusual Implants With
flaml,t.5 %ould also app(.ar to allow the surgeon a
narro%NLr 1tolcraIIce for positioning the implanES SO
as to a%old sublu\ato or dislocation These figures
for PRONt rc)rcSLnt a thLoretical maximum that may
bL acIc'ILcd With th1L implant alit,ned as noted Soft
tibSUcs might Of cUursc incrmasC the influence of non
prosthcti(. impingct-1 on RON1 and stability

It Is %VLl1 rL(,Oi,117Ld that if tht. R0,N of a non
MOdUlar THA IS 1li1itRA bv bonL irnpingLment this
m1ay bc impro%,cd during SUr ery by using a longe,
ncck componLrnt Ho%1VLver with modular systems it
is thcorcticallv possible for range of motion actually

Fig 3 Head-neck geomnetry in modular vs nonmodular
TH-As tested (ri0.t to left) HD 2 HGP PCA Note the in
creased neck diameter in the modular systems associated
with c%lindri(.al netks and most notably %%Ith flanges on
some head components
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Fig 4 The impact of contemporary dt.5in on the geometr of (he femorzl neck and ROM (A) The neck of the HD 2
has a flattened anterior and poserior surface which allows greater ROIN here illustrated in flexion (B) The modulir
systems (evample shown PCA) havo- c0lndrical necks as well as flanf,es on longer head-neck pieces which notabl~ decreahL
prosthwtc ROM

to decrease if a shorter h(.ad-,neck comnPonit with
OUtEa flant-is rLpIL~Ld b1- 4 longe~r IlLad-nILLk Corn1
ponlLnt with a fla111L

Previou,s authors haVL. dLnionstrawd that lar6ec
neck diaMLter decrLaKS PROMY1anid in contrast
larger head SIZL incrLases PROMVI( 1) In LlIL modular
Systems teStLd incrLasing thlt-hhLad 517C did III fact
COMPLnsare for thL dLcreasd PROM assnciat.ed with
a r Inge ThL USL. of a largLr lI..3d SIZcarriL! with it
orhLr featurL$ [11-1t,MuSt bL L0115IdLrL.d IInviw VLri
case but if PROM Is 111111Id by a flan,,(. a large~r hLad
SIZL rcprL.SLnLS oilL altLrnaLIVL for addrLSSInM, this
problem

We feel that thL important advantaies offLred by
modular femoral designs can be retained %%111Lc re
ducing the potential for negative effects This can be
achieved b%~ optimizin, both implant diLsii~n and sur
gical planning Hip s stcrms vary in t11L nunibLr of
head-neck compontnts thLV haVL. with fIan es in
the design of femoral components if thL nLck klnbth
is maximized within the limits of the prosrhLtIC Ma
terial the nt1mber of head-neck pieces with flanges
can be minimized

For the clinician it is Important to be sure that the
trial head-neck pieces used to test ROLN provision
all% have the SaML neck diameter as the cormispond
Ing real component Only then can ROM bL assessed
accurately prior to inserting the definiti% e implant
Preoperative and intraoperative planning should
provide for a femoral neck resection le% el that wvill
allow the use of a head-neck component without a
flange whenever possible Some SN stems ha% e an ad
ditional femoral component available with an extra

longI

casLsI

or lateralized neck that nla%eliminatL thL
for a flangLd IILld-nLLk compontnt III 111L
(Fig4 5)

A U B U
Fig 5 The IdLntICal femoral neck [Ln6th can be achie%ed
with tithe (A) a standard femoral component toge her
with a lon6, head-nLck component that has a flanveor (B)
an extra lonb ncck femoral component ubed to ether
with a mt.diutn neck componLnEtihereb% eliminaEin& the
need for a flan9L (ExaMPL-diat.ramma tic outline of
ZIMMLr Precoat standard and extra long neck femoral
components)
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Finallv when an unstable' s encounEe-ed dur
ing surgery the possibiliEy of prosthetic Impingerment
should be investi6ated and if preseit the potential
contribUtion of flanges on head-neck components
should be borne in mind so that appropriate action
can be taken If such instability is noted during re
duction of trial components surgical options would
incluide component repositioning use of a longer
neck femoral component in combination with a
shorter head-neck. component without a flange or
If the size of the acetabulum is sufficiently large use
of a larger sized femoral head

eferences

I Amstutz HC Lodwig RIVIS4.huurman DJ H-odvcon
AG Range Of Motion studies for total hip replacerrent
a comparative study with a nev experimental aupj
raLus Clin Orthop I111 124 1975

2 Chandler DR Glousman R Hull D CEt al P-osthetIL hic
ran6e of motion and impingemnent the effects of head
and neck geometry Clin Orthop 166 284 1982

3 Johnson RC Smidt GL Hip motion measurements 'or
selected activities of daily living Clin Orthop 72 -0)
1970
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Finallv when an unstableI' s encounte-ed dur
ing surgery the possibiluEV of prosthetic impingement
should be investigated and if present the potential
contribution of flanges on head-neck components
should be borne in mind so that appropriate action
can be taken If such instability is noted during re
duction of trial components surgical options would
include component repositoning use of a longer
neck femoral component in combination with a
shorter head-neck component Without a flange or
if the size of the acetabulum is sufficienEly large use
of a larger sized femoral head

eferences

I Amstutz HC Lodwig RIM S#-huurman DJ Hodicon
AG Rainge Ofrnotion studies for total hip replacerrent
a comparative studv with a neN experimenal at)pa
ratUS Clin Orthop II11 124 1975

2 Chandler DR Glousman R Hull D et al P osEhetii, hio
ran6e of motion and impingement the effeCtS of head
and neck geometry Clin Orthop 166 284 1982

3 Johnson RC Smidt GL Hip motion measurementrs "or
selected activities of daily living Clin Orthop 72 -0)
1970
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Elevated-rim Acetabular Components

EffeCt on Range of Motion and Stability in Total Hif

Axthroplasty

Robert J Kmushell MD * Dennis W Burke MD * and
William H Hams MD*t

Abstra-A TI-e Jfiect of elevated rim (ER) acetabular components on plo
thetic -ange of motior (ROM) and stability was studied in a laboratory imillator
using three contrmporary Lotal hip arthroplasty (THA) systems Acetabular corn
puinents wer.- tested Ln positions simulating both normal alignment and excess
abduction Thle gecnietiy of the implants differed between systems-two types
werr ruent fled jno their effect oni ROM in comparison with their corresponding
pla n jiners were quantified The ability of the liners to improve instabilitv ap
peared tc be deperideni on ihe cause of instability the orientation of the metai
she'l and hRFliner ana theer.R liner geometry The routine use of ZR liners n
otherwise atisfactornly positioned acetabular cImponents appearea to offer nu
de onstrable oerefit an-I raised concern over theoretical disad 'antages The
prirtlar idication for these imiplants appeared to be in cases of instabtlitj due
to a,,-tauutar fralposit or in vhich the metal shell is already well 9ixed by cement
or bone ingrowth or cannot be readil) changed Key words hip prosthesis
I iip arthroplasty dislocdt on range of motion prosthesis design wiomaterials

A major objective of Lotal hip arthroplasty (THA)
cie.ign is to maximize range of -iation (ROAII and
st'bil ty Amstutz et a', ( , and :nandler V t i (2)
evaluAated factois that affecteca ROM in va,tous oldei
implant designs Stricc thac ime -r odulariac-tabular
-orrpono-nts which a low th.- surgeor' G e-rt trom
3-rorg both pldti and exterceOci m &I ea
rim (FR) polyutaene .2reidbuiar1 or.rs 'Id 10e

t- om tko Orrhopuedu 13ionlechanirs LUborefori and ity-lp and
iniplani wryery Lin I AMassachusea Geomil hospital Bos con Mas
Saciust's

ap orted in part Ly the Wifli-m H iai PounQaat o :)o tun
Iva C.i'u ts

R~enrint i(quest William I -larn MO Cithopiedir-T, cme
crianICS Laboratory t4assachusetts Gei~eral M-o pital H l afe
Medical SLnool Boston MA 0211-4~

come commonplace Some syctems hav- as many as
four acetabular liners

While these ER liners aie be rg isea cliniLdlly
either on a routine ')asis or n r<tses of instab lit"
their actual effect crs ROM and stability has rievel
been reported Diffeireiics sir geoinettromon[, these
implants are not we11l eiirec AN- li-ttee/~-imned
the aufferences in the geerrr- ry -iiU' necs in r ree'
contemporary TH-A systeals -id .r-effet (on) im
plant ROM and staoilit

Materials ar1 MeI;hot:,

P three dimensional PTOrCt0-r Nzi bualt that
simulates bone anatomy -airtund be hip ippliec,,
compressive force across the joir arid allows the

S53
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THA to be maintained in consistent alignment while
ROM and stability are measured (Fig 1) Tests were
run with the acetabular components inserted in an
atomical synthetic plastic pelves (Sawbones) and in
specially designed acetabular fixtures The fixtures
ensured that each component maintained consistent
alignment while the position of the elevated rim
within the metal shell was sequentially varied

Three contemporary modular THA systems were
studied (Zimmer HGP Howmedica PCA Joint Med
ical) (Fig 2) All available neck lengths for the 26
mm head components of the HGP and PCA systems
and the closest available head size from Joint Med
ical namely 28 mm were tested with the standard
and elevated rim liners Each acetabular component
was tested in two positions a standard position
of 30* of abduction and 200 of forward flexion and

malposition of 70' of abduction and 20* of forward
flexion Femoral components were inserted in 150 of
anteversion and the femur aligned with an 8* fern
oral varus (anatomic) axis

All implants were tested in four clinically relevant
positions in neutral abduction (1) maximum flexion
in neutral rotation (FLEX) (2) maximum extension
in neutral rotation (EXT) (3) maximum internal ro
tat on in 900 flexion (IRF) and (4) maximum ex
ternal rotation in 00 extension (ER ) In each case
the position of bone or prosthetic impingement and
subluxation was noted Motion of the hip was then
continued until dislocation occurred this position
was also recorded All tests were repeated three
times

The tests made with the acetabulum in the stan
dard position were planned to assess the routine
use of ER liners on a normally positioned compo
nent All tests made with the acetabulum in this stan
dard alignment utilized the elevated rim in a pos
terior position that maximized coverage of the

Fig I Test apparatus shown With anatomic bone models

Fig 2 Acelabular implants tested top to bottom Joint
Medical Howmedica PCA Zimmer HGP Left column the
n etal shells right ER liners (Joint Medical ER size + 15
shown)

femoral head during flexion and during internal no
tation in flexion

With the acetabulum inalpositioned the effect
of rim orientation on stabilitj was assessed The apex
of the linei was tested sequentially in four positions
from 12 o clock (directl% cephalad) to 3 o clock
(directly posterior) in 300 increments These tests as
sessed the degree to which an ER liner can improve
the stability of an excessn~ely abducted acetabular
shell Subsequent to this testing the polyethylene
lineis were imbedded in plastic and sectioned with
a microtome to facilitate analysis of their geometry

Results

In analyzing the results of this study it became
apparent that two different types of implant geome
try could be used to create an ER liner (Fig 3) We
defined type I ER liners as those n which the stan
dard coaxial relationship between the acetabular
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values for each measurement are reported Results
will be reported based on implant type and orien
tation of the acetabular LOmponent

Standard Position

Fig 3 Type 1 vs type 2 liner design Diagramatic repre
sentation in cross section through apex or the elevated rim
(A) If the metal acetabular shell is taken as the reference
orientation the orientation of the type I ER liner is shifted
in relation to the metal shell but in geometry is otherwise
similar to a plain liner (B) The type 2 ER liner geometry
and orientation to the metal shell is the same as that of a
plain liner with the addition of an elevated rim in one
sector

liner and the metal shell was shifted in effect reo
iienting the liner within the metal shell The Joint
Medical and PCA liners appeared to function pri
-riarily in th way In contrast type 2 liners main
tained the normal orientation between the acetab
War liner and the metal shell instead an extra lip
of polyethylene is added to just one section of the
rim The H-GP liner had this type of design All tests
were repeated three times The mechanical nature of
thece tests rendered results that were quite consis
tent Meisurements were found to be consistently
reproducible within ± 30 for dislocation Average

C Subluxation
M Dislocation

201

FLEX EXT IRE ERE

The type 1 liners reoriented the axes of the ace
tabular component in comparison to the plain liner
from the same system When the elevated rim was
placed posteriorly it had an effect similar to posi
tioning the acetabular components in additional for
ward flexion no additional support is given to the
head once it subluxes The PCA and Joint Medical
liners had the overall effect of increasing flexion and
decreasing extension increasing internal rotation in
flexion and decreasing external rotation in exten
sion (Fig 4A B)

The lip of the type 2 liner functioned by providing
support for the femoral head after it reached the nor
mal point of subluxation Therefore the point of sub
luxation in flexion or internal rotation in flexion is
not altered by this type of ER liner only the point
of dislocation is affected Range of motion was de
creased in some planes due to the presence of the
lip When placed posteriorly the HGP liner had the
overall effect of increasing internal rotation in flexion
and decreasing both extension and external rotation
in extension without notable effect on flexion in
neuttat rotation (Fig 5)

Malposition

The type 1 liners displayed the ability to reorient
the liner in relation to the metal shell The impact

Osubluxation
*dislocation

FLEX EXT IRE ERE

FIg 4 Type I liner in standard position of 30 abduction and 200 forward flexion The ROM of the plain tiner is taken
as the x axis the bar graphs show the increase or decrease in ROM of the ER liner in compari,,on " ith its corresponding
pialn liner in the same system For each graph the head-neck component is held constant Changes in impingement/
subluxation and dislocation are indicated (A) Joint Medical + 6 neck 28 mm head + )10 ER liner (B) PCA + 5 neck
26 mm head ER liner

+C)

WON

- C
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E3Subluxaton
0 Dislocation

0I-~
1011

301 FLEXFLEX EXT IRF ERE

Fig 5 Type 2 liner standard position of 30* abduction
and 20 forward flexion The ROM of the plain liner is
taken as the x axis the bar graphs rept-dent the increase
or decrease in ROM of the ER liner in comparison with
its corresponding plain liner Changes in impingement/
subluxation and dislocation are indicated Shown here
H-GP with 26 mm head long neck and ER liner

of these liners was highly dependent on the position
in which the elevated rim was placed Differences of
300 in the position of the apex of the elevated rim
within the metal shell (eg from 1 o clock to 2
o clock) had a noticeable impact on the change in
ROM provided by the ER liner (Fig 6A B) With
the apex of the ER liner located at 12 o clock ex
tension and external rotation in extension are gen
erally increased and conversely flexion and internal
rotation in 900 of flexion are decreased As the apex
of the ER liner is moved posteriorly (toward 3
o clock) flexion and internal rotation in 90 flexion
are increased and conversely extension and exter
nal rotation in extension progressively decrease

The type 2 liner displayed some increase in sta
bility over the plain liner in internal rotation in 900
of these liners was highly dependent on the position
in which the elevated rim was placed Differences of

0 00C)(12 o clock)
030 (1)
NU60 (2)
1990 (3)

EXT IRF ERE

Fig 7 Effect of rotation of the elevated rim in type 2
liner-shell in malposition of 70* abduction 20 for
ward flexion ROM of the plain liner is taken as the x
axis the bar graphs represent the increase or decrease In
ROM of the ER liner in companison with the plain liner
Shown here HGP with the 26 mm long neck and ER
liner

flexion when placed posteriorly but the effect was
far less marked than the type 1 liners and no ad
ditional support in flexion i%as noted (Fig 7)

All of the ER liners tested shared the comnmon
characteristic of relatively little improvement in sta
bility when dislocation was due to bony impinge
ment 1 -)r the acetabular components in 30* abduc
tion with the rim placed posteriorly the average
increase in internal rotation in flexion from the ER
Iin. rs was 150 when dislocation was due to pros

tic impingement and 3*01% hen due to bony in
pingement Similarly for the acetabular components
positioned in 700 abduction apex of rim posterior
the mean increase in IRF ir ith type I ER liners was
200 when dislocation was due to prosthetic impinge
ment and 30 when dislocation was due to bony uim
pingement

This appeared to be due to the relatively long lever

30-

20-

10-

0.

30 FLEX FXT IRF ERE

NEQ0 (12 o clock)
030 (1)
060 (2)
090 (3)

0-1

10-

20]

30-
FLEX EXT IRF ERE

Fig 6 Effect of rotation of the elevated rim in type I liners-shell in malposition of 70 of abduction and 20 forward
flexion ROM of thle plain liner is taken as the x axis the bar graphs represent the increase or decrease in ROM of the
ER liner in comparison with the plain liner (A) Joint Medical 28 mm head +0 neck +20 ER liner (B) PCA 26 mm
head long neck and ER liner

200-

100

0

100

200-

3010

030
060
E go

(12 0 cloCk)
(1)
(2)

(3)
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arm that exists between the point of impingement
and the center of the femoral head in bone vs pros
thetic impingement Hence for bony impingement
a relatively small rotation of the limb about the point
of impingement produced a relatively large sublux
ation of the femoral head out of the acetabular com
ponent In contrast when an equally small rotation
of the limb occurred about a point of prosthetic im
pingemrent a smaller displacement of the head was
produced

Discussion

In contrast with previous studies the evaluation
of ER liners requires not only the measurement of
ROM until impingement but the dislocation of the
component Like previous authors we noted that the
point of impingement could be consistently mea
sured within 10 However the point of dislocation
not measured in earlier studies was slightly less con
sistent and varied by up to 3* when the same tests
were repeated in sequence

As Chandler et al observed previously we noted
that impingement occurred between acetabular rim
and femoral neck or between bone and bone not
between bone and implant Impingement due to
bone occurred between greater trochanter and ilium!
pubis in FLEX and IRF and between greater tro
chanter and ischiumn in ERE As neck length in
creases the role of bony impingement decreases and
a change from bone to prosthetic impingement can
result in a marked change in the ROM While the
experimental data sheds light on the geometry of
these implants and the way in which they impact on
ROM some factors clearly differ between the ex
perimental and clinical settings The presence of soft
tissues in vivo would tend to increase the significance
of bony impingement over that observed experi
mentally The measurement of dislOCdtton requires
the simulation of compressive forces across the hip
joint and the experimental apparatus cannot fully
simulate the complex and changing force vectors of
the hip joint musculature during ROM

Nonetheless several observations appear relevant
All the ER acetabular liners share the common char
acteristic of simultaneously increasing ROM in zome
directions and decreasing ROM in complementary
directions When used in an acetabular shell that is
not malpositioned their net effect is to reorient the
axes of the acetabular liner away from the normal
relationship with the metal shell They do not in any
global sense provile greater ROM than a plain liner
Therefore the routine use of an ER liner in acetab

ular components that are otherwise well positioned
does not appear to have a sound basis

if for example the surgeon normally seeks to have
the acetabular component in 20' of forward flexion
and has positioned the implant in this desired po
sition the addition of a posterior ER liner will ef
fectively increase the forward flexion of the implant
if the implant is already positioned satisfactorily this
change in orientation would seem undesirable If the
surgeon wishes to routinely have the implant in ad
ditional forward flexion it would be preferable to
place the acetabular shell in this orientation and then
use a plain liner for reasons outlined below

When faced with an unstable THA the geometry
of the liner and the cause of the dislocation will de
termine whether an ER liner will improve stability
The most common causes of THA instability are mal
Positi6n soft tissue laxity and bone/soft tissue im
pingement This study suggests that ER liners will
not be of significant benefit in the latter two situa
tions

On the other hand if instability is due to an ac
etabular component that is malaligned the results
suggest that an optimally oriented ER liner may im
prove stability This study also suggests that a type
1 liner design will be more effective in this setting
than a type 2 liner design The orientation and size
of ER liner that will achieve maximal improvement
in stability without notable impingement in other
directions may not be immediately obvious At times
it may%not be possible to place the ER liner in the
optimal orientation without repositioning the metal
shell since somne shell designs alloi% a liner to rotate
in only 60' increments

if instability is due to acetabular malposition we
feel it is preferable if possible to reposition the comn
ponent rather than to use an ER liner based on the
following observations (1) ER liners have rims of
unsupp)orted polyethylene that may be exposed to
high loads Of interest the repeated impingements
and dislocations were noted to take a toll on the
implants Some ER liners had to be replaced during
testing when loss of fixation bemveen the liner and
the shell occurred due to torsional forces acting on
the rim over the course of multiple dislocations Lin
ers showed visible deformation after multiple im
pingements Of course the number of dislocations
performed on these implants was large but the forces
were probably lower than those occurring clinically
(2) The effect of the liner is sensitive to the exact
position of the elevated rim yet the positioning of
the ER liner may be less precise than positioning the
acetabular component with a positioning guide
Larger and more accurate corrections in each plane
are possible if the entire component is shifted (3)
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Many ER liners are more prominent than would be
the case if the acetabular shell were repositioned and
used with a plain liner This raises concern about
difficulty of reduction if a TI-A dislocates We also
have noted that many ER liners do not have a clearly
visible radiopaque marker that identifies their pres
ence on radiograph meaning that the surgeon treat
ing the dislocation may not be aware of the presence
of an ER liner

It appears that the use of an ER liner on a routine
basis has no clear advantage or rationale over the
use of a plain liner in cases of instability when the
cause is soft tissue laxity or bony impingement mea
sures other than inserting an ER liner would seem
to offer the greatest likelihood for achieving a stable
result

This study suggests that the role of ER liners should
be limited to specific cases in which instability is duf-
to prosthetic malposition and the acetabular corn
ponent cannot be readily changed for example if it
is already well fixed with cement or bony ingrowth
In this setting type 1 liner designs would appear to
be more effective than type 2 liner designs The apex
of the ER liner should be carefully marked before it
is placed into the wound so that its orientation can
be controlled during insertion It should be recog
nized that the optimal position for the elevated rim

% aries with the malposition of the acetabular corn
ponent and that it may be necessary to test the ER
liner with the rim in more than one orientation The
hip should be tested in flexion extension flexion
plus internal rotation and extension plus external
rotation in order to ensure that the elevated rim does
not create excessive impingement or instability in an
unanticipated direction
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ABsr.AcT In a series of 300 total hip replace-
ments, nine (3 per cent) dislocated Precise measure-
ments of the orientation of the acetabular cup were
made and it was round that anterior dislocations were
associated with increased acetabular component an
teversion There %vas no significant correlation between
cup orientation angle and posterior dislocation The
dislocation rate for cup orientation with anteversion of
15 :t 10 degrees and lateral opening of 40 ± 10 degrees
was 1 5 per cent, while outside this "safe" range the
dislocation rate %~as 6 1 per cent Other factors that
were documented include time after surgery (with the
greatest risk in the first thirty days) and surgical his
tory (with a greater risk in hips that have had prior
surgery)

Between Januarv 1972 and June 1975 300 total hip
replacement procedures were performed by five surgteons

Material and NMethods

Information about the patient s age diagnosis and
acetabular component orientation was obtained for all nine
hips with dislocation and for 113 of the 291 hips in which
the prosthetic components did not dislocate Detailed
study of the remaining 178 hips was not possible because
the roentgenograms required could not be obtained The
detailed data on hips with dislocations are listed in Table I
The 113 non dislocated hips had diagnoses of osteoar
thritis in fifty nine and failure of' previous surgery in six
teen (nine femnoral prostheses, three cup arthroplasties
three osteotomies and one fracture nailing) The other
diaenoses were rheumatoid arthritis (fourteen) ankylosing
spondylitis (three) avascular necrosis (seven) congenital
dislocation of the hip (six.) and others (eight)

The standard technique used by the five surgeons was
to approach the hip posterolate rally through ti modification

TABLE I
PATIENTS wtTH DuSLocATmD TOTAL Hup REPLAcEmE.-Ts

Tune to Direction of
Casc Age Sex Diagnosis* Disiocation Angle 9 Angie a Dislocation

(Yrj )(Deg ) (Deg)

1 71 F RS 20 days 54 25 Ant
2 70 F RS 23 days 54 43 Ant
3 55 M FA 30 days 40 31 Ant
4 78 F RS 9 days 42 22 Post
5 66 IM RS 13 days 60 24 Post
6 63 F RS 51 days 36 26 Post
7 35 M RA 110Odays 48 9 Post
8 72 F RS 311tit years 36 15 Post
9 88 F OA 6 days 60 13 1

FA fractured ocetabulum OA ostcoarthntis RA- rheumatoid arthritis and RS = revision of previous surgery

on the orthopaedic service of Northwestern Memorial
Hospital Dislocation of the femoral component from the
acetabular cup occurred in nine patients Five patients re
quired a secondarN operation and two had significant car
diopulmonary complications The incidence of dislocation
was 3 per cent u.hich is within the range reported from
other centers (I :o 8 per cent) -8i10 13 5 ir In order to un
derstand this complication better we undertook a studv of
our 300 cases

This worl, %a suppotted by Grant SRS '3 P 55898 from thc
Rchabilitation Scrvitces Administration

233 East Eric Sircet Chicago Illinois 60611
t 345 E;isi Supcnior Strcct Roonm 1441 Chicavlo Illinois 60611

VOL 60 A NO %.%RCH 1979

of the Gibson incision The trochanter and gluteus medius
muscle insertion wvere left intact The capsule was incised
posteriorly usually leaving the anterior capsule intact
One surgeon who performed 190 of the operations in the
study used Au franc Turner prostheses This surgeon reat
tached the external rotators during closure whenever pos
sible The other surgeons in the study used either
Aufranc Turner or Charnley Mueller prostheses and did
not regularly reattach the ex~ternal rotators

The orientation of the nadiolucent cup was determined
from the elliptical appearance of the circular marker wire
on precisely oriented antcroposterior postopcrative roent

217

C py ght197byrVw)J I /a a jJ S Igev I po, d

Dislocations after Total
Hip-Replacement Arthroplasties *

BY GEORGE E LENVINNEK M D t JACK L LEWIS PirD t RICHARD TARR M S + CLINTON L COMPERE, M D 16

AND JERALD R ZIMMERMAN B S + CHICAGO ILLINOIS

From the Northwestern Memorial Hospital Chicago
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Fto lA

FiG '

FIG I B
Fies I A and I B Anterior dislocation of 3 toial hip replacement

geno grams (Fio 3) The lateral opening angle 0 was
measured dire k The anteversion angle a was calcu
laiLd from the ato betv-e-n the lengths of the mtnor and
maior ayes of tie ellipse

To determ ne %%hLher the acetabular component was
ante%erted or r irover,d thL ellipst. was closely scruiti
niZLd anwecr ion was diagnosed if the lateral arc of the
L11IPSL was more sharpIN defined than the medial and vice
%~L Si

A d.
io po!)ItiII

p it dl ,U

kith thrLl-L. and a bubble le%el was used
,),Ivi-,pir iliLl to the film The patient %xis

t,, lorr routint. rOLnt-.Lno(7ram and the
dL%iIL'%LrL dirt-cd% and fi nly pres,sed

FiG 2 B
Figs 2 A and - B Posiriro dislocation of a total hip replaccmcnt

over the anterior superior iliac spines and the symphvsis
pubis The patient was instructed to reposition himself
until the bubble level %%as horizontal A small lead marker
was placed on the patient along the midline of the body to
mark the center of the %. a, beaM

A co rret-tion factor for distortion caused b% the diver
gent x ray beam was nc-,sar% 9 Preliminar% studies on a
laborator skeleton demronstrated that ) dei!reeb added to
thc apparent anOL ca Nie Ied the trUL U and thac 0 %t.as cor
rLLt as measurcd

The roen(gLnoiripl- i t hniqUL %kwas us,-d on most of
IL 113 patients for w%h, i &d- a are pr,.s.enced For patients
on whomn it %ka-, not Po -1lit)oij% tht. technique the av

I. )i \- NSURGERN

TI N
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PELVIC COORDINATE

(X7 'it. oily
of I RAY sc2-e

STEM

wo UNE OF Scoy

L-fAwfo"Iftiorl~g g

0WNuI 1h / D2

FiG 3
In order to measure the orientation of the icetabular component those

portions of ihe wire marker that are obscured by the femoral component
are drawn in with the aid of a draftsman s French curve Measuremnent of
D, and D permit caiculation of ct Angie 0 is measured directly

erage of at least three routine anteroposterior roentgeno
grams was used but only when the several sets revealed
reproducible measurements (±t3 degrees)

The anteversion angle ct corresponds to rotation
around an artificial axis which projects onto an x ray as the
major axis of the marker wire ellipse The Aufranc Turner
cup positioner is designed so that the surgeon can control
rotation about the anatomical transverse axis The
amount of rotation in this sense may be called angle 0 In
contrast the Chamnley Mueller positioner is designed to
control angle a "I Angle (h may be calculated from the re
lationship tanct= tari( cosO Angle (b is 3 to 6 degrees
larger than the anteversion angle a for the usually recoin
mended cup orientations

In addition to the measurements on all nine of the dis
locations adequate data were available on 113 of the 291
hips that remained staible The total of 122 patients was not
a random sample in that it included all nine of the dislo
cations This provided more information than would have
been available in a true random sample With caution it
was possible io apply the Fisher Irwin Yates exact test and
tests on normalized variables to the available statistics

Analysis of Data

The average age of the 122 patient study group was
63 1 years while the average age of the nine patients with
dislocations was 66 4 years which is not significantly dif
ferent A significantly larger percentage0of patients whose
hips dislocated had had prior surgery on the same hip as
compared with the control group Of the nine patients
whose hips dislocated six, had had prior surgery Of the
113 patients whose hips remained stable only fifteen had
had prior surger This difference is significanit at the I per
cent level (Fisher ex~act (LS()

When dislocation ot ed it tenAied to be early in the
convalescent period Six ot the nine dislocations were seen
within thirty days of the total hip replacement and these
dislocations occurred while the patient was in bed or walk
ing or dunng other normal activities Two dislocations
were caused by falls outside the hospital and these oc
curred more than thirty days after the operation In one pa
tient (Case 9) the hip dislocated more than three years
after the operation, while she was bending over to tie her
shoe She was the only patient who had a late dislocation
without significant trauma

The relationship between the orientation of the
acetabular component of the prosthesis -and the dislocation
(Fig 4) shows that the three anterior dislocations (Cases 1
2 and 3) occurred with a angles of 25 degrees or more as
compared with an average of 15 6 t 8 5 degrees for the
study group The increased angle is significantly different
from that of the stable group at the 1 per cent level of
statistical significance The three hips with anterior dislo
cation had an average 0 of 49 3 degrees which was not
significantly different from the 0 of the stable group 44 4
-# 7 5 degrees The five posterior dislocations (Cases 4
through 9) had an average a of 19 2 degrees and an aver
age 0 of 44 4 degrees Neither of these values were sig
nificantly different from the corresponding angles in the
control group

so

40

0

20 F-

10 20 30 40 so ti 10

e ANGLE (degrees)
FIG 4

A scatter-diagram sumnmary of ihe onentallon of the acetabular comn
poncnt s

When all nine dislocations were considered together
there seemed to be a tendency for the dislocations to be as
sociated with large deviations from the average angles
This suggests that there is a relatively safe range of orien
tations for the cup A number of such ranges were investi
gated and the ranee of 0= 40 ±t 10 degrees and a= 15 :t
10 deg-rees proved most satisfactory This range is a prac
tical one because it is sufficiently large to allov the sur
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geon reasonable leeway in the placement of the acetabultar
cup and is such that it allows adequate motion in the im
planted prosthesis The difference between the dislocation
rate within this safe region and outside it is statistically
significant (p<Z4 5 per cent) A projection of the data from
the study group to the entire group or 300 patients showvs
that the predicted dislocation rate will be 1 5 per cent wvhen
acetabular-component orientation is within the safe range
versus 6 1 per cent when safe orientation is not achieved

The effect of shifts in the position of the acetabulum
was studied as regards medial lateral and superior inferior
translocations The shifts did not correlate with disloca
tion An attempt was made to correlate the treatment of the
initial dislocation with the final result and we discovered
no simple relationship between time in traction or casts
and subsequent stability in this group of nine dislocations

Discussion

Our data on the incidence of dislocation are similar to
those reported by others as mentioned and the tendency
of this complication to occur early in convalescence also
has been noted previously Of 929 patients followed by
Nicholson for three months twenty had dislocations (2 1
per cent) and of 580 patients followed for twenty four
months only five had dislocations (0 09 per cent) After
twenty four months the dislocation rate fell still further
(one of 295)

Our study suggests that the position of the acetabular

cup relative to (he body S aXIS is important and in particu
lar that anterior dislocation is associated with anteversion
We expected that decreased anteversion would lead to
posterior dislocation and that an increased lateral opening
angle would lead to superior or iliac dislocation but our
clinical studies did not support either of these h %potheses

In one study 3 half of the dislocations were as
sociatcd with retroversion of the acetabular component of
between 7 and 10 degrees All of these dislocations were
posterior None of the acetabular components in the pres
ent series were retroverted more than 4 degrees We there
fore infer that while excessive retroversion may lead to
posterior dislocation safe orientation of the acerabular
component will not necessarily prevent such dislocations

Acetabular component orientation has been shown in
this study to be a significant factor in avoiding disloca
tions It is not the only factor as demonstrated by the fact
that the most experienced surgeon in this stud%. had only
one dislocation in 190 cases (0 5 per cent) He did not
place a significantly greater number of acetabular cups
within the safe range than did the other surgeons He at
tributed his success to a number of factors such as adjust
ment of soft tissue tension to achieve clinical stability at
the time of surgery and avoiding adduction for six weeks
after surgery Such elements could not be measured with
satisfactory precision even though clinical experience in
dicates their importance in minimizing the risk of disloca
tion
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Range of Motion Studies
for Total Hip Replacements

A Comparative Study wnth a
New Experimental Apparatus

HARLAN C AMSTUTZ, M D ,* R D4 LODWIG,
D ji SCHURMAN, M D , AND A G HODGSON

The primary objectives of hip joint re-
placement (THR) are not only to relieve
pain, but to improve motion and patient
function, the total hip prostheses which
provide an adequate range af motion
(ROM) should also orovide long-term joint
btability The ROM following THR depends
on three factors (1) the etiology of the
hip disectse, the related seventy and type of
capsular scarring, and/or the fibrosis within
or between muscle fibers, (2) the prosthesis
used, and (3) the technique of insertion

Stability of THR depends upon motion
of hip during activities of daily living or un-
intentional excesses which produce subluxa-
tion Repeated impingement and subluxa-
tion of THR components may lead to rim
wear, dislocation and force transmission to
the acrylic-bone interface Prosthesis geom-
etry, technical error of insertion with ex-
cessi/ %e ocket inclination or femoral t.om-
ponent aniteversion are factors which con
tribute to increased probability of iepeated
neck socket impingement

9?eceived October 14 1974
* Professor of Surgery Chief Divtsion of

Orthopaedic Surgery School of Medicine 76-12S
Health Sciences Universit) of i-alifornia Los
Angeles Los Angeles California 90024

A three dimeinsional protractor was con-
^tructed at UCLA to assess in vitro ROM
of various THR components and the im-
oortance of component xrientation Anaiy-
sis of factors involved may decrease the
incidence of early postoperative and late
dislocation and develop guidelines for future
rFHR designs

METHODS AND MATERIALS
Prior to this study we measured ROM on

a protractor similar to that described by
Chamnley3~ The precision of these measure
ments was inadequate to resolve the differ-
ences in ROM between various THR designs
Therefore, a new protractor (Fig 1) was de-
signed which would accept a human pelvis and
femur, allow a direct visualization of the ana-
tomical relationships and prosthesis while pre
cisely measuring the in vitro ROM of the pros-
thetic components This apparatus provided
a precision of :±10 in each Angular setting
or measurement Stimulated range of motion
studies were performed using " tyoes with
various head and neck diameters 'Table 1)
Components were inserted n the oelvis and
femur and mounted in the ROM apparatus

The pelvis was mounted in 1rhe apparatus
with the anterior superior spines and ?he pubis
in a vertical plane To permit a direct corn
parison of the data the socket of each pros
thesis was placed in the same position of 420
lateral opening from the horizontal plane with

124
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the patient upright and 20* of anteversion
The Charnley was also evaluated in 0* of
anteversion The degree of version was de
termined by inserting a pin into the dicondy
Jar axis at the junction of the upper and
middle thirds of the femur using the posterior
surfaces of the condyles as 00 version 2 The
distal portion of the femur was then removed
so that the femur would fit into the apparatus
and a plaster jig was constructed to insert the
prosthesis in the correct degree of version
The angle of the lateral opening of the socket

was indicated on protractor A by placing a
ruler across the rim Anteversion was deter-
mined with the pelvis flexed 90* at F

Range of motion was recorded by the pro-
tractors A and R Hip flexion and rotation
in flexion were determined by flexing the pelvis
at F Flexion with external rotation and
abduction was evaluated for the Trapezoidal 28
and the Mueller To simulate the effects of
wear the Charnley and Trapezoidal 28 sock
ets were deepened 2 4 and 6 mm and ROM
recorded

TABLE 1 Types of Total Hip Replacement Prostheses Studied

Head (Head Diameter
Diameter (Neck Diameter)j Ratio

Type of Prosthesis (mm)

Charnley (Standard Thackray) 22 174

Bechtol 254 195
(1 / inch neck, regular -3 inch width stem Richards)

Harris (Long neck Howmedica) 26 2 03

Trapezoidal 28 (Standard Zimmer)
Short neck 28 2 01 to 3 24
Medium neck 28 197 to 2 97
Long neck 2%8 1 97 to 297
Extra long neck 28 1 /7to 3 00

Aufranc Turner (Regular Howmedica) 32 2 00 to 2 3)

Mueller (Standard neck Standard stem Zimmer) 32 1 98

McKee Farrar (15/K inch Standard H-owmedica) 41 1 77

Nombvr II I
Soptember 197S 126

Fio 1
ratus

ROM appa
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TABLE 3 Maximum Flexion and Abduction of Trapezoidal-28

as a Function of S6cket Position*

Flerion (degrees) A bduction (degrees)

Anteversion (degrees) 10 20 30 10 20 30
Lateral opening (degrees)

36 102 108 117 57 54 53
42 106 114 120 61 60 59
48 110 119 127 67 65 64

*Long neck large stem prosthesis with medium socket and femoral anteversion held at 0 degrees

RESULTS

The results of the ROM measurements
are presented in Table 2 The angles re-
ported are maximum values The effects of
muscle and other soft tissues were not mn-
cluded in this study

Comparative analyses indicate that there
are significant differences between designs
in the clinically important parameters of
flexion, internal rotation in flexion, and ex-
ternal rotation in extension The Mueller
design provides an increase in flexion of 160
over the Charnley design, this represents a
20 per cent increase There also has been
an increase observed in abduction in exten-
sion Other "second generation' (post-
Charnicy) designs also provide improved
ROM without neck-socket contact

Flexion for the Trapezoidal-28 was 1140,
which represented a 42 per cent increase
over the Charnley, internal rotation in flexion
varied from 0' for the Charnley and 2* for
the Bechtol up to 36' for the Trapezoid-
al-28 Abduction in extension varied from
42' to 720 The design factors responsible
for these differences have been analyzed

EFFECTS OF COMPONENT ORIENTATION

Socket Orientation The maximum flex-
ion arc changes with lateral socket open-
ing and anteversion For the Trapezoid-
al-28, each degree of increase of lateral
opening between 360 and 480 permitted
about 0 80 of additional flexion (Table 3)
Between 10' and 300, each degree of in-

creased anteversion permits about 0 80 of
additional flexion As expected, small de-
creases in abduction are observed as ante-
version is increased External rotation in
extension is relatively unaffected by changes
in socket lateral opening in the positions
tested, but is reduced as socket anteversion
increases

Femoral Prosthesis Orientation Antever-
sion of the femoral neck will inrrease flex-
ion For prosthesis such as the Mueller
which have a circular neck cross section, the
increase is cipproximately degree for degree
The gain in flexion for the Trapezoiddl-28
is less (0 8 per degree) because of the opti-
mized neck shape in flexion

In both the normal and the prosthetic hip
joints, the maximum flexion angle is in-
creased by abduction and external rotation
(Fig 2) Although there are small differ-
ences between the various types of prosthe-
ses, at abduction angles near zero approxi-
mately one degree of flexion is gained for
each degree of external rotation Similarly
about one degree of flexion is gained for
each degree of abduction for abduction
angles near 10* and external rotation angles
near 100 However, at greater external rota-
tion angles, the gain in flexion with further
external rotation is smaller than the gain
at lesser external rotation angles

Effects of Wear The results of deep-
ened sockets of the Charnley and Trape-
zoidal-28 designs are shown in Table 4
The direction of the "wear simulation" was
determined by using the 17" angle from the

127
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verticals as determined by Rydell, when
the socket was oriented in the standard posi-
tion of 420 lateral opening and 200 ante-
version in the pelvis

There was 190 less flexion with the Trape-
zoidal-28 4 mm deepened socket, and a 230
lo,;s with the Chiarnley design

DISCUSSION

The increased ROM observed for various
prostheses has been accomplished by (1)
greater head diameter to neck diameter
ratio,. (2) smaller socket depth to ball ra-
dius ratio, and (3) optimization of the

FiGs 3A and B A Wear of rim due to
impingement may reduce subluxation but B
facilitates dilocation with opposite position

II

FIG 2 Relationship
~, of flexion to limb ab

duction and external
rotation

0 10 20

geometry of nedl and socket rim I Prefer-
ential increases in flexion, internal rotation
and abduction in flexion, and external rota-
tion in extension were observed from two
THR s with non-circular neck cross sections
-the kufranc-Turner with an elliptical
neck cross section and the Trapezoidal-28
with a trapezoidal neck cross section

Results indicate a penalty in ROM for
the deepening of the socket to provide addi-
tional stability, e g the Charnley design is
deepened 2 mmn beyond the ball radius to
increase the stability with a loss of approxi-
mately 10* in flexion Wear will also
deepen the socket and diminish ROM of a
THR prosthesis and this is more pronounced
if the ROM is already marginal Wear of
the socket rim due to impingement may
facilitate dislocation by reducing the con-
tainment of the femoral component (Figs
IA and B)

With the Trapezoidal-28, the increased
flexion for a change in external rotation is
slightly less than the gains for the Mueller
of the McKee-Farrar This occurs because
the impingement of the socket rim with the
flat side of the trapezoidal neck is near the

MC K fE FARRAR i MUELLER
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optimum configuration in relation to the
socket at the given flexion angles Because
of the optimization of the neck shape, the
flexion values of the Trapezoidal-28 at zero
degrees abduction and external rotation are
greater than the flexion values of the other
prostheses

Johnston and Smidt4 observed in their
electrogoniometry study of normal subjects
that an average of 1040 of flexion was re-
quired for sitting, 1 12' to rise from sitting
to standing, 1140 to squat, and 1250 to
,-:op to pick up an object from the floor

It is apparent that most total hip units
would not permit these functions without
subluxation, pelvic flexion, abduction or ex-
ternal rotation of the limb, or combinations
of all these motions

Preliminary data fronli our laboratory
studies on normal, standing persons indicate
that the orientation of the iliac spines-

pubis plane vanes from 40 to 150 in ante-
flexion (pubis antenior to iliac spines) The
ROM data reported here are based upon an
angle of zero degrees The effect of the
pelvic anteflexion in the standing position
is to increase flexion in the standing posi-
tion by the amount of pelvic anteflexion on
a degree for degree basis

Flexion can also be enhanced if the limb
is abducted and externally rotated Protec-
tion from possible subluxation or dislocation
during sitting and squatting can be afforded
THR patients by advising them to extemnally
rotate and abduct their limbs during these
activities

Patients who have had post-traumatic
complications of osteonecrosis are more
likely to develop a free ROM and neck-
socket impingement The restricted ROM
which follows take-down of arthrodesis is
often related to the length of time the hip

TABLE 4 Restriction of Motion Due to Wear*

Trapezoidal 28 Charmley

Depth of Socket Wear (mm) 2 4 6 2 4
Loss of flexion (degrees) 9 19 29 11 23
Loss of abduction in extension 7 16 23 13 23

(degrees)
Loss of external totation in 11 16 28 8 15

extension (degrees)
Loss of internal rotation in 5 19 30 - -

flexion (degrees)

* Wear simulated by deepening ,he socket at angle of 17* to simulate the resultant angh, determined
by Rydell Socket is onented open 42 laterally and 20 anteverted

Numbqr I II
Soptember 197S

FiG 4
component
on ROM

Effects of
onientation

129

Change in Component Flexion Internal External Abduction
Orientation Rotation Rotation in

in in Extension
Flexion Extension

jSocket anteversion
_ __ _orFemoral anteversion

ISocket lateral
opening
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has been immobilized Any free ROM in
excess of that permitted by the components
without neck-socket impingement increases
the risk of subluxation and dislocation,
especially if the musculature is weak Re-
peated contact of the socket rim will cause
wear and permit additional ROM without
contact, but the force necessary to dislocate
the prosthesis may lessen Neck-socket im-
pingement has been also causally implicated
in the loosening of the McKee-Farrar and
other all-metal total hip replacements

Subluxation and dislocation may also
occur from gravitational forces on the limb,
these may become greater than the capsular
or musculsir resisting forces during gait or
when the ball is levered out of the socket
by impingement of bony prominences
These forces can be partially controlled by
attention to detail at surgery using trochan-
teric advancement to tighten the abductor
mechanism and/or the insertion of a fem-
oral component with a longer neck and
removal of bony promi (ences

SUMMARY

Significant differences in ROM exist be-
tween different THR prosthesis designs
several of the prosthesis designs tested are
marginal in flexion, several millimeters of
socket wear will decrease the ROM The
results also emphasize the importance of
proper component orientation at surgery

The surgeon has less latitude in orienting the
components of a THR with limited ROM
Subluxation and dislocation due to rim con-
tact can be minimized with most prosthetic
units by instructing the patients to abduct
and/or externally rotate their hips during
acute flexion Analyses suggest that im-
pingement of prosthesis neck and socket rim
may lead to increased risk of dislocation and
increased rim wear Prostheses with ade-
quate ROM for everyday activities should
provide stability, less frequent neck and
socket contact with decreased rim wear, less
force transmission to acrylic-bone interface,
and less diminution of ROM with wear of
the socket wall
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The Elevated-Rim Acetabular Liner
in Total Hip Arthroplasty

Relationship to Postoperative Dislocation*
BY T K COBB MD t B F MIORREY M Dt AND D \1 ILSTRLP M S ROCHESTER MINNEOT\

ABSTRACT Although an acetabular component with
an elevated rim is thought to improve the postoperative
stabiljty of a total hip prosthesis, the actual clinical value
has not yet been demonstrated To address this ques
fon we reviewed the results of 5167 total hip arthro
plasties that had been performed at our institution
from April 1 1985, through December 31, 1991 The
prostheses included 2469 acetabular components with
an elevated rim liner (10 degrees of elevation) and
2698 with a standard liner The cumulative probability
of dislocation was estimated as a function of time
since the operation with use of the Kaplan Meier surv
vorslup method Fortv eight of the 2469 hups that had
the elevated rim acetabular liner dislocated within two
years compared with 101 of the 2698 hips that had
the standard acetabular liner The two year probability
of dislocation was 2.19 per cent for the hip with the

fevated rim liner and 3.85 per cent for those with the
standard liner (p = 0 001) A similar trend was seen
at rive vears however, because of a smaller sample
the difference was not significant Increased stability at
two years was also demonstrated for the hips with the
elevated nim liner when the hips were analyzed accord
ing to the operative approach, the mode of fixation, the
sex of the patient and the tvpe of total hip arthroplastv
(primary or revision) Although these data demonstrate
improved stability after total hip arthroplastv when an
elevated liner is used, particularly in hips that are at
greater risk for dislocation of the prosthesis, the long
term effect of this elevated liner on wear and loosening
remains unknown but is of considerable conLern The
elevated liner deserves additional studv to clarify its
effect on wear and loosening

An elevated rim acetabular liner is used as a poten
tial means of improving stability after total hip arthro
plastv An elevated rim on a high densitv polyethylene
acetabular liner is currently available from most manu
facturers An implant with this design was first used by
Charnlev in the early 1970 s to decrease the tendency
for posterior dislocation of the femoral head' The ahvm

No benefits in jinv form have bten rCLO.ved or will be rLCCivedJ
from a,-omm.rciil pairtv rdtsd dii-LUIV or indirLlV to th'. iubjLCt
of this MIrzL No funds w.rL rttLived in support ot this study

tMaivo ClnjL 21()ri%istrLL1 !) W RoLhLster MinntLsota .)'50

metrical build up of these components is thought to
provide additional support in regions of compromised
stability' The orientation ot the augmented rm can
be individualized depending on the unique anatomv ot
each patient with the built up region placed where it is
most needed (usually posteriorly and superiorly)

Although the theoretical attractions of the elevated
rim are ob vious and have been widely accepted the
clinical advanta2es have not been demonstrated to our
knowledge To address this issue we retrospectively
reviewed the cumulative probability of dislocation in
:)67 total hip replacements inserted at the Nlavo Clinic
from 198. througyh 1991 Our purpose was to determine
the effect of an augmented acetabular component on
the cumulative probability of dislocation atter total hip
arthroplastv

Materials and Methods

The results of all total hip arthroplasties performed
at the Mlayo Clinic from April 1 1985 through Decem
ber 31 1991 were reviewed Ot the 7 10:) hip procedures
those that involved use of a bipolar prosthesis fixed
head endoprosthesis custom design prosthesis or ace
tabular liner with a tim elevated 1.) or'20 degrees as well
as those performed for reconstruction after resection of
a tumor were excluded from the review With use ot
these selection criteria 5167 hips were enrolled in the
study 2469 with an elevated rim acetabular component
and 2698 with a standard (neutral) acetabular compo
nent The relative percentage of elevated rim acetabular
liners used each year increased from 10 per cent in 198-)
to more than 80 per cent in 1991 The critical variables
relating to stability of the hip have been prospectivelv
gathered and recorded in the Total Joint Registry Dis
location treated with reduction bv a physician was used
as the discrete failure end point The group that had a
dislocation was analyzed according to the operative ap
proach the type ot arthroplastv (primary or revision)
the sex of the patient and the type of fixation The risk
of dislocation was assessed on the basis of the design of
the aLetabular cup Follow up data were obtained by
physical examination tor 2739 hips (-)-" per cent) ques
tionnaire tor 1806 (35 per cent) and a telephone survey
for 620 (12 pLr cent) Dislocation can bL adLquatLIv
dS.SeSSLd by any ot theSL modes o1 evaluation' Only

TH[' JOU,RN %L OF BONE AND JOINT SUR(.,CRY

( p nVht i sm h n i I ty IJ 1% 1, r% I r I I
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K COB a0UI r %IORIZLN ANO 1) %1ILSIRLIP

TA I
DINLO(% I ION \r Two YE- \R4 AL(ORDIM, TO TlirE Di si N

OF Tle A tLTM L L\R CLI NrD THE OPER \TIvC Ai PROV( 11

Rim ot A4.etabular Cup
Standard Elevaed P Vilue

Antt.rior aipprodLh (no ) 2320) 1919
Dibloi-ition!) Ino) 74 35
Probability 0oidISLction 347 2 09 001

(per cent)

Pot,terior ipprUlL.h (to) 243 45-4
DisloLations (to ) 11 12
Probabilticvot dislocation 4 62 2 S3 0 ..

(prcui)

Transtrochanteric 120 91
approach (no )

Dislocations (no) 9 1
Probability of dislo6t1ion-' 763 114 00..

(per cemn)

The approach was not known for twenty hips
tThe probabilitv of dislocation two years aiter total hip arthro

plastv as shown by Kaplan Llyeier analysis

years) Of the 3204 patients who were operated on be
fore 1990 '3089 (96 per cent) were followed for at least
two years Only Fifteen patients who were alive and had
an intact implant that had not dislocated were followved
for less than two years Of the 1385 hips that had been
operated on at least five years before our analysis 1324
(96 per cent) were followed for at least five years

Results

Insabliv

One hundred and forty nine of the over all group of
5167 hips included in this study were complicated by
dislocation within two years after the total hip arthro
plastv Foriv eight of the 2469 hips with the elevated rim
acetabular liner had a dislocation of the femoral pros
thesis within two years compared with 101 of the 2698
hips with the standard acetabular liner The two year
Kaplan Nfeier probabilitv of dislocation was 2 19 per
cent for the hips with the elevated rim liner and 3 85 per
cent for those with the standard liner (Fig 1 A) This
difference was significant (log rank test p = 0 001)

A similar trend was seen at five years however the
difference was not significant The subgroup analvzed at
five years consisted of 1385 hips Of the 173 with the
elevated rim acetabular liner five were complicated by
dislocation Of the 1212 with the standard acetabular
liner fifty three were complicated by dislocation The
five vear Kaplan Mleier probability of dislocation was
2 97 per cent in the group with the elevated nim acetab
ular liner and 4 46 per cent in the group with the stan
dard liner (p = 0 34) (Fig 1 B)

Prunairv Ttal Hip A rthroplastv

Of tht.. 1949 primary total hip arthroplasties in which
the elevati-d rim aCt-tabular liner was used twenty five
were complicated by a di5location compared with fiftv
Of [hL 2168 primary total hip arthroplasties in whILh the

bt ind ird hnfLI bUSLd (Fig 2 A) IhIIL 111U1,111%t. prob
jbilit% of dislocation wvas 2.35 ptr CLnt tor th. hip,, with,
the standard linLr and 1 43 per cent tor thOSL.%vith 111L
eltvatLd rim linLr (p= 0 04)

RLV isionz Total Hip Arthropli%tv

ThLre were twenty thrme dislot.ations within twvo
years atter the arthroplastv in the )20 hips that had had
a revision with the elevated rim aLetabular component
atter a previous total hip arthroplabtv ind tittv on,-. dis
IOLJtions in the 530 hips that had had a revision with the
standard liner (Fig 2 B) The two year cumulative prob
ability of dislocation was significantIv lower (p = 0 0M))
in the hips with the elevated rim liner (:102 per cent)
compared with that in the hips with the standard liner
(10 03 per cent)

Operattv e Approach

Three operative approaches (anterior posterior
and transtrochanteric) which have been previously de
scribed"~ were used at our institution during this study
Regardless of the approach that had been employed
the hips with the elevated rim acetabular liner were
more frequently stable at two years than those with
the standard liner (Table 1) This difference was signifi

15

10-

Years from lTHA

FIG 2 A

15

20- 10 P-005--- --
--

0

0 1 2
Years from THA
Ft 2 B

Fi1, .2 A and 2 B3 kapl in MuiLr (.UMUiI1VL probabilitv of dibloL i
tion for tht- tkvittd rim ind wi indird JLLtlibU[Jr compontrits (Itr
primiry total hip jrthropli%htv (1791, 2 A) and JftLr rmVihion toiwl hip
drthroplistv (66b 2 B) THIA = toulI hip arthroplastv

TIIL JOURN %L or [BONE AND 1II St R( CRY'
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FIG .3A

FIG 3 B
Fies..) A and .3 B Photographs of high densit% polvethvlene neu

tral (Fig j A) and 10 degree elevated nm (Fie j B) acetabuiar liners
for modular implants.

of instabiiv Olerud and Ka Istr6m reported success
with this method in six patients who had recurrent dis
location Other reports have been of limited numbers
of patients and have described variable success "I""

More recently various elevated liners have been in
corporated into many systems of total hip arthroplastv
(Figs 3 A and 3 B) For example of the implants used
commonly at our institution one has for many years
allowed the surgeon the option of using or not using
an elevated rim liner as well as options regarding the
degree of augmentation One attractive feature of the
modular design of the current implants is chat the aug
mented segment can be rotated into the desired posi
tion theoretically enhancing stability'

There has been concern about the long term ef
fect of the enhanced stabilitv derived from a more
constrained articulation Two worrisome complications
could develop increased wear debris from the high
density polyethylene elevated rim and loosening from
the increased rotatory moment introduced by force be
ing transmitted at the point of contact with the aug
mented rim (Fig 4)"3

An additional limitation of the elevated rim design
is that several biomechanical studies have shown that
it is associated with a decreJSLd arc ot motion (Fig 5)1
Krushell et al demonstrated that the stable arc ot
motion was not increJbLd but rather reorientLd with
thL USL. ot an LlL.vated rim When thL. eleVatL.d rim wJ%

plat.Ld posttri.- stability wab int.rtj,sed with thL hip
in 11L\ionl and in flLxionl with intern il rotation with NOML
designs and only in int,-rnal rotation in flemion with
other desigins Extension and evternal rotation in exten
sion %',er decrLaNL.d by elevatLd rim liners TherLtorL
thL rangze of motion was inLreahLd in Nome directions
and decreaSLd in compl,mentarv dir(.ctions Tie results
ot their study are supported by our clinical findings A
greater percentagi. ot dislocations occurred anteriorl%
in the hips that had the elevated liner (eleven ot thirtN
se,.en 30 per cent) compared with the percentage in the
hips that had the standard liner (twelve ot seveniy tour
16 per cent) This most likely resulted from impinge
ment of the femoral neck on the elevated portion of the
liner during extension of the hip

Malorientation of one or both components has
been shown to be the cause of approximately one
half of dislocations after total hip arthroplastv' The
instability caused by malorientation is theoretically
overcome by proper placement of an augmented ace
tabular liner However our analysis demonstrated less
than a 1 degree difference between the anteversion of
the standard acetabular cups and that of the elevated
rim cups in the dislocated and non dislocated groups
which demonstrates that anteversion did not appear to
play a role in the difference in stabilitv observed be
tween these twvo designs of component

Charnlev reported erosion of his elevated rim corn
ponents This w irrisome complication was confirmed
in a recent study by Murray who found severe erosion
of four of ten elevated rim acetabular liners obtained
at the time of revision Similar problems with wear have
been observed by the senior one of us (B F IM ) Defor
mation and wear of the polyethylene liner is not only of
concern from the standpoint of loss of mechanical sup

r'-- AAAYO

Fir 4

Ilutato em ntatn.a hoeicleplntono owsai
it s na(.. h h eovte imdsgnT epr%hLI 4 ni

awav from tnt. eml#-vktednportioihofrtht. rim HowevLro1hof hot,.ndtd

portion of IhL CUP!,LrV'.4sto inLUe thl- moment irm ind thtrdiorl.
thL torsion.il forc,-h on the impi int honc tnterIOCL I iL,moment
of tht.stind.ird linLr ind \,I = the momtnt of tht. ekv itd rim linLr~
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Abstract

Validating the accuracy of image guided surgical system.s is
a challenging and important problem which has received lit
tie attention in the literature Potential sources of inaccuracy
include CT imaging noise model generation errors errors
introduced byfixturing intra operative data noise registra
tion errors and inaccuracies in surgical tools and actions In
this paper we discuss our experience in validating an exam
pie image guided application in orthopaedic surgery Van
ous sources of inaccuracy are identified and approaches for
mitigating their effects are suggested The difficult problem
of generating a reliable ground truth for evaluating the accu
rac) of surgical registration is discussed and surface based
registration accuracy results are presented A fiducial mark
er design which can be used to establish highly accurate
ground truth correspondence between pre and intra opera
tive data is offeredl Finally the need for better accurac3 met
rics in image guided surgery is noted and shortcomings of
metrics which are commonlb used in the literature are illus
trated

Ke3Zrd~ image guided surger) accurac) validation surface
based registration accuracy metrics fiducial marker design

1 Introduction
In image guided surgery pre-operative medical data are used
to plan simulate guide or otherwise assist a surgeon in per
forming a medical procedure In orthopaedic surgery possi
ble sources of pre operative data include CT, MRI or X Ray
images Using this data a surgeon may develop a pre opera
tive plan which specifies how one or more tasks are to be per
formed during surgery The plan is constructed in a
coordinate system relative to the pre-operative data The sur
gical procedure is performed in a coordinate system relative
to the patient Surgical registration is the process of establish
ing a transformation between the pre-operative data and plan
and the patient Registration allows any 3 D point specified
in the plan's coordinate system to be precisely located on the
patient Surgical execution is performed using either passive
methods in which the surgeon is guided by information from
the pre operative plan or active methods in which a semi au
tonomous device such as a robot performs surgical tasks un
der the supervision of a surgeon

T7his work was supported in part by a National Challenge grant from
the National Science Foundation (award ECS 9422734)

2Center for Orthopaedic Research
Shadyside Hospital
Pittsburgh, PA 15232

A critical step required before the widespread clinical use of
any novel image guided surgical technique is the evaluation
and validation of the method While several researchers have
addressed the validation problem in the context of particular
systems [6][17) very little formal research has been done in
this area In thus paper we focus on the accuracy validation of
pre operative data and plans, registration methods, and surgi
cal execution

One difficulty in evaluating image guided techniques is the
need for highly accurate ground truth For example, to vali
date a registration technique it is necessary to have a high
quality estimate of the true registration transformation De
pending on the requirements this can be a non trivial prob
1erm requiring localization of complex patient anatomy with
sub millimeter accuracy

In the literature there has been little discus, on of metrics for
quantifying surgical task accuracy Accuracy requirements
and results are often reported as translational errors in dis
tance units (e g , mm) and rotational errors in degrees In this
paper we argue that there are potential ambiguities associated
with these metrics due to a dependence upon the selected co
ordinate system We propose that any meaningful measure of
accuracy should be designed relative to the underlying task
For example if the clinical goal is to cut a precise cavity in a
femur ultimately we are interested in whether the actual po
sition Of the cavity is within certain tolerances of the desired
position

This paper presents an overview of methods used in our lab
for validating an image guided application in orthopaedic
surgery We discuss sources of noise and error which arise in
this system and suggest approaches for dealing with these er
rors Finally we present accuracy validation results for the
registration component of our system

2 Prototypical System Overview
Figure I outlines the steps in a typical image-guided surgical
system using total hip replacement as the excample applica
tion [24] Initially pre-operative data are acquired from the
relevant patient anatomy In our application this data is ac
quired from a CT imager After acquisition, the data is fed to
a computer workstation where a surgeon can interactively
generate a patient specific pre-operative plan potentially
with the assistance of analysis and simulation tools Since we
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use a surface based registration technique [22] the pre oper
ative data are also used to generate bounding surfaces of
specified anatomical structures Each of these processes are
performed off-line before surgery

During surgery the operations in the lower half of Figure 1
are performed First theTrelevant patient anatomy is either
I) rigidly fixtured to prevent motion, as in [24], or 2) affixed
with a tracking device that will allow the system to compen
sate for motion as in [4][ 15] Second, registration data are ac
quired from the relevant anatomy using a suitable sensor
(e g digitizing probe ultrasound) Third the registration
process determines the transformation between the surface
model (in the coordinate system of the pre operative plan)
and the intra-optrative surface data (in the coordinate system
of the intra operative sensor) Once this key transformation
has been determined the pre-operative plan may be executed
within the reference frame that describes the patient s anato
my at the time of the surgery Intra-operative actions may be
performed either manually or autonomously For manual ac-
tions navigational guidance can be provided to the surgeon
based on measurements of current tool locations and knowl
edge of desired tool locations from the pre operative plan
For autonomous actions execution is performed by a tool
such as a robot under the surgeon s supervision

Anatomy CT Acquisition PeoPlanning

Surface ModellingI
Fiducial Identification

Fixturing or Intra op Registration

v t 1 6 Motion Planning/
Intra Op Guidance

Intra operative Action

Figure I Image Guided Surgical System Components

3 System Error Analysis
As with any complex system there are many potential sourc
es of error and noise in an image guided surgical system In
Figure I a 8 at the output of a component process indicates
that the preceding operation may be a source of errors or
noise These errors include

" CT imaging errors
" Surface model generation errors

" Errors introduced by fixturing

" Intra-operative data noise

" Registration errors

" Inaccuracies in surgical tools and actions

Each of these error sources has an impact upon the accuracy
of the executed task The first goal of system validation is to
measure overall task accuracy (e g how well does a cavity
cut in a femur match the planned cavity location) The second
goal is to understand how each of the component processes
contributes to the final error The remainder of this section
discusses each of the aforementioned error sources

3 1 CT Imaging Errors

During CT image creation there are many opportunities for
added error or noise [13] Limitations in spatial and contrast
resolution place bounds on the veracity of the resulting imag
es Artifacts caused by phenomena such as beam hardening
partial voluming and patient motion can make it difficult to
interpret the underlying data For our purposes these sources
of error are relevant because of their effect on the accuracy of
the resulting surface models

While we are not actively pursuing research in CT image for
mation we are acutely aware of the potential for noise in this
process For the results in this paper we acquired high quality
data from a General Electric High Speed Advantage clini
cal CT imager (0 29mrn x 0 29mm in slice resolution I 0mm
slice thickness acquired at various inter slice separations)
To estimate the quality of the resulting data, we rely on eval
uation of downstream operations In Section 3 2 we describe
an approach for validating surface model accuracy In
Section 4 2 we describe a method for analyzing the locations
of fiducial markers extracted from images of a precisely
known phantom From these analyses we can indirectly esti
mate the accuracy of the underlying CT data

Many parameters can be specified in clinical CT imagers In
slice and inter slice resolutions beam power and choice of re
construction method all influence the resulting CT images
We are currently studying the effect of CT parameters on the
resulting surface model accuracy We are currently designing
CT acquisition protocols tailored to the problem of construct
ing surface models of bones The challenge is to minimize the
amount of CT data acquired (and thus radiation exposure to
the patient) while ensuring sufficient accuracy of the result
ing surface models

3.2 Surface Model Generation Errors
Although there exist many techniques for creating surface
models from medical images [12] little has been published
about the validation of surface model accuracy In medicine
surface models were originally used for diagnostic visualiza
tion tasks in which visual appearance not geometric accura
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cy was important With the recent expansion of image
guided surgical techniques surface model accuracy has taken
on new importance [5)[19]

In order to rigorously investigate error in surface models a
ground truth is needed There are two methods for determnun
ing accurate ground truth precisely manufacturing shapes for
which a model exists or accurately generating a computer
surface model using an optical range sensor or other high ac-
curacy measurement tool Figure 2 shows a proposed
extension to a method for analyzing the accuracy of surface
models which was originally proposed by Geiger in [5] Gei
ger argues that metrics such as difference volumes Hausdorff
distances and measures of surface normal variation are use
ful for describing surface model accuracy The primary dif
ference between Geiger s original work and our proposed
extension [19] is the use of real (as opposed to synthetic) CT
data

Figure 2 Schematic of surface model validation

3 3 Errors Introduced by Fixturing

Fixturing to patient anatomy establishes a fixed transforma
tion between a patient attached coordinate system and that of
computer assisted tools and sensors Rigid fixturing ensures
that the transformation between the pre operative plan and
the patient remains fixed during the procedure An alternate
approach is to rigidly fix a tracking device to the anatomy and
use that device to accommodate movements of the anatomy
which occur during surgery

The rigid fixation and tracking methods both rely on a firm
connection to the patient anatomy If there is movement be
tween the anatomy and the fixation device or target the reg
istration result is no longer valid Sensitive motion detectors
can be used to ensure that there is no motion between the
anatomy and a fixed coordinate system [24] This technique
is less practical when the tracking method is used Guarantee
ing that a tracking target has not moved relative to the anato
my during surgery (e g from contact with the surgeon) is
difficult since it is impossible to differentiate motions of the
target from motions of the anatomy

An additional error source arises from the potential to deform
the anatomy with the fixation device This is of concern with
the relatively massive external fixator devices used in ortho
paedics While tightening such devices onto the bone it is

possible that the bone will undergo large stresses and there
fore deform For surgeries where subnillimeter accuracy is
required, such defortnations can impact the overall accuracy
of the procedure since pre-operative surface models will no
longer accurately represent the anatomy

3 4 Intra-operative Data Noise

Data collected from patient anatomy during surgery are used
by the registration process to establish the transformation be
tween the patient and the pre-operative data Noise present in
this data will have a potentially harmful effect upon registra
tion accuracy

Several types of sensors have been used for acquirng intra
operative registration data Research groups have reported on
the use of X Ray imagers [ 14] ultrasonic sensors [I]I optical
digitizers [4][15][21][122] mechanical digitizers [10] optical
range imagers [6][20][122] video cameras [3] and robots
[24] For our current applications we are using an optical dig
itizer to provide intra operative data (Optotrak ,~ Northern
Digital Inc) While other groups have used this sensor in
medical applications little has been published regarding de
tails of its use Rohling et a] conducted a study comparing the
accuracy of the Optotrak sensor to a mechanical digitizer
[21]) We have independently verified many of the results pre
sented in that paper [16] Northern Digital has also published
a technical report which discusses accuracy issues related to
the use of several types of digitizing probes [ 18]

A potential source of error from Optotrak involves probe tip
geometry As explained in [18] Northern Digital uses a piv
oting calibration to determine a probe s end tip location In
order to minimize calibration errors due to motion during cal
ibration it is suggested to use ball point rather than sharp
point probe tips Ball point tips also have the advantage that
they are less likely to penetrate the surface of an object being
digitized However, due to the finite radius of a ball point
data acquired using these probes are displaced from the true
surface by a distance proportional to the ball radius Depend
ing upon the accuracy requirements of an application these
errors may or may not be significant A possible fix for this
problem is to acquire data such that the probe tip is well
aligned with the underlying surface normal In this case mea
surements can be corrected to compensate for the ball radius
however this approach may place an undue burden upon the
data collector

In our applications intra-operative data are used solely for
registration Ideally intra and pre-operative data collected
from the same underlying anatomy should be geometrically
similar (i e if the two data sets are aligned via registration
overlapping data regions data should be coincident) For sev
era] reasons this condition may not be met in practice Spatial
resolution differences between the underlying sensors (i e
CT and Optotrak) may cause certain features to be visible in
one modality but not in the other For example, small inden
tations present on bony surfaces may not be present in surface
models generated from CT but may be visible to an Op
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totrak point-tip probe To compensate for this a ball probe tip
can be used to spatially filter the intra-operative data (thus
eliminating the surface indentations) It should be noted that
it is more important that the two registration data sets be geo
metrically similar to each other than it is for either data set to
faithfully represent the underlying anatomy

Other potential sources of Optotrak error which we have ob
served include

" Displacement of apparent target (LED) centroids as
a function of target rotation

* Data acquisition near the sensor s field of view
boundary

While some effects of intra surgical data noise can be re
moved via outlier elimination during registration other noise
(e g , biases from finite diameter ball probes) are difficult to
remove Therefore, it is important to carefully design the data
acquisition process to minimize noise in the collected data

3 S Registration Errors

A key requirement in any registration process is the ability to
extract and identify corresponding landmarks or features
from the data sets being registered This process may be facil
itated using synthetic fiducial markers attached to the patient
which are easily located in both pre and intra operative data
Fiducial based registration has a number of clinical disadvan
tages including attachment of markers may require addition
a] surgery and additional patient trauma at or near the marker
attachment site Therefore, many researchers have attempted
to eliminate the need for fiducials by using landmarks which
are intrinsic to the data itself [3][6][71][[1] Intrinsic land
marks used in registration include bounding contours ridge
lines discrete points and surfaces In the current work we
use a surface based registration method described in [22]

The registration process is capable of introducing large errors
into an image guided surgical system These errors may be
caused by factors including

" Convergence of the registration algorithm to local
minima in the space of possible transformations

" Poor geometric constraint between registration data
sets [22] This results in reduced sensitivity of the
registration cost metric and thus reduced accuracy

In addition registration accuracy is highly dependent upon
the quality of the underlying data Noisy data will often result
in poor registration accuracy In order to account for these
factors we take the following precautions during registration

*Inutial pose estimates should be as accurate as prac
tical Manually specified anatomical landmark cor
respondence provides one way to establish initial
pose estimates When good initial pose estimates are
not available precautions should be taken to ensure
convergence to the global minima [2]

0 Careful selection of intra-pperative data can in
crease the sensitivity of the registration cost metric
and thus the resulting accuracy [22] This is espe
cially important when limited amounts of data are
available or the costs of data acquisition are high

0 Outlier elimination should be used to reduce the ef
fect of noisy data upon registration We are currently
studying a constraint based'outlier elimination
method which builds upon the work in [22]

0 On line, per use verification checks of registration
are highly desirable For example manual selection
of landmarks on the patient followed by automatic
identification of those landmarks in CT data pro-
vides a means for verification

3 6 Inaccuracies In Surgical Tools and Actions
The pre-operative plan manifests itself in the operating room
as either semi autonomous robotic motion or as manual tool
movements by a surgeon with the assistance of navigational
guidance In both cases the resolution and accuracy with
which a tool can be tracked impacts the precision of the exe
cuted procedure Although manipulators have impressive re
peatability specifications calibration is usually needed to
demonstrate high global accuracies When the tool is manu
ally controlled by a surgeon based upon visual guidance ex
ecution inaccuracies may be large

Tool errors become more significant when disturbance forces
are encountered If a robot is used for milling only small cut
ting forces are tolerable as these forces produce deflections in
the robot which are challenging to counteract Since cutting
or drilling forces increase with the speed of motion a trade
off exists in some applications between speed and accuracy

4 Estimating Ground Truth
Figure 3 illustrates how we use ground truth to validate reg
istration accuracy Generating accurate ground truth is criti
cal for reliable validation however, it is also a difficult
problem due to the submillimeter accuracies required

Our approach is to compare surface based to fiducial based
registration results As with any fiducial based registration
approach it is necessary to accurately extract the locations of
fiducial markers from both pre-operative (CT) and intra op
erative (Optotrak) data Therefore fiducial markers should be
designed to facilitate accurate acquisition of this information
In our case there were three primary fiducial marker design
parameters material shape and size

4 1 Fiducial Design
Fiducial Material Choice of material was based on the goal
of minimizing artifacts induced in CT while still being suffi
ciently hard and rigid so as not to deform (i e during data ac
quisition or from humidity/temperature variations) Since
validation was not performed on humans biocompatability
was not an issue We chose an aluminum alloy (2017 T4) as
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a material which avoids the imaging artifacts of harder mate
nals (e g steel) while being more rigid and stable than softer
materials (e g plastics) Alumninum s relatively high density
also facilitates segmentation of the fiducials from CT data

Fiducial Shape The shape of a fiducial was selected to facil
itate the accurate estimation of a fixed point on the fiducial
from both pre- and intra operative data Due to data noise it
is dif icult to accurately extract a single point directly from
the data Rather large quantities of data are used to infer a
fixed point (i e centroid of a sphere apex of a cone)

In CT we observe that most of the error in locating a fiducial
is due to beam hardening and partial volume artifacts [13]
To limit the cffects of partial voluming (which occurs when
an image voxel only partially contains the fiducial) it is de
sirable to minimize the relative number of voxels on the sur
face of the fiducial Thus we seek a shape which minimizes
the ratio of surface area to total volume (for a given size)

Beam hardening and pluming artifacts in CT are influenced
by shape and material of the imaged object Thicker and dens
er materials result in larger potential for artifacts However,
small fiducials tend to have a high ratio of partial volume to
non partial volume voxels (approaching infinity as fiducial
size approaches zero') Therefore a trade off exists between
beam hardening and partial volume effects as a function of fi
ducial size

We considered three possible fiducial shapes cones spheres
and cylinders Spheres have many advantages and for our ap
plication they clearly outperform cones and cylinders Esti
mating sphere centroids from both CT and intra operative
Oiata is straight forward While artifacts in CT may change the
apparent radius of a sphere, the sphere centroid tends to re
main unchanged due to symmetry The same is not true of
cones or cylinders whose centroids (or other reference points)
shift significantly as a result of artifacts Spheres also have
the smallest surface area for a given volume and are therefore
less sensitive to partial volunung effects Furthermore

spheres are much easier than cones or cylinders to localize in
tra-operatively as described in Section 4 3

Fiducwal Description A CT umage of our final fiducial design
mounted on a cadaver femur is shown in Figure 4 It is an alu
minum sphere, 12 7mm in diameter (+/ 25 4gm) mounted on
a hollow Delnin cylinder which can be attached to bone using
a screw or epoxy The relatively large sphere diameter togeth
er with the moderate density of aluminum provides a trade
off between partial voluming and beam hardening /pluming
The Delnin mount provides a standoff between bone and a]lu
munum thus simplifying the CT segmentation task The
mounts have small holes which allow water to enter the hol
low cylindrical mounts Thus the spheres can be almost corn
pletely surrounded by water during CT acquisition

Figure 4 CT Image of a Fiducial Marker on Bone

4 2 fiducial Locations from CT
We extract fiducial centroids from CT using a manual crop
ping procedure followed by an automatic threshold based
segmentation The centroid can then be calculated directly
from the thresholded data We have experimented with sever
al centroid location schemes which better utilize partial vol
ume information however due to the spherical symmetry of
our fiducials these techniques did not significantly improve
the result

We tested the accuracy of CT fiducial localization by creating
a phantom with three fiducials and measuring the centroid
locations with a Coordinate Measuring Machine (CMM) to
within 10pLm Inter sphere distances averaged 49 6mm with
a maximum of 63 6mm After CT scanning the phantom at
Immn slice intervals we compared the extracted inter fiducial
distances to the corresponding known distances from the
CMM The average distance error was 0 1mm while the
maximum distance error was 0 15mm We also performed fi
ducial registration between the two data sets using the tech-
nique described in [9] The resulting maximum residual error
was 0 11mmn while the RMS residual error was 0 08mm
T7his sub voxel accuracy was sufficient for our application
and verifies the strength of the fiducial design and localiza-
tion method

Nolte ct a] [17] have proposed an optimization technique
which perturbs extracted fiducial locations from CT data so
that the inter fiducial distances agree with the corresponding
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distances from a known ground truth We are currently inves
tigating this technique to determine whether it will improve
our ground truth results

4 3 Fiducial Locations from Intra Operative Sensor
Using Optotrak, it is trivial to directly measure sphere cen
troids Using a hollow cylindrical probe tip such as the one
shown in Figure 5 a pivoting calibration [18] can be per
formed using a fiducial to provide the center of rotation After
calibration the sensor will directly measure sphere centroids
when the probe tip is mated to the sphere surface By acquir
ing a large number of data points (e g 15) very good centroid
estimates are possible

Figure 5 Centroid Locating Probe Tip

Using the phantom and techniques described in Section 4 2
we have compared fiducial centroids measured by Optotrak
with CMM based ground truth The average distance error
was 0 03mm while the maximum distance error was
0 05mm Using the fiducial based registration method the
maximum residual error was 0 03mm, whie the RMS resid
ual error was 0 03mm

A second test of intra operative fiducial localization was per
formed by estimating the centroids of 6 fiducials mounted on
a bone phantom performed twice accomplished without
moving the bone Since the transformation between the first
and second data sets should be null, we can use the results to'
estimate the repeatability of our measurements Using fidu
cial based registration, the maximum residual error was
0 09mm while the RM?S residual error was 0 05mm This re
suIted in an apparent motion of the bone of 0 09mm in trans
lation and 0 03 degrees Of rotation about a coordinate system
located at the centroid of all six fiducials

4 4 Overall Accuracy of the Ground Truth
As a final measure of fiducial based ground truth accuracy
we examined the residuals which resulted by registering CT
and Optotrak fiducial centroids extracted from the bone phan
tom The maximum resulting residual was 0 12mm with an
RMS orror of 0 09mm

5 Registration Validation Results
As outlined in Figure 3 we can use fiducial based registra
tion to estimate the accuracy of surface based registration
For the purposes of discussing registration accuracy, we cre
ated a pre-operative plan for the placement of a femoral im
plant in total hip replacement surgery Figure 6 is a schematic
of a pre-operative plan which we have constructed using CT
data from a cadaver bone The goal of the planning process is

to determine the proper position of the implant with respect
to the femur in the CT coordinate system The plan is con
structed manually via a graphical user interface which over
lays a model of the implant upon the CT data

2 X

z

Figure 6 Pre Operative Plan

As mentioned in the introduction we believe that all accuracy
results and requirements should be specified using metrics
wMuch have direct physical meaning to the task being per
formed To demonstrate thus concept registration accuracy
results are presented below using two different metrics

In the first experiment we constructed a surface model from
CT images of a cadaveric femur scanned in water 100 3ntra
surgical data points were collected within a roughly 65mm
region of the proximal femur using Optotrak Data collection
was limited to areas of the bone which are clinically accessi
ble during total hip replacement surgery Surface based reg
3stration was applied to the data in order to estimate the
registration transformation Fiducial based registration was
performed using 6 markers to calculate ground truth

Table I summarizes the results of this expeniment using the
conventional method of representing error Each row of the
table contains the registration error (i e difference between
the fiducial based and surface based result) expressed as a
transformation about a given coordinate system The first col
umn indicates the coordinate system while the second and
third columns indicate the magnitudes of the translation and
rotation errors respectively Coordinate systems 1 3 are all
parallel with the X axis in the direction of the implant shaft s
central axis the Y axis defined by the projection of the fern
oral head centroid onto the X axis and the Z axis defined as
the cross product of the first two The origin of each coordi
nate system is a point selected for its relevance to the implant
placement task (centroid of the prosthetic femoral head cen
troid of the implant and distal tip of the implant numbered
1 3, respectively in Figure 6) The fourth coordinate system
in Table I s the one used by the CT imager

In the table the magnitude of the translation error component
is a function of the coordinate system while the magnitude of
the rotation component is constant An explanation of this re
sult is presented in the next paragraph The important point is
that each of the results in Table 1 refers to the same transfor
mation error This example demonstrates the potential ambi
guity of this error metric When using this metric, it is crucial
that the selected coordinate system have a physically mean
ingful relation to the task being performed Depending upon
the selected coordinate system the accuracy of our surface
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Table 1 Registration Errors Ifranslation / Rotation

Coordinate System JITT1 (mm) 111RII (deg)

2 - Implant Centroid 0 31 097

3 Implant Distal Tip 0 17 097

4 CT 1709

based registration could either be reported as 0 17mm in
translation or 1 77mm in translation a factor of 10 difference
(Fortunately meaningful error values for this task are closer
to the smaller value)

The schematic in Figure 7 provides insight into the results of
Table I In the left half of the figure, the two lines labeled I
and 2 represent a misalignment error such as that resulting
from registration With respect to a coordinate system posi
tioned at point a this error can be described as a pure rotation
In order to describe the same error with respect to a coordi
nate system positioned at point b line 2 must first be rotated
about point b to line 3 and then shifted back to point a The
angle of rotation about either point a or b is the same how
ever the translation differs This same phenomenon applies to
the results of Table 1 and explains the difference in transla
lion magnitudes as a function of coordinAte system'

b

Figure 7 Error Dependence on Coordinate Frame

The second metric used to describe the results of the above
experiment expresses registration error as a displacement in
duced at selected points on the implant For each of the points
numbered 1 3 in Figure 6 we calculated the displacement
(i e change in position measured as a Euclidean distance) of
the point which results by applying the registration error
transformation of Table I These displacements are indepen
dent of the coordinate system about which the error is repre
sented Since this metric requires explicit specification of
physically meaningful landmarks it is potentially less ambig
uous than the first metric The resulting displacements are
shown in Table 2 and can be interpreted as the implant mus
alignment at each point which would result if the implant
were actually positioned using the registration transformation
found above It is no coincidence that the point displacement
magnitudes are the same as the corresponding translation
magnitudes from Table I (On the right side of Figure 7 the
translation required to realign line 3 with line I is the same as
the displacement which would be induced at point b by rotat
ing line 2 together with point b about point a into line 1)

Tabble 2 Registration Errors Point Displacement

Point Number ID11 (mm)

1 Head Centroid 0 25

2 Implant Centroid 0 31

3 - Implant Distal Tip 0 17

4 Extremum Point 054

The fourth point in Table 2 was selected to provide an upper
bound on displacement among all points on the implant sur
face This point was found by determining the screw axis rep
resentation of the error [23] (the axis about which the
transformation can be expressed as a rotation about the axis
coupled with a translation along it) The extremnumn point was
then selected as the implant surface point farthest from the
axis The projection of this screw axis onto the pre operative
plan is shown in Figure 8 Note that the point displacements
of Table 2 are a function of the distance between the axis and
each of the points We have found 3 D graphical renderings
of the screw axis superimposed on the relevant anatomy to be
quite useful in visually interpreting registration error

4- Screw Axis

Figure 8 Screw Axis Representation of Error

6 Conclusions
We have presented several issues related to the accuracy val
idation of an image guided surgical system We believe that
many of the issues discussed with respect to our example task
of total hip replacement have application to a broader set of
image guided surgical problems

A major issue which remains to be addressed is the specifica
tion of accuracyTrequirements for image guided surgical ap
plications Fundamental questions remain to be answered

What are the best clinically meaningful measures of
accuracy for a given task9

" How should accuracy specifications / tolerances for
a given task and a given metric be determinedl

" Are additional analysis tools required to allow chni
cians to analyze task accuracy requirements9 If so
what form should these tools take7

The consequences of underestimating accuracy requirements
in an image guided surgical application could be potentially
catastrophic Accuracy requirements which are too strict may
have negative consequences as well In general, achieving
higher accuracy will have higher associated monetary costs
(i e additional pre operative data more accurate intra opera
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tive sensors and tools longer times spent in surgery acquirig
data etc ) Given the current economic climate in medicine
we can not afford to waste limited resources on unnecessary
accuracy
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Techniques for Fast and Accurate Intrasurgical
Registration

David A Simon, Martial Hebert, and Takeo Kanade
Robotics Institute, Carnegie Mellon University, Pittsburgh, Pennsylvania

ABSTRACT The goal of intrasurgical registration is to establish a common reference fr-ame be-
tween presurgical and intrasurgical three-dimensional data sets that correspond to the same anatomy
This paper presents two novel technuques that have application to this problem, high-speed pose
tracking and intrasurgical data selection In the first part of this paper, we describe an approach for
tracking the pose of arbitrarily shaped rigid objects at rates up to 10 Hz Static accuracies on the order
of 1 mm in translation and 10 in rotation have been achieved We have demonstrated the technique on
a human face using a high-speed VLSI range sensor, however, the technique is independent of the
sensor used or the anatomy tracked In the second part of this paper, we describe a general purpose
approach for selecting near-optimal intrasurgical registration data Because of the high costs of acqui-
sition of intrasurgical data, our goal is to mmnize the amount of data acquired while ensuring regis-
tration accuracy We synthesize near-optimal mntrasurgical data sets, based on an analysis of differential
surface properties of presurgical data We demonstrate, using data from a human femur, that dis-
crete-point data sets selected using our method Are superior to those selected by human experts in
terms of the resulting pose-refinement accuracy 3IImage Gusd Surg 1 17-29 (1995)
01"5 Wdley Lss Inc

Key words 3-D registration, pose estimation,
based data selection

DNrODUCTION

A growing number of surgical procedures require the
establishment of a common reference frame between
presurgical volumetric data and the corresponding
patient anatomy This requires the solution of the
three-dimensional (3 D) registration problem Once
a common reference frame is determined presurgical
data can be used in guiding robotic tool move
ments 1530 guiding or constraining a surgeon s tool
movements 11i6122 2 superimposing graphical overlays
of internal anatomy upon a surgeon's view of the pa
tient I or giding the position of radiosurgical equip
ment 26

Current approaches to 3 D registration in medi
cine require manual specification of corresponding

high-speed pose tracking, geometric constraint-

points in presurgical and intrasurgical data sets I Es
tablishing correspondence is simplified by patient
attached fiducial markers, the locations of which can
be extracted from both data sets Recent approaches
to 3 D registration attempt to eliminate the need for
fiducials and manual specification of correspon
dences by using features that are intrinsic to the data
For example researchers have attempted to match
intrinsic features such as bounding contours to sur
faces,'" ridge lines to ridge lines 8 surfaces to sur
faces i2 and discrete points to surfaces 616.22 28

When the patient anatomy being registered is
fixed in space 3 D registration is performed only
once to establish a common reference frame How

Received original January 15 1995 accepted February 20 1995
Address correspondence/reprint requests to David A Simon Robotics Institute Camnegie Mellon University Pittsburgh
PA 15213 e mail address das@n cmu edu
Q@1995 Wiley Liss Inc
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ever, a recent trend in medical technology is to re-
duce the need for invasive and uncomfortable
fixturing devices (e g , stereotactic neurosurgical
frames) Without the use of rigid fixation, the rel
evant anatomy is free to move Thus, it becomes
necessary periodically to register the relevant
anatomy The first part of this paper describes a tech
nique capable of 3 D registration at rates of 5-I10
iterations/sec Although other researchers have ad
dressed this problem 631 to our knowledge none has
demonstrated subsecond performance without the
use of fiducial markers

We have demonstrated the high speed regis-
tration capability by tracking the pose (position
and orientation) of human faces Though we have
not yet applied the technique to a clinical prob
lem we believe that there is great potential for this
method in medical applications Three require
ments for the use of this method are 1) the ability
to construct a polygonal mesh representation of
the bounding surface of the relevant anatomy from
presurgical data 2) the ability to acquire at high
speed 3 D data of the bounding surface of the
anatomy during surgery, and 3) the ability to de
termine an approximate pose estimate for initial
ization We have demonstrated the technique with
a prototype high speed VLSI range sensor devel
oped at Carnegie Mellon University (CMU) I As
other high speed 3 D sensors capable of
intrasurgical use become available (e g General
Electric s interventional magnetic resonance im
ager high speed radiographic imagers real time
range from focus sensorS21) it should be possible
to adapt our technique to such sensors

The second topic addressed in this paper is
the selection and acquisition of intrasurgical data
used in 3 D registration Sensors that have been used
for intrasurgical data acquisition include coordinate
measuring devicesl6.11- and radiographic imagers 17

These sensors vary in the costs associated with the
acquisition of new data Each additional unit of data
acquired (i e 3 D data point radiographic view)
expends time and, in the case of radiographs in
creases the radiation to which the patient is exposed
Therefore mininizing the amount of intrasurgical
data required to perform 3 D registration without
sacrificing accuracy of the resulting pose estimate
is desirable

To ach,e e this goal we have developed a tech
nique for analyzing the geometric constraint between
two data sets (Ve have demonstrated that there is a
strong corredtion between this geometric constraint
and the act/racy that results from registering the data
sets To generate automatically data sets that result

Pr"MTkWcalSurface
hvm Or or MR1 Appnoximte

(MOMa) Etmt

hoeRSefind
IJa*SwrgiWmData Rf*emtPose

(Daae) I MI adate

0000 Patient

Fig 1 Surface based registration

in good registration accuracy, we have developed a
synthesis technique which maximizes a measure of
geometric constraint We have empirically shown that
the registration accuracy resulting from synthesized
data sets is comparable to that resulting from the best
manuay selected data

Recently two research groups have described
systems that employ surface-based registration tech
niques for an orthopedic application Lavallee et al 16
and Nolte et al 11 both describe systems for planning
and executing the insertion of screws into the pedicle
component of human vertebrae Both employ regis
tration techniqjues simiular to that described in this
paper In particular, they register 3 D surfaces ex
tracted from presurgical computed tomography (CT)
to discrete point data from a coordinate measuring
device In addition Nolte et al 22 perform an excel
lent validation of the errors resulting from registra
tion by comparing their surface based results to
ground truth It is our hope that the data selection
technique presented in this paper will ultimately be
useful for improving the registration accuracies in
applications such as these

SURFACE-BASED REGISTRATION

A framework for surface based intrasurgical regis
tration is outlined in Figure 1 The goal is to deter
mine the best possible alignment between a surface
extracted from presurgical volumetrnc data and a set
of data collected during surgery The intrasurgical
data considered in the following discussion are dis
crete 3 D points, such as those collected by a coor
dinate measuring device or range sensor The regis
tration technique however can easily be generalized
to other types of intrasurgical data

For Figure 1 we assume that an approximate
pose estimate is available during surgery via coarse
anatomiucal landmark cprrespondence Thius estimate
is used as a starting point in the registration process
Thus, we refer to the mechanism for performiung reg
istration as pose refinement
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Most approaches to geometric pose refine
ment attempt to minimize a least square error met-
nic such as

where D, represent points in the data set, M, represent
points in the model set and R and Tare a rotation and
translation, respectively which minimize the expres
sion In this paper, the Di correspond to the discrete 3
D points collected during surgery whereas the M, cor
respond to 3 D points on the presurgical surface

In fiducial based approaches to registration, the
correspondences between the D, and M, are assumed
to be known each (D,, ) pair corresponds to the
same fiducial Given this correspondence there are
several techniques for finding R and T that minimize
the least square error in Equation 1 II

In approaches to registration without fiducials the
(D a) correspondences are unknown a priori. An ap

proach for estimating pose despite these unknown cor
respondences was introduced in a paper by Besl and
McKay 2 Below is an overview of the iterative closest
point (1CP) algorithm presented in that paper

1) For each point D, in the data set, compute
the closest point (Euclidean di!,tance) M,
lying on the surface of the model set.

2) Using the correspondences from step 1,
find R and T, which minimize Equation I
via the method described by Faugeras and
Hiebert 1

3) Apply the incremental transformation
from step 2 to all points in the data set

4) If the relative changes in R and Tare less
than a threshold, f-, terminate, else goto I

The 1CP algorithm works quite well especially
when an approximiate pose estimate is available for
initialization In general, there is no guarantee that ICP
will converge to the global minimum however, we
have found convergence to be very good in practice
Techniques exist for finding the global minimumn when
nonglobal convergence is a problemn2 When outliers
are present in the data (i e, points in the data set for
which there is no correspondence in the model) addi
tional processing may be necessary' 8111 We have em
ployed outlier detection similar to that described by
Zhang12 for our high speed registration work.

The ICP algorithm has a basic pose refinement
capability wich we have used in our work on lugh
speed registration as well as in the validation of our
mtrasurgical data selection techniques One benefit
of the ICP algorithm is that the approach is indepen-

dent of data representation The only data represen
tation, requirement is the ability to calculate the clos
est points between the two data sets Thus it should
be straightforward to modify our implemnentation of
ICP to handle other data types (e g , registering
bounding contours to surfaces)

SPEED ENHANCEMENTS TO SURFACE-
BASED REGISTRATION
Because of the simplicity of the [CP algorithm, it is
well stuted to high speed implementation In particu
lar unlike the case with some other pose refinement
methods 11tiume-consuming gradient calculations are
not required For this reason, we have been able to
use 1CP as the core component of a system for pose
tracking of arbitrarily shaped 3 D surfaces at rates
up to 10 Hz To perform pose tracking at high speeds
several speed enhancements were added to the basic
ICP algorithm Each of these enhancements, kd trees
closest point caching fast surface point computation
and acceleration, are described below

kd-Trees

The most computationally expensive step in the ICP
algorithm is finding the closest point sets In gen
cral if there are N. points in the data set and N.
geometric entities (i e points lines triangles) in
the model set, then the complexity of a single clos
est point query is O(ND,Nm) However, as suggested
by Besl and McKay' and demonstrated by Zhang 3l
this complexity can be reduced to O(NDlogNm) by
the use of a k-dimensional binary tree, or simply
kd tree I'The use of kd trees for closest point com
putation allows the decision at each node of a bi
nary tree on which side of a hyperplane the closest
point will lie Thus large regions of the search space
can be pruned at each level in the search We ha-% e
implemented a closest point -algorithm based on the
kd tree ' As demonstrated below, the use of kd trees
was the most significant factor in improving the
speed of 1CP execution

Closest Pomnt Cachmng
A second small speed improvement was realized by
caching closest points Referring to the model set as
M and the data set as D, points in Mand D which
are proximal at iteration*k, are highly likely to be
proximal at iteration k + I Thus, rather than finding
the single closest point in M for a given point D,[k]
we,can find n closest points in M and cache these
points together with the point Djk] There is little
overhead involved in finding n closest points when n
is a small number such as 5 On the next iteration
since the point D,[k + 1] is likely to be close to the
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Fig 2 Closest surface point computation

point D,[k], it is also likely that the closest point in M
to D,[k + 1] will be one of the points cached on the
previous iteration It is possible to determine con
clusively whether the closest point is contained in
the cached set by performing a simple test This test
compares the magnitude of the previous incremen
tal transformation to the distance between the clos
est cached point and the nth closest cached point
(where n is the number of cached points) A vania
tion on this test can also determine whether the cos
est point at iteration k + Ilis the same as the closest
point at iteration k The overall result of caching is
that closest points can often be found without requir
ing a full search of the kd tree Rather only the points
in the cached set must be tested

A sinular caching technique can be applied to
spatially (rather than temporally) adjacent points If
two data points DJ[kJ and D,,+ Ijk] are spatially proxi
mal then it is likely that their corresponding closest
points M "[k] and M + I [k] will also be spatially proxi
mal An analogous caching technique can be applied
to this situation however we have not yet imple
mented caching for spatially adjacent points

Fast Surface Point Computation
Since the model set is a triangular mesh surface
computation of the point requires an additional step
The output of the kd tree based point algorithm will
return the vertex V, which is closest to the data point

D,as shown in Figure 2 Given V, the closest model
point M, will lie within, or on the border of one of
the triangles to which the vertex belongs (This is
not strictly true insofar as there are pathological
cases for which M, will lie in a totally different tri-
angle In our experience we found that we can ig
nore such cases ) In order to find Mi it is necessary
to project D, into the planes defined by each of these
triangles The resulting projected points will lie ei-
ther inside or outside a given triangle For each tri
angle if the projected point lies inside the triangle
call this point C,, where k is the triangle s index
For projected points lying outside the triangle, Ck
is defined as the closest point between the border
of the triangle and the projected point Finally M, is

found as the point Ck *, which is closest the DA among
all C, In order to perform these computations
quickly, once D is projected into each of the planes
all computations are performed in two dimensions
(2 D) rather than three Thus, during initialization
each triangle must be stored in both its 2 D and its
3 D representations

Acceleration
A final speed improvement was realized using a
modified version of the accelerated ICP algorithm
described by Besl and McKay 2 The accelerated ICP
algorithm adds the following step to the basic algo
rithm (after step 2) 2b) If the incremental transfor
mations (R, 7') at iterations k - 1, k -2, and k - 3 are
well aligned, extrapolate the current incremental
transformation

The well aligned condition described above
tests that the solution has been moving in an approxi
mately constant direction Extrapolation is performed
by scaling the current incremental transformation
The scale factor is a function of the least squ4re er
ror and the magnitude of the incremental transfor
mations at the previous three iterations

Besl and McKay2 calculate a single accelera
tion scale factor for both translation and roxation We
achieved better results by decoupling the accelera
tion of translation and rotation There are two rea

Load Prwcomputed Object
Model M from dask

Imbtahlze Counter j = I

Acquire Sensor Data, D[01

MD [0] 1 Calculate InitwalPose M
MTD Iuer1stmteva C T]0

Acqwre SeasorDaa DDI

M D i] 1 Caklcflt icementaj AM
Ml J Pose Es=wuzval1CP 7:Di

TD [J-1 1 1 -

Fig 3 Tracking algorithm

Mako   Exhibit 1003   Page  135



Smuson et aL Fast, Accuram lxwrwW aIRepstranon

Table 1 Enhancement Companisons*
Ty'pe Tume 90une Itmoatons Rot Acc Trans-Acc
None 9088 1000 122 0 0
a 2612 287 35 11 11
kd 622 68 122 0 0
Wita 180 20 35 11 11
kd/a/d 131 14 25 13 7
kdt/a/d/c 119 13 25 13 7
kd/a/d/c/2d 83 09 25 13 7
*Type indicates the enhancements used none no speed enhancements a,

coupled acceleration kd kd iree basd coses point computation d decoupled
acceleration c closest point caching 2d fast surface point computation Mmie
is the total ICP execution time in seconds %Time is the per=ntage of time
relative to the slowest time Iterations is dhe number of 1CP iterations Rot Acc
and Trans Acc are the number of iterations for which rotation ad tmaslauion
have been a=clerated respectively

sons for doing this First in the Besl and McKay
approach the well aligned condition described above
is tested once for both rotation and translation Thus,
for example, if rotation was well aligned but transla
tion was not, no acceleration would be performed
However an acceleration on rotation alone seems
desirable in this situation A second reason for
decoupling is related to the scale factor used in ex
trapolation Besl and McKay used the same scale
factor to extrapolate both rotation and translation
components This scale factor is designed to extrapo
late the solution as much as possible in a single step
without overshoot In the coupled version the size
of the scale factor is governed by the component
(translation or rotation) wich would cause the so
lution to overshoot first The other component could
usually be accelerated further By decoupling trans
lation and rotation are independently accelerated as
much as possible without overshoot

ENHANCEMENT RESULTS

Four speed enhancements have been described clos
est point computation via kd trees, closest point cach
ing fast surface point computation, and decoupled
acceleration The results of applying each of these
enhancements to a single registration problem are
summarized in Table 1 In this problem, Dwas a point
set containing 2,432 points and M was a triangular
mesh containing 4 860 facets The initial pose error
was a rotation of roughly 10* about each axis, and a
translation of roughly 10% of the object size along
each axis The ICP termination threshold C was
small (The magnitude of e determines the amount
of "fine tuning" performed by the ICP algorithm
Smaller values of F, result in pose estimates closer to
the local minima )

The speed improvements shown in Table I
give an idea of the relative utility of each of the
described enhancements The actual relative utility

Trackd Object
Semaor Head
& Ebxctmiczs

CCD Imager

i'

PetoigDeie U&Mt-obipeGesetor

Fig. 4 Pose tracking apparatus

is a function of the underlying data, the initial pose
and the termination threshold Acceleration and kd
tree search are always the two most important en
hancements The relative utility of kd tree search
increases with the number of points in the data set
Caching is useful when the termination threshold
is small, sinc( the number of cache hits will be large
during fine tuning

We believe that additional speed improvements
are possible via a multiprocessor implementation of
the ICP algorithm The closest point computation is
easily calculated in a parallel manner, and doing so
should result in speed improvements roughly pro
portional to the number of processors We plan to
address this issue in future work

THE TRACKING ALGORITHM
An outline of the tracking algorithm is shown in Fig
ure 3 Each box in the diagram represents a process
ing step, and the processing sequence is indicated
by the large headed arrows Inputs to a processing
step are indicated by the quantities to the left of each
box, while outputs are indicated by the quantities to
the right

During initialization a precomputed trnangu
lar mesh model M is loaded into memory and a kd
tree is built from M After a range image D[O] is
acquired from the sensor an imitial transformation
between the model and the initial object pose can be
calculated This transformation, mT[0J can be found
in several seconds using the 1CP algorithm with a
starting transformation provided by the user (A fully
automated initialization that does not require user
input would be possible by applying one of the tech
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niques for solving the global pose estimation prob
lerm discussed by Besl and McKay 2) In practice us-
ing the face data discussed below, we have found
that unitial pose errors as large as 150 of rotation about
each axis and 50% of the surface size in translation
will typically converge to the global minimum Once
mTD[O] has been calculated, it is used to transform
the model to the initial object position mhust all fu
ture pose estimates are measured with respect to this
initial starting pose

After initialization the algorithm enters the
tracking loop Within the loop data are acquired by
the sensor and the object pose is estimated via the
ICP algorithm in roughly 0 1-0 3 sec These high
speeds are possible for two reasons First, the differ-
ence in object position between iterationsj andj I s
typically small For example translational velocities
of 10 cm/sec and rotational velocities of 201/sec lead
to incremental object pose discrepancies of roughly 2
cm and 4D Thus, since the ICP algorithm uses mT[DD
11 as the starting point when finding 14TD[j] registra
tion can be performed in a small number of iterations,
typically 3-10 Second the resolution of the range data
used in our experiments was usually 16 x 16 Thus
the number of closest point computations required
(256) was significantly less than that required when
using the full sensor resolution (32 x 32)

During each data acquisition cycle two pre
processing steps are performed on the range data
First it is necessary to eliminate noisy data For
the CMU VLSI range sensor noisy data are associ
ated with poor reflection from the object of the pro
jected light Thus noisy range data can be elimi
nated by thresholding reflected intensity values
Second, it is necessary to determine which range
data points lie on the surface of the object to be
tracked Since our experiments were performed in
an uncluttered environment range data on the ob
ject surface can be distinguished by thresholding
the Z component of the range data Although this
simple operation works well for our experiments a
more sophisticated approach would be required in
a cluttered environment

Using 14TD[J - 1] as the starting point for incre
mental pose estimation works well when object mo
tion is erratic and unpredictable In some situations,
however object motion may be smooth and continu
ous and thus easier to predict For such motions,
inproved results are possible using an extrapolation
scheme such as a Kalman filter Though we have not
implemented a Kalman filter for this purpose we have
implemented both first and second order extrapola
tion Since the extrapolated pose is often closer to the
true pose than AfTD[D 1], the cycle time is reduced

Fig 5 Surface mesh of the first author s face

TRACKING RESULTS
The primary hardware component of the pose tracker
is the CMU high speed VLSI range sensor'I The sen
sor consists of two main components, the sensor head
and light stripe generator as shown in Figure 4 The
current version of this sensor can acquire 32 x 32
cell range images in as little as 1 msec Range data
are acquired at 10 bits of resolution and are accurate
to 0 1 % along the direction of range measurement
As currently configured, ihe sensor workspace is
roughly a cube 15 cm on each side

Using a precision positioning device to pro
vide ground truth we characterized the static accu
racy of the pose tracker All accuracy tests were per
formed using the same physical object a small bust
of a human face In these tests the average transla
tion error was found to be 0 9 mm (about 1 % of the
object size) and the average rotation error was 1 40
Until recently, it had not been possible to measure
the system's dynamic accuracy, because our posi
tioning device was not capable of generating accu
rately calibrated dynamic trajectories The recent
acquisition of a high speed, fiducial based pose
tracker2l will allow us to characterize dynamic ac
curacy We have, however, been able to character
ize the dynamic repeatability of the tracker Object
trajectories with maximum velocities of 100 mm!
sec and 22*/sec were reliably tracked with repeat
ability of roughly 10 in rotation and 1 mmn in trans
lation Additional system performance results were
given by Simon et al 21

We have demonstrated the high speed tracker
by estimating the pose of real human faces The po
lygonal mesh surface model of one of these faces is
seen in Figure 5 The data in this figure were ac
quired using a conventional light stripe range finder 11
Although the face tracking demonstrations were not
performed under clinical conditions, we plan to evalu
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ate our techniques to track the head during
neurosurgery

The high speed tracking method we have dem
onstrated is independent of the particular sensor used
to acquire intrasurgical data The sensor must be able
to acquire 3 D data on the surface of the relevant
anatomy at rates and densities sufficient for the ap-
plication The tracking method is also independent
of the particular anatomical region being tracked The
anatomy to be tracked must be rigid and its surface
must be visible to the selected sensor during surgery

Tis concludes the first part of the paper on
high speed pose tracking The second part of the
paper discusses the problem of the selective acquisi
tion of intrasurgical pose refinement data

POSE REFINEMENT DATA SELECTION
In general there is a strong relationship between the
accuracy resulting from surface based pose refine
ment and the quantity of the available intrasurgical
data Large quantities of high quality intrasurgical
data tend to result in better accuracy Unfortunately,
there are often high costs associated with the acqui
sition of large quantities of intrasurgical data Two
st h costs are the time needed to acquire the data
and the patient s exposure to radiation Minimizing
acquisition time is particularly important because of
the high monetary costs of operating room use and
the risk of patient infection with increased operating
time The fundamental trade off between data quan-
tity and pose refinement accuracy motivates our work
in the selection of intrasurgical data The goal of this
work is to generate and execute a plan for
intrasurgical data acquisition to minimize the amount
of data acquired while ensuring pose refinement ac
curacy requirements

A method for selecting and acquiring
intrasurgical data is outlined in Figure 6, the shaded
portion which is identical to Figure 1 The first step
mn the approach is intrasurgical data selection This
step uses the presurgical surface model as input and
outputs a set of desired intrasurgical data specified
in the reference frame of the presurgical data The
criterion for data selection is the maximization of
geometric constraint between presurgical and
intrasurgical data

The next step is selective data acquisition This
step requires as input the desired intrasurgical data
and a current estimate of the object's pose This step
acquires the desired data using a sensor of choice
Because of uncertainty in the pose of the patient it
is impossible to collect the desired data precisely (If
we could collect this data precisely then we would
already know the pose that we are seeking') There
fore it is necessary to have an estimate of the patient's
pose to aid in the acquisition process Initially an
approximate pose estimate is available to guide the
acquisition process via coarse anatomical landmark
correspondence After some intrasurgical data have
been acquired an incremental pose refinement can
be calculated and fed back to the data acquisition
module to aid in the collection of subsequent data
The order of data acquisition can be planned to en
sure that the earliest data collected are the least sen
sitive to precise localization of the patient, and data
collected during the later stages require a fairly good
estimate of patient pose

The actual acquisition process could be per
formed either by a device, such as a robot or manu
ally by a surgeon When a robot is used the pose
estimate can be fed back directly to the robot s con
troller When a surgeon acquires the data manually,

Fig 6 Data selection and acquisition
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cl C2 0

Fig 7 Localization of a slotted cylinder

pose feedback can be in the form of a 3 D graphical
display of the relevant anatomy with the desired data
overlain on this display While we have not yet used
this technique clinically we plan to do so shortly in
the area of orthopedic surgery

GEOMETRIC CONSTRAINT
MOTIVATING EXAMPLES

To gain a better appreciation for the role of geomet
nic constraint in pose refinement, consider the situa
tion in Figure 7 Assume that the goal is to estimate
the pose of a slotted cylinder using a coordinate mea
suning device to collect data on its surface If data
were collected only at points indicated by an X it
would be impossible to determine orientation about
the central axis or translation along it Additional data
collected in the disk iaped end regions and within
the slot would allow determination of translation and
rotation respectively The problem with the data con
figuration shown in Figure 7 is that there are free
doms in the geometric constraint between the sur
face of the cylinder and the discrete points shown
Such freedoms result in multiple solutions to R and
T in Equation I

As a second example of the role of geometric
constraint in pose refinement, imagine that we are
trying to localize a cube (disregarding the symme
tries) using data sampled from each of its faces Fig
ure 8 shows three sampling configurations on a cube
ClI has 25 points per face for a total of 150 points,
and C2 and C3 have 4 points per face for a total of
24 points If we were to perform pose refinement
using each of these sampling configurations assum
ing noisy data, which one would we expect to result
in the best accuracy'?

To answer this question, we performed a simple
experiment For each sampling configuration, we
performed pose refinement 100 times from random
initial poses Zero mean gaussian noise was added
to each discrete point in the data set Figure 9 shows
the resulting pose refinement errors from Equation
I normalized for the number of points and plotted
relative to the error for configuration Cl As miught
be expected the configuration ClI results in the best
pose refinement accuracy This agrees with the intu
ition that larger quantities of data will result in better

Fig 8 Localization of three cubes

pose refinement accuracies The results for each of
the 24 point configurations are less intuitively obvi
ous and an explanation will be delayed until the next
section Note that despite the same number of data
points configuration C2 clearly provides better ac
curacy than configuration C3

GEOMETRIC CONSTRAINT ANALYSIS
We begin the description of geometric constraint
analysis by posing the following question Given
a discrete point lying on a surface, how does the
distance between the point and the surface vary as
the point is perturbed by a small amount about its
resting position?

The distance. between a point, x and a surface
is defined as the length of the shortest line between
the point and the surface In general, there is no
closed form analytical expression for this distance
given an arbitrary surface however, the following
local approximation has been proposed 21

Dx=11VF(x) 1

where F(x) = 0 is the implicit equation of the sur
face IIVF(x)ll is the magnitude of the gradient to
the surface, x is a point that may or may not lie on
the surface, and D(x) is the approximate distance It
can be shown that D(x) is a first order approxima
hion to the true point to surface distance
Assume that there exists a point, x. which lies on
the surface This point can be perturbed with respect
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Fig 9 Cube pose refinement errors
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to the surface by applying a differential transforma
tion, T, to the point T can be represented by a homo
geneous transformation which is a function of six
parameters (t , y, tzw w )wdwhere (6)w, a),
are rotations about the X,1Y7and Z axes respectively
and (tx' t 19 are translations along the newly rotated
X Y and Z axes respectively Define

as the 6 vector of parameters As a first step in the
analysis consider the gradient of D withTrespect to
each of the parameters of t It can be shown that the
resulting 6 vector V(x) is defined as

where ni is the unit normal to the surface evaluated at
the pointx s V(x,) relates a small transformation speci
fled by a vector &i to a corresponding change in dis
tance between the point and the surface In other
words

D (T(x)$=V T (X 5)dt (5)

Until this point we have considered how the dis
tance between a single point and a surface changes
as a function of an arbitrary small rigid transforma
tion The goal is to analyze the constraint imposed
by a collection of points upon the underlying sur
face Squaring Equation 5 results in

D' (T(x,))=dt"V(x,) V T (X5)dt (6)

= dt TM (x)dt

where M(x,) is a symmetric positive semrudefinite
6X6 matrix Summing the quantity in Equation 6 over
points within a region of the surface R results in the
sum of squared distance errors

E. (T(x, ))dT[M(x, dt] (7

=& TtFR&i

where T,, is the sum of the M(x) matrices evaluated
at each point in the region R The matrix T is a
scatter matrix which contains information about the
distribution of the original V(x) vectors over the re

gion R After performing principal component analy
sis"I3 T. is transformed into an expression that is more
easily interpreted

ER,(T(x,)) =dt TQA QTdt

= ,(d, Tq, )

where ER is the least square errorTover the region R
A is a diagonal 6 X 6 matrix containing the eigenval
ues of 'IF.q Q is a 6 x 6 matrix whose columns are the
eigenvectorsofy,ftAX12! 112 !'k 3  !A 4 >_ 5 ! A6ar

the eigenvalues of IF R and q, are the corresponding
eigenvectors Each eigenvector q, can be interpreted
as a differential transformation represented as a 6
vector the first three elements are the translation
components and the last three elements are the rOta
tion components We should note that this result is
similar to one presented by Menq et al 19

From Equation 8 it can be seen that the eigen
vectorTq, corresponding to the largest eigenvalue
represents the direction of maximum constraint Per
turbing the points in theTregion R in the direction of
q, wlresult in the largest possible change in ER from
among all possible directions of perturbation Simi
larly the differential transformationTrepresented by
the eigenvector q, corresponds to the direction of
maximum freedom Perturbing the points in this di
rection will result in the smallest possible change in
ER from among all possible directions of perturba
tion In general an eigenvalue A is proportional to
the rate of change of E. induced by a differential
transformation in the direction q,

A special situation occurs when some of the
A ,are close to or equal to zero For each such eigen
value a singularity exists such that perturbing the
points in the direction of the corresponding eigen
vector will result in no change in E., Clearly such
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Fig 10 Accuracy vs nunum eigenvalue cube
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singularities complicate pose refinement because it
becomes impossible to localize the pose in the
direction(s) of the singularity The slotted cylinder
example of Figure 7 has two zero eigenvalues, one
corresponding to a rotation about the central axis and
the other corresponding to a translation along it

We now have a basis for understanding the pose
refinement accuracy results from the cubes of Figure
9 For each of the cube sampling configurations (ClI
C2 and C3), we performed the constraint analysis
presented above Figure 10 plots the magnitude of the
smallest eigenvalue for each configuration vs the pose
refinement errors plotted in Figure 9 The trend from
this plot is clear, large magnitudes of the mnimum
eigenvalue result in better pose refinement accuracies
Tius agrees with the intuition suggested by Equation
8 for data configurations with small miunimal eigen
values there are perturbations about the global mini
mum that result in only small changes in error For the
cubes of Figure 10 a small rotation has a much larger
effect on the error in Equation I for the points in con
figuration C2 than for those in configuration C3 This
allows the cube to be localized more accurately using
the points in configuration C2

In Figure 10 the magnitude of the miu, mum
eigenvalue can be thought of as a criterion measure
that evaluates the 'goodness' of a particular sam
pling configuration In general a variety of possible
criterion measures could be used for this purpose
We are currently investigating several such measures
including a measure of isotropy proposed by Kim
and Khosla 14

6jAl A2  'A3  A4 0 ,A5tl 6
Al+A 2+ A 3+ A4+A 5+A6

(9)

and the following measure suggested by NahV,20

Bottom View

Side View

Fig 11 Synthesized data set for femur

erate data configurations for a given surface that
maximize the smallest eigenvalue (or other criterion)
resulting from constraint analysis We have devel
oped a technique for performing constraint synthe
sis for fixed size, discrete point data sets Although
the synthesized data configurations are not provably
optimal we have verified empirically that the resulh
ing pose refinement accuracy is similar to the best
data sets generated by local human experts Since
this work is research in progress the results presented
in this section should be viewed as preliminary

To demonstrate the capabilities of constraint
synthesis we ran the algorithm on a surface model
generated from CT images of the proximal end of
a human femur Figure 11 shows a synthesized data
set containing 37 points superimposed on the sur
face model of the femur Generation time for this
set was about 30 min on a Sparc 10 workstation
In order to evaluate the synthesized data set we
compared it to 21 manually selected data sets of
the same size These sets were selected by seven

(10)

A discussion of the implications of criterion mea
sure selection for a related problem can be found in
Kim and Khosla 14

GEOMETRIC CONSTRAINT SYNTHESIS
RESULTS

The constraint analysis method described in the pre
vious section provides a criterion for performing
intrasurgical data selection as outlined in Figure 6
The goal of geometric constraint synthesis is to gen

060

050

040

030

020
00 20 40 60 s0

Magmtude of Mimuw Eigenvalue
1O00

Fig 12 Accurac) vs nmnmum eigenvalue femur

Synthesized Set

Next Best Set
$ (Surgeon Selected)

V Y

Mako   Exhibit 1003   Page  141



Stmox et al Fast, Accurate Intra=r&pcal Regu&atiuon 27

people including one surgeon with training as an
engineer three experts in 3 D computer vision and
three graduate students in robotics We performed
1,000 iterations of pose refinement using each of
the synthesized data sets Starting poses were de
termined randomly with maximum initial pose
errors of 30 mm in translation and 15* in rotation
On each iteration zero mean, gaussian noise with
a standard deviation of 1 0 mm was added to each
point in the data sets Figure 12 shows the results
of this experiment The graph shows the magni
tude of the minimal eigenvalue from constraint
analysis for each of the 22 data sets vs the pose
refinement error of Equation I averaged over
1 000 iterations Each point in the graph represents
a different data set

Several observations should be made from Fig
ure 12 First the magnitude of the minimum eigen
value is related to the variance in pose refinement
error Data sets with small minimal eigenvalues may
have large pose refinement errors, whereas those with
larger nimal eigenvalueg all have small errors This
suggests a relation between the magnitude of the
minimum eigenvalue for a given data set and an up
per bound on the resulting pose refinement error
Second the data set with the largest minimal eigen
value and smallest pose refinement error was the one
synthesized automatically by our algorithm The av
erage transformation errors for the synthesized data
set are 04 nmm in translation and 0 20 in rotation
Third, note that calculating the magnitude of the
miunimal eigenvalue is a very fast operation (roughly
I ms on a Sparc 10), whereas calculating the aver
age pose refinement error is much slower (about 5
num on a Sparc 10) It is the low cost of calculating
the minimal eigenvalue that allows us to synthesize
near optimal data sets

The results presented in Figures I I and 12 im
plicitly assume that acquisition of the indicated
intrasurgical data is both clinically and technically
feasible In general certain regions of the underly
ing structure (e g femur) may be inaccessible to
intrasurgical data acquisition Furthermore diseased
or damaged regions of the anatomy may result in
inaccurate presurgical and intrasurgical data For
example, it is very difficult to build accurate surface
models of an arthritic femoral head from presurgical
CT data Such model inaccuracies will ultimately
result in registration errors To deal with this prob
lem, clinical application of constraint synthesis will
require the demarcation of accessible and
nondiseased anatomical regions The synthesis pro
cess can then be constrained to generate data that lie
within these regions

We have repeated the expeniment described
above on a few other surfaces, with sirmlar results
In particular when synthesizing data points for the
cube using 24 discrete points, the technique reli
ably finds the provably optimal configuration a dis
tnibution similar to configuration C2 with points
located as close to the corners as possible We are
currently in the process of a more thorough investi
gation of the synthesized data sets In particular
we are performing a series of experiments designed
to validate our results using physical (nonsimulated)
registration experiments Using fiducial based reg
istration to provide ground truth we are investigat
ing the accuracy that results from surface based
registration with and without the use of the synthe
sized 'optimal data

The constraint synthesis algorithm finds near
optimal configurations for fixed amounts of data the
number of data points is an input to the algorithm
The overall goal of data selection is not only to de
ternune good configurations but also to minimize
the amount of data required To achieve this goal we
are currently investigating methods for selecting
minimally sized data sets As input our proposed
mt nod uses bounds on the acceptable accuracy and
estimates of the uncertainty in the intrasurgical sen
sor data the presurgical surface model and the i
tial pose The success of this method will depend on
our ability to develop realistic noise models for the
sensor and presurgical surface

Accurate surface based registration relies on the
ability to build precise surface models from presurgical
data Although techniques for generating surface mod
els from CT data have been availabl e for several years
the resulting models are typically used for visualiza
tion applications in which model accuracy is not ciu
cial We are currently investigating accuracy issues in
surface model generation by analytically comparing
generated surface models to a known ground truth221
In addition, we are studying the sensitivity of surface
based pose refinement to errors in the underlying sur
face models

We believe that the methods presented in this
part of the paper will become useful tools in the area
of intrasurgical pose refinement Geometrnc con
straint analysis will be useful not only to provide a
criterion for data selection but also to allow the study
and evaluation of manually created data sets Geo
metric constraint synthesis will be useful for auto
matically generating near optimal data sets without
input from a human expert In addition to applying
constraint synthesis on a per patient basis it could
also be useful to study data generation for entire
classes of objects (i e all femurs)
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CONCLUSIONS
In this paper we have presented two novel techniques
with application to medical robotics and computer
assisted surgery First, we have demonstrated a high
speed pose tracking capability with application to
intrasurgical use The technique is independent of
the particular sensor used and of the anatomical re
gion to which it is applied Although this technique
has not yet been demonstrated in clinical applica
tion we believe that it has significant promise for
clinical use Second we have presented a method
for selecting near optimal intrasurgical pose refine
ment data The goal of the selection process is to
minimize the amount of data acquired for pose re
finement while maintaining good accuracy

There are several directions in which the work
is proceeding With the high speed tracker we are
currently working on a multiprocessor implementa
tion that would parallelize the closest point compu
tation The goal is to increase both the rate at which
pose tracking can be performed as well as the amount
of data that can be processed at high speeds We are
also investigating an extension to the technique that
would allow tracking of articulated objects, such as
human hands Finally, we are planning to evaluate
the high speed pose tracker on head tracking for
neurosurgery

In intrasurgical data selection there are sev
era] avenues of ongoing work First intrasurgical data
selection currently requires manual specification of
data size We are extending this method to generate
minimally sized data sets automatically Second
intrasurgical data selection currently generates dis
crete point data sets We are extending the method to
generate bounding contours such as those that could
be derived from radiographs or CT images Third in
intrasurgical registration it is not always necessary
for pose accuracy to be isotropic accuracy in certain
directions may be more critical than in others Given
such nonisotropic accuracy requirements, we would
like to generate data sets that make the best possible
use of limited data Finally we are planning to apply
the data selection method to a clinical problem in
the area of orthopedic surgery
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Dislocation After Total Hip Arthroplasty
Causes and Prevention

DONALD E MCCOLLUM, M D , AND WILLIAM J GRAY, M D

In this prospective study, a technique of position-
ing the acetabulum by bony landmarks of the pel-
vis in the standing position was developed using a
standing lateral prenperative roentgenogram with
the X ray tube centered over the trochanter Since
1984, 441 total hip arthroplasties (THAs) were
done through the posterior approach with a 1 14%
dislocation rate through 1988 and no dislocations
in 1989 To prevent impingement and dislocation,
it was determined that the safest range for cup po-
sition was 30*-50* abduction and 20*-40* flexion
from the horizontal To measure postoperative cup
position, a standing true lateral roentgenogram of
the operated hip allowed direct measurement of
cup flexion and was reproducible within 10* No
special instruments are necessary for this tech
nique, which can be used with any THA system

Despite many recent advances in total hip
arthroplasty (THA), disl0czation remains the
most common postoperative complication
and is second only to loosening as a cause for
reoperation Although most orthopedists
agree that dislocation rates decrease with ex-
perience many series still report a dislocation
incidence of 3%-5% i""1 The factors that are
most likely to cause dislocation after THA
are surgical approach restoration of tissue
tension, prosthetic design and orientation of
components
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SURGICAL APPROACH

A comparison of THAs as reported in the
orthopedic literature revealed a much higher
incidence of dislo(,ation in patients who had
THAs with a posterolateral approach in the
lateral position than in patients who had
THAs with anterior and transtrochanternc
approaches in the supine position (Table 1)

Many orthopedists believe the advantages
of the posterior approach, which include a
shorter operating time, diminished blor i
loss, and decreased morbidity, outweigh the
disadvantages of hip dislocation When THA
is done with the patient in the supine position
through the anterolateral oi the transtro
chanteric approach, both anterior superior
spines are available for orientation of the ace
tabulum In the supine position, lumbar lor-
dosis is decreased and the pelvic flexion is
increased In the postoperative period when
the patient sits or stands, pelvic flexion is de-
creased, the acetabulum becomes more hori-
zontal, and anterior dislocation is less likely
to recur The short external rotators are in-
tact and prevent posterior dislocation Dislo
cations after the anterior approach occur in
extension and external rotation

When the patient is placed in the lateral
position for a posterolateral THA approach
the lumbar lordotic curve is flattened and the
pelvis may be flexed as much as 350 If the
lumbosacral angle in the preoperative stand-
ing lateral ioentgenograrfi is compared with
the lumbosacral tngle on the operating table
with the patient in the lateral' position, the
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TABLE 1 Comparison of THA Approach and Rate of' H-ip Dislocation

Siudi Year Approach Dislocaiton

Supine Position
McKerIO0  1969 Anterolateral 2 00%
Charnley' 1971 Transtrochanteric 0 80%
Eftekhar' 1972 Transtrochantenic 0 50%
Pellici el al" 1979 Transtrochantenic 047%
Woo & Morrey" 2  1982 Anterolateral 2 30%
Vicar & Coemn 1984 Anterior and Transtrochanteric 2 20%

Lateral Position
Coventry' 1974 Transtrochantenic 3 00%
Fackler & Poss" 1980 Posterolateral 2 40%
Robinson et l 1 1980 Posterior 7 50%
Woo & Morre?32  1982 Posterior 5 80%
Vicar & Coleman"' 1984 Posterior 9 50%

pelvis is flexed 300 more relative to the table
from the standing position A series of stand
ing preoperative lateral roentgenograms were
compared with intraoperative lateral roent
genograms of the pelvis taken with the pa-
tient in the lateral position on the operating
table It was found that the lumbar lordosis
decreased from the standing position by as
much as 20'-35'0 If the prosthetic cup was
oriented in 1 5*-20* flexion to the longitu
dinal axis of the body, when the patient stood
up the postoperative lumbar lordosis was re
gained the pelvis extended and the cup was
retroverted as much as 10'-15' This retro
version combined with detachment of the
short external rotators, tends to promote pos
tenor dislocation when the hip is flexed In
addition, if the prosthetic cup is not flexed
sufficiently with the patient in the upnight po
sition impingement of the neck occurs
against the anterior rim levering the head
backward out of the cup

The lateral position not only makes posi
tioning the prosthetic cup in the proper de
gree of flexion difficult but also causes the
degree of abduction of the prosthetic cup to
be less accurate In a series of anteropostenior
(AP) pelvic roentgenograms taken with the
patient in the lateral position on the operat
ing table it was found that the superior ace
tabulum was adducted toward the foot of the
table consistently between 100 to 150 If the

cup was placed in a position of 45* of horizon-
tal abduction to the table with the pelvis in an
add ucted position when the patient stood up
the cup was abducted an additional 10'- 15'
placing it in 55"-60* of abduction, which is
an unstable position Correct abduction of
the prosthetic cup was nrade more difficult
because the opposite anterior sapenor spine
was not available for orientation, and the sur
geon assuming that the pelvis was perpendic-
ular to the operating table, must onient the
cup in relationship to the table

TISSUE TENSION

Charnley' believed that restoration of tis
sue tension was the most important consider-
ation for preventing dislocation after THA
He routinely advanced the greater trochanter
1 cm to increase tissue tension on the abduc-
tor He also recommended restoring the
center of the femoral head to the level of the
tip of the trochanter, and even recommended
lengthening the extremity I cm, if necessary,
to restore proper tissue tension F1aLkler and
Poss" found that 75% of their patients with
recurrent dislocations had severe medical or
neurologic problems that tesulted in poor tis-
sue tension They also found in their series of
1443 TH-4s that dislocation was two and
one-half times as common in patients who
were operated upon without a trochanteric
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osteotomy The supine position with a tro-
chantenic osteotomy allowed Charnley to po-
sition the cup accurately and restore tissue
tension, thus reducing his dislocation rate to
o 4%, which is the lowest rate of any series
reported In the present series,'39 the two-pin
technique was used before head resection to
measure the distance between a Steinmann's
pin inserted in the ilium and a pin inserted in
the greater trochanter (Fig 1) The amount of
preoperative shortening was then added to
this distance to restore leg length and tissue
tension

The incidence of postoperative hip disloca-
tion is much higher after a previous surgery
In a series reported by Fackler and Poss,'1
their dislocation rate was 5 5% in revision
THAs and only 1 8% in primary THAs In
Eftekhar's 7 series, 75% of dislocations oc-
curred in revisions, and in the series reported
by Evanski et al i0 80% of the patients had
had previous surgery The high incidence of
dislocation may be due to fibrosis and the
loss of contractility of the abductor muscle or

FIG I The two-pin technique is used to mea
sure preoperative leg length by placing a Stein
mann s pin in the ilium above the acetabulum and
a drill bit in the greater trochanter before the head
is resected During the nal reduction the drill bit
is replaced in the same drill hole in the greater
trochanter The preoperative amount of shorten
ing is added to the initial measurement between
the pins to restore leg length and tissue tension

Dislocation After THA 161

to damage to the innervation of these mus-
cles

PROSTHETic DESIGN

Amstutz and Markolf 2 demonstrated that
prosthetic design is important in preventing
dislocation They described three modes of
dislocation In the first mode, because of
poor tissue tension, the prosthetic head
climbs the socket wall and slips over the rim
of the socket without the neck impinging on
the nim of the socket They discovered that
for this mode of dislocation, the larger head
size was more stable since it had farther to
travel before it slipped over the rim of the
socket (Fig 2) In the second mode, the neck
impinges on the socket wall at extremes of
flexion, extension, or abduction and levers
the head from the socket They found that
the head-to-neck ratio was most important in
preventing this type of dislocation With the
cup flexed 20', comparing the Charnley with
a head-to-neck ratio of 1 74 1, impingement
occurred at 80* hip flexion whereas in the
T28 prosthesis with a ratio range from 2 01 1
to 3 24 1 impingement did not occur until
hip flexion reached 1140* The larger head-to-
neck ratio was also mqre stable in flexion,
abduction, and external rotation The third
mode of dislocation was that of impingement
of the neck on a bony prominence, which oc
curs most often in hyperextension when a
bony shelf is left behind the acetabular com-
ponent

Amstutz and Markolf 2 believed that pros-
thetic stability was affected by the size of the
femoral head, the coverage provided by the
socket and orientation of the components

ORIENTATION OF COMPONENTS

Most orthopedists agree that the femoral
component should be anteverted 15*-20'
as is the anatomic neck of the fe-
mur 6 8 14 22 24 30 32 Increased anteversion
beyond this point may result in anterior sub-
luxation of the femoral head -when the hip is
in extension and external rotation Retrover-
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FiG 2 With the cup in the horizontal position, impingement occurs in this diagram at 750 flexion Note
that a smaller head to neck ratio would cause earlier impingement

sion of the fernoral component to 00 or more
may cause posterior dislocation when the hip
is internally rotated Orientation of the femo-
ral component is much less complex than ori-
entation of the acetabulum The femoral
component in the normal hip can be oriented
to bise( t the neck of the femur, and antever-
sion can be checked easily by comparing the
angle of the femotal component to the plane
of motion of the knee joint Orientation of
the femoral component is easier to accom-
plish from the posterior approach than from
the anterior approach because the greater and
lesser trochanter are more clearly visible

Orientation of the femoral component is
much less critical than orientation of the ace-
tabular component This is because head cov-
erage by the acetabulum changes very little
with internal and external rotation of the fem-
oral prosthesis It is only with extreme exter-
nal rotation (anteversion) of the femoral neck
that impingement of the femoral neck occurs
against the posterior rim of the acetabular
component in full extension

Orientation of the acetabuiar component
is much more complex for the reasons
previously mentioned the pelvis is flexed
when the patient lies on the operating table in
the lateral position and the superior bony ac-

etabulurn lies ip a position of 150 adduction
in relationship to the horizontal plane with
the patient in the lateral position Most of the
acetabular positioning guides that are com-
mercially available are designed to place the
cup in 30'-45o* abduction relative to the hori-
zontal plane and in 15*-~.20* flexion relative
to the long axis of the patient's trunk Only
one type of guide attempts to orient the ace-
tabulum by bony landmarks The protocol
for this guide recommends drawing a line on
the drapes between the posterior superior
spine and the anterior superior spine, assum-
ing that the line in the standing position is
tilted downward from back to front 20* from
the horizontal To that line 350 is added,
which should place the acetabulumn in a posi-
tion of 15* flexion relative to the horizontal
with the patient in a standing position This
line was measured in 100 preoperative pa-
tients by taking a lateral standing roentgeno-
gram The line between the posterior supe-
nior spine and the anterior superior spine var-
ied from - 120 to +40* It was not a reliable
bony landmark for positioning the acetabu-
lum (Fig 3)

Sellergren, in Turner and Arnold,'" recomn-
mended that the position of the normal bony
acetabulum was the best guide for positioning
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FiGs 3A AND 3B (A) In the standing position a
line between the postenor superior and anterior
superior spine in 100 patients vanied from -4 0 0 to
+ 120 (B) A line drawn between the sciatic notch
and the anterior superior spine ranged from 00 to

WO40

the prosthetic acetabulum if the bony aceiabu
lum was not distorted by osteophytes, was not
dysplastic or had not been deformed by
previous surgery Nordin and Frank.-l"' t-
ported that the position of the normal acetabu
lum was 600 abduction and 400 anteversion,

which places the normal bony acetabulum in
considerably more abduction and flexion than
recommended by most hip surgeons 16 The
normal hip is stable with the acetabulum in
this position because the femoral head is
much larger than the prosthetic femoral head
and the supporting capsule has not been dis-
turbed Engh and Bobyng recommended plac
ing the cup in slightly greater anteversion and
abduction than the anatomic acetabular rim
A thorough search of-the literature revealed no
biomechanical study that demonstrated the
position of the prosthetic acetabulum as the
most stable throughout a physiologic range of
motion (ROM) 18 21X2.2-S-29

TECHNIQUE OF CUP POSITIONING
Before 1984, the anterolateral approach

described by Muller 22 was used for primary
THA Initially, the postoperative dislocation
rate was 4 5% Following the anterior ap-
proach it was found that the most common
cause of dislocation was malposition of the
acetabulum, most often in too much flexion
or abduction

Using the posterior approach, it was discov
ered that the position of the pelvis changed
from the standing to the lateral recumbent
position, to help position the prosthetic ace-
tabulum, each preoperative patient had a
standing lateral roentgenogram of the pelvis
centered over the greater trochanter (Fig 4)
A line was drawn on this roentgenogram be-
tween the sciatic notch and the anterior supe-
nor spine and its angle from the horizontal
was measured In these same 100 patients
this line was found to range from 00 to +40*
Subsequently with the patient in the lateral
recumbent position after the incision was
made one finger was placed in the sciatic
n,otch and one finger oni the anterior superior
spine With methylene blue, a line was drawn
on the drapes between these two points If
this line measured 200 on the preoperative
standing roentgenogram the cup was flexed
so that the face of the cup was parallel to this
line on the drapes, thus flexing the cup 20* If
the line measured 100, one line was drawn
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FIG 4 Sketch of how the angle of the line be
tween the sciatic notch and the antenior supenior
spine is determined for orientation of the acetabu
lu i A preoperative standing, lateral roentgeno-
gram was made of each patient with the X ray
tube centered over the greater trochanter

between the sciatic notch and anterior spine
on the drapes and a second line was drawn
and flexed an additional 100 The cup was
oriented to the second line, which would
place it in 20' to the horizontal with the pa-
tient in the standing position (Fig 5) After a
biomechanical study, cup flexion increased
to 30

In the above technique, the McKee'O cup
positioner was used, which has 30 abduc-
tion and neutral flexion With the short arm
of the McKee cut) positioner in the vertical
position and the short handle aligned with
the 200 line on the drapes the face of the
acetabulum should approximate 300 abduc-
tion and 200 flexion

With the advent of the porous-coated ace-
tabulum the anterolateral approach did not
afford an exposure wide enough to insert the
prosthetic cup, and insertion of a straight-

stem femoral component was also difficult
through this approach Initially, for porous-
coated prostheses, the direct lateral approach
described by Hardinge"3 was used However,
it was time consuming, hemorrhage was in-
creased, and postoperative limp was more
common When using the direct lateral ap-
proach, the acetabular cup was oriented in
flexion by using the line between the poste-
nior superior spine and the anterior superior
spine as a reference point and adding 350 to
this line (Fig 3) Cup position was not consis-
tent because the line between the posterior
spine and the anterior spine varied from
-1l20 to +400

In the same 100 patients in whom the line
between the posterior superior spine and the
anterior spine was evaluated, a more consis
tent line was looked for that would be easier
to observe on the roentgenogram and easier
to palpate in the operating room A line was
found between the anterior spine and the sci-
atic notch in these roentgenograms that
ranged from 0* to +400 (Fig 3)

Based on recommendations in the litera-
ture and prior success using the anterior ap-
proach, the cup was posittoned in 30 abduc-
tion and 20* flexion, and it was decided to
place the prosthetic acetabulum in this posi
tion through the posterior approach using the
bony landmarks of the sciatic notch and the
anterior superior spine

When the cup was positioned in 200 flex-.
ion impingement was occasionally noticed
with the hip flexed to 90* and internally ro-
tated to 900 To eliminate impingement of
the prosthetic neck against the prosthetic
cup, flexion was increased to 30" This posi-
tion of 450 abduction and 300 flexion al-
lowed flexion of the hip to 90* and internal
rotation IQ 900 without impingement The
hips remained stable in full extension and rx-
ternal rotation with the cup in 'this position
(Fig 5)

When the cun was abducted belo'w 30*,
impingement oL,curied in 'lexion When the
cup -Aas abducted more than 500, #h head
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PA

Flc 5A-5E Sketch of cup positioning (A) With the incision open one finger was placed in the sciatic
notch and one finger was placed on the anterior supenior spine If this line measured 200 from the
horizontal on the standing preoperative lateral roentgenogram the other line was drawn in 10* more
flexion to place the cup at 30 flexion This line was drawn on the drapes with methylene blue (B) The
acetabulum was reamed with the shaft of the reamer perpendicular to this line and the cup was placed at
30' flexion to the horizontal in the standing position (C) The McKee' 0 cup positioner was used with the
short handle in the upright position to place the cup at approximately 30*-40* of abduction The long
handle was perpendicular to the line on the drapes and the short handle was parallel After the proschesis
was inserted stability was tested with the hip in (D) full extension and external rotation and in (E) full
flexion and internal rotation to determine that impingement was not occurrng

tended to sublux out of the acetabulum by
climbing the wall' The safe range for ab-

duction of the cup in 3Q0 flexion is 30*-50
(Fig 6)

Although no anterior subluxation was no
ticed in the operating room with increasing
flexion of the cup there was concern that in-
creasing flexion might cause anterior disloca
tion N biomechanical study was done to de-
termine the safe range for cup abduLtion and
cup flexion The results of this study showed
that the .5afe range for i;lp abduction that
would allow physiologic ROM without im
pingement was 30'-50' abduction when the
cup was in 30' flexion It was also found that

the safe range for cup flexion tnat would al
low physiologic ROM without impingement
when the cup was fixed in 30 abduction was
20*-40' (Figs 7 and 8) 11

POSTOPERATIVE EVALUATION
OF CUP POSITION

Many orthopedists have rerjorted that the
true lateral or cross-table lateral -oeritgeno
gram for measuring flexion of the acetabu-
lum is not accurate 1H-13 It wasfon
that the position of the cup in the lateral
roentgenogram varied with the degree in
which the uninvolved hip was flexed When
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the uninvolved hip is flexed beyond a right
angle, the pelvis tends to flex making flexion
of the cup gi eater than that present n the
standing position On repeated cross table lat
eral roentgenograms, a variation of as much
as 20* was found in the position of the cup in
the same patient on serial roentgenograms
Ackland et al's' technique of measuring flex
ion was satisfactory in the radiolucent cups
but was not feasible with metal-backed cups
and was cumbersome and time consuming
Abduction of the cup was measured directly
on the AP roentgenogram of the pelvis cen-
tered over the pubis Rlexion of the cup was
measured by taking a true lateral roentgeno-
gram of the postoperative hip with the pa-
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FiG 6 A biomechanical study was done mea
sunng the safe range for cup abduction when the
cup was fixed in 30' fle ion A similar study was
done measuing the safe i ange for cup qlexion with
the cup fixed in 300 abduction

FiGs 7A AND 7B With the acetabulum fixed in
300 flexion the amount of abduction is vaned (A)
This graph shows the range of flexion and exten
sion in each position until the point of neck to cup
impingement (B) This graph shows the range of
abduction and adduction until impingement In
these graphs when the cup was abducted above
500 dislocation occurred by climbing the wall
When the cup was abducted less tIhan 300 im
pingement occurred in flexion and abduction The
safe range for abduction of the cup in 300 flexion
was 300-500

tient standing and the uninvolved hip flexed
to 90' by resting the foot on a foot rest (Fig
9) In the cross-table lateral roentgenogram of
patients who had more than one set of roent-
genograms, the roentgenographic variation
was as great as 200 Variation in the standing
true lateral roentgenogram was within 100
each time In the 100 patients who had both
cross table and standing true lateral roent
genograms flexion in the standing roentgen-
ogram was 1 50"-20' greater than in the re
cumbent roentgenogram (Table 2)

RESUJL rs
From 1984 to 1989, 441 THAs were per

formed through the posterior approach using
the technique of positioning the cup by bony

FIGS
30* abdu
This gral
sion in e
impingej
abductio
these gra
cup fixe(
20* cup
Above 4-
extensio
flexion N
200-400

landma
ative la

~4 searche
*~hospita

return%
recorde
not ma(
phone
locatioi

Five
None o
postopt
locatio
there A
patient
the tirr

Pawi

Number 261
Deoember 1Q

A 14
12
10

4
Flexion 2

Extension 2

Ic

Abduction
Adduction

Mako   Exhibit 1003   Page  152



Dislocation After THA

120
100

600
40-

Flexion 20
0

ExtenSiOn20
40
60
80

100

8 80
s0
40

Abduction 20
20

40
60
so

100

o 10 20 30 40 50 60 70
Cup Fiexion

0 10 20 30 40 50 60 70
Cup Flexion

o 60 70

80 70

im fixed in
vaned (A)
and exten
eck to cup
e range of
emnent In
ted above
the wall

3Q0im

ction The
0' flexion

ip flexed
rest (Fig
gram of

of roent
ariation
standing
hin 100
iad both
dl roent
)entgen-
i the re

ere per
-h using
by bony

weeks postoperatively while sitting and lean
ing forward in a recliner chair The Porous
Coated Anatomic cup (Howmedica Ruther
ford, New Jersey) shifted from a position of
3Q0 flexion at the time of surgery to -4' ret
roversion at the time of his readmission Pa
tient 2 dislocated six months postoperatively
when he fell from a sitting position and hy
perflexed his hip Patient 3 dislocated posteri
orly with hyperflexion and adduction while
sitting in the front seat of a car Patient 4 dis
located two weeks postoperatively when she
sat on a low seat Patient 5 had avascular ne-
crosis from steroids given for polymyositis
Muscle tone was poor He dislocattd while
sitting on steps and adducted his hip The cup
was oriented outside the safe range for abduc
tion After a second dislocation, the cup was
revised to a position of 40 abduction and
30' flexion with advancement of the tro-
chanter, after which no further dislocations
occurred His was the only hip that required
revision The other four were treated with a
short single spica cast for six weeks, and no
further dislocations occu red

After a biomechanical study indicated that
the safe range of flexion of the cup was be-

FIG 9 Sketch of postoperative cup flexion evalu
ated by a standing lateral roentgenogram The pa
tient stands on the operated hip and the unin
volved hip is flexed to 900 The X ray tube is an
gled upward 30 and the beam is centered on the
acetabulum The patient stands against a standard
wall mounted Bucky diaphragm
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FIGS 8A AND 8B With the acetabulum fixed in
300 abduction the amount of flexion is vanied (A)
This graph shows the range of flexion and exten
sion in each position until the point of neck to cup
impingement (B) This graph show,; the range of
abduction and adduction until impingement In
these graphs the safe range for cup flexion with the
cup fixed in 30 abduction was 20*-40* Below
20' cup flexion impingement occurred in flexion
Above 400 cup flexion impingement occurred in
extension and abduction The safe range for cup
flexion with the cup fixed in 300 abduction was
200-400

landmarks with the aid of a standing preoper
ative lateral roentgenogram Records were
searched for any dislocations reported at the
hospital, and all patients were questioned on
return visits regarding any other dislocations
recorded at other facilities Patients who had
not made return visits were contacted by tele
phone and questioned specifically about dis
locations

Five patients in this series had dISIOLations
None of the dislocations occurred during the
postoperative hospitalization period All dis
locations were posterior in direction, and
there were extenuating circumstances in each
patient, all of whom hyperflexed the hip at
the time of dislocation (Table 3)

Patient I had a posterior dislocation three

mr-
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TABLE 2 Postoperative Cup Position in 100 Patients

Position Degrees n Posilion Degrees n

Flexion (max) 50 00 1 Abduction 55 00 2
Flexion (mi) 20 00 6 Abduction 3000 1
Safe range 2000-4000 93 Safe range 3000-50010 97
Mean 3000 52 Mean 4200 37
SD 5 50 SD 440

SD standard deviation

tween 200 and 4Q0 which allowed physio- Also, it must be remembered that with the
logic ROM without dislocation, it was de- patient in the lateral position, the operative
cided to increase flexion to 300 Since that side of the pelvis is tilted toward the foot of
time, of 130 THAs done in 1989, no disloca- the table, and the cup should be abducted less
tions liave occurred than is apparent when the cup is oriented to

the horizontal Otherwise, if the cup is ab-
DISCUSSION ducted 45* relative to the floor or the table,

when the patient stands, abduction will
Dislocation after TH-A is painful prolongs approach 550 to 60', which approaches

hospital stay and rbquires bracing and, fre- an unstable positton of abduction for the ace
quently, a second operative procedure The tabulum
increasing use of porous ingrowth cups Other unpublished data collected by
makes revision for malposition extremely McCollum and coworkers do not support the
difficult concept that the stable position for the cup

Based on experience with the antenior ap- should be 1 5*-.20* flexion The present study
proach, it is believed that the major cause of indicates that the most stable range of posi
dislocation is malposition of the acetabular tion for the cup is 30*-50* abduction and
component When the patient is in the lateral 20o*40' flexion In this position, the hip re-
position, the pelvis is flexed if the cup is on- mains stable while allowing a physiologic
ented in only 200 flexion to the longitudinal ROM In this safe range, anterior disloca-
axis of the patient, when the patient stands tions did not occur, even when the anterior
the lumbar lordosis recurs, the pelvis is ex- hip capsule Was released When using the pos-
tended, and the acetabulum may well be ret- terior approach without a trochanteric osteot-
roverted in the standing position The hip omy, no late subluxations or dislocations
dislocates in flexion as the neck impinges on were noted during a six-year follow-up pe-
the anterior nm niod

TABLE 3 Dislocations in 441 Hips, 1984-1989 (1 14%)a

Patient Dale of Surgeri Posboperatne Dislocation Cup Position (ABDIFLX)

1 1986 3 weeks 35-/~4 00
2 1987 6 months 35-0/3500
3 1987 3 weeks 55"100'0
4 1988 -) weeks 500/2000
5 1988 4 month., 550/2000

All of these patients had a postenor approach TH-A in the lateral position
ABD abduction FIX flexion
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It has been noted that when positioning the
cup using the preoperative standing lateral
roentgenogram for orientation with the cup
in 300 flexion and 450 abduction, it very
closely approximates the position of the nor
mal bony acetabulum in approximately 80%
of patients The patients in whom a wide dis-
crepancy was noted were those who had
previous surgery, some degree of dysplasia of
the acetabulum, or marked overgrowth of os-
teophytes involving the acetabular rm Dorr
et a!6 stated that osteophytes seldom involve
the anterior rim of the acetabulum and that
the acetabulumn can be oriented accurately in
line with the old acetabulum by positioning
the anterior rim of the prosthetic acetabulumn
in line with the bony anterior rim of the ace-
tabulum The anternor rm of the acetabulum
has not been found to be devoid of osteo-
phytes, and in the circumstance of marked
overgrowth of bone, the standing lateral
roentgenogram is necessary for accurate ori-
entation In addition, abduction of the nor-
mal bony acetAbulum approximates 600, and
abduction in this alignment will place the
prosthetic acetabulum outside the stable
range of abduction 24

When the cup is malpositioned and the hip
is protected for six weeks, stability may be
attained by capsular healing However, Cov-
entry' S4 finding of 0 4% late dislocations five
to ten years after surgery suggests that the sta-
bilizing capsule may stretch out in time, and
the frequency of late dislocations will in-
crease

Revision arthroplasty was not included in
this study However since 1984, the same
technique has been used for orienting the ace-
tabular component in previously operated
hips Previous hip surgery such as cup arthro-
plasty intertrochanteric osteotomy, or THA
deforms the normal acetabulum making oni-
entation of the prosthetic acetabulum and
alignment with the bony acetabulum unreli
able In a study by Fackler and Poss'" of hips
that had had a previous THA 20 8% dislo-
cated after a second surgery Eighty percent
of the dislocations in Evanski el al s"' series

had had previous surgery In the present se-
ries of 155 revisions done since 1984 Lising
this technique, eight postoperative disloca-
tions occurred for a dislocation rate of 5 2%
These figures suggest that the high rate of dis-
location in other series may be due to malpo-
sition of the acetabulum rather than to poor
tissue tension The bony landmarks of the
pelvis vary with the individual patient's de-
gree of lumbar lordosis, and a preoperative
standing roentgenogram is helpful to detect
this variation from the mean Accurate posi-
tioning of the cup by these bony landmarks at
the time of surgery is crucial in preventing
postoperative dislocation The standing true
lateral roentgenogram is helpful in measur-
ing the true degree of flexion of the metal-
backed prosthetic cup Accurate evaluation
of cup position is necessary to identify the
patient at risk for early or late dislocation
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Abstract

This report describes a system which can perform full 3-D pose estimation of a
single arbitrarily shaped, rigid object at rates up to 10Hz A triangular mesh
model of the object to be tracked is generated offline using conventional range
sensors Real-time range data of the object is sensed by the CMU high speed
VLSI range sensor Pose estimation is performed by registering the real-time
range data to the triangular mesh model using an enhanced implementation of
the Iterative Closest Point (ICP) Algorithm introduced by Besl and McKay The
method does not require explicit feature extraction or specification of correspon-
dence Pose estimation accuracies on the order of Imm in translation and 1
degree in rotation have been measured
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1.0 Introduction

The problem of determining the 3-D pose of a rigid object at high speed has been
approached by a number of researchers [10][12] However, there are few systems capable
of full 3-D pose estimation of arbitrarily shaped objects mn real-time There are three rea-
sons why this goal has been difficult to attain First, the 2-D data provided by conventional
video cameras lacks the sensitivity required for accurate 3-D pose estimation of arbitrarily
shaped objects Second, many approaches to 3-D pose estimation require two operations
which are difficult to perform feature extraction and correspondence specification Third,
in order to perform 3-D) pose estimation in real-time, each step in the underlying algorithm
must be computationally efficient

Direct use of 3-D data simplifies the pose estimation problem by providing shape structure
which would otherwise need to be inferred from 2-D data As noted in [12], while 2-D
data is useful for estimating object motion in planes normal to a camera's optical axis, it is
less sensitive to motions which deviate from these planes Direct use of 3-D data should
provide more precise object pose estimates, especially for general 3-D motions

Many previous approaches to 3-D pose estimation are feature based [8][10][12] Such
approaches, however, suffer from some common difficulties Tyialy the steps in feature
based pose estimation are 1) extract features such as points or lines from the underlying
data, 2) specify correspondence between data and model features, 3) compute the pose
estimate from the derived correspndence Unfortunately, the extraction of reliable fea-
tures from images of real-world objects is difficult Even when such features can be found,
solution of the correspondence problem can be complex and computationally expensive

In our approach, raw range data points which lie on the surface of the tracked object are
matched to the underlying object surface model using an iterative least squares technique
(the ICP algorithmn) This approach eliminates the need to perform any feature extraction,
or to specify feature correspondence

To our knowledge, no previous approaches have succeeded in combining both high speed
acquisition of 3-D data with high speed 3-D pose computation Several researchers have
utilized range data in the 3-D) pose estimation problem [8] [13] Yamamoto [ 13] discusses a
system for estimating the shape and pose of deformable objects using a video rate range
camera, but the required computations are not performed at high speed

The remainder of this paper is organized as follows Section 2 0 describes the Iterative
Closest Point algorithm and enhancements which allow it to be used for real-time pose
estimation Section 3 0 outlines the algorithm for real-time pose estimation Section 4 0
describes the experimental setup used to demonstrate the approach Section 5 0 contains
experimental results, and Section 6 0 contains the conclusion
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2.0 Registration

The registration algorithm used in this system is strongly motivated by the work of Besl and
McKay [2] Their paper describes a general purpose method for the registration of rigid 3-D
shapes which they refer to as the Iterative Closest Point algorithm Zhang [14] has indepen-
dently developed a similar algorithm which is better at handling outliers and occlusions in
the data Since these were not a major concern in our work, the formulation presented below
parallels that of Besl and McKay

2 1 The 1CP Algorithm

Suppose that we have two independently derived sets of 3-D points which correspond to a
single shape We will call one of these sets the model set M, and the other the data set D

L- Assume that for each point in the data set, the corresponding point in the model set is
known The problem is to find a 3-D transformation which when applied to the data set D,
minimizes a distance measure between the two point sets The goal of this problem can be
stated more formally as follows

where R is a 3x0 rotation matrix, T is a 3xI1 translation vector, and the subscript i refers to
corresponding elements of the sets M and D as shown in Figure 1 Efficient, non-iterative
solutions to this problem, both employing unit quaternions, were presented in two papers,
one by Faugeras and Hebert [41 and the other by Horn [7]

The general 3-D shape registration problem that we address here, however, differs from the
corresponding point set registration problem in two important regards First, the point corre-
spondence which was assumed to be known in the above problem is unknown in the general

M MID

D

Figure 1 Corresponding Point Set Registration

rmn Y
RT I JIM, - (RD,+ T) 11 2
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case Second, general 3-D shapes to be registered are not necessarily represented as point
sets [2]

Suppose that we are again given two sets M and D corresponding to a single shape, where D
is a set of 3-D points and M is a triangular faceted surface Assume that the correspondence
between points in the two sets is initially unknown As seen in Figure 2, for each point D,
from the set D, there exists at least one point on the surface of M which is closer to D, than
all other points in M This is the closest point, M,

D

Figure 2 Closest Point Set Registration

The basic idea behind the ICP algorithm is that under certain conditions the point corre-
spondence provided by sets of closest points is a reasonable approximation to the true point
correspondence Besl and McKay proved that if the process of finding closest point sets and
then solving equation (1) is repeated, the solution is guaranteed to converge to a local mini-
mum The ICP algorithm can now be stated

1 For each point in D, compute the closest point in M
2 With the correspondence from step 1, compute the incremental transformation (R, 7T)

[equation (1)]
3 Apply the incremental transformation from step 2 to the data D
4 Compute the change in total mean square error If the change in error is less than a

threshold, F-, terminate Else goto step 1
While the ICP algorithm is only guaranteed to converge to a local minima, there is no guar-
antee that this local nmnma will correspond to the actual global minima How well the algo-
rithm performs is a function of the initial pose estimate and the characteristics of the shape
being registered Besl and McKay discuss in detail the problem of finding the global mini-
mum in situations where initial pose error is large We have found that the ICP algorithm con-
verges to the global minimum even with fairly large initial pose discrepancies For the
purposes of the system described in this paper, the initial pose discrepancies are usually
small
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2.2 Speed Enhancements to 1CP
A basic implementation of the ICP algorithm lacks the speed required to perform pose esti-
mation in real-time We have implemented several enhancements kd-trees, closest point
caching, efficient point to surface computation, and acceleration

2 2 1 Kd-trees
The most computationally expensive step in the ICP algorithm is finding the closest point
sets In general if there are ND points in the data set and NM geometric entities (i e points,
lines, triangles) in the model set, then the complexity of the closest point computation is
0 (NDNM) However, as suggested in [2] and demonstrated in [14], this complexity can be
reduced to 0 (NDlogNM) by the use of a k-dimensional binary tree, or simply kd-tree [1l]
The use of kd-trees for closest point computation allows us at each node of a binary tree to
decide which side of a hyperplane the closest point will lie on Thus, large regions of the
search space can be pruned at each level in the search We have implemented a closest point
algorithm based on the kd-tree [5] We have found that the actual performance improvement
approaches that predicted by theory

2 22 Closest Point Caching
A second small speed improvement was realized by caching closest points Points in the sets
M and D which are proximal at time k are highly likely to be proximal at time k+ 1 Thus,
rather than finding the single closest point in M for a given point D,[k], we can find n closest
points in M and cache these points together with the point DJk] Note that there is little over-
head involved in finding n closest points when n is a small number like 5 On the next itera-
tion, since the point D,[k+ 1] is likely to be close to the point DJkJ, it is also likely that the
closest point in M to D,[k+l] will be one of the points cached on the previous iteration It is
possible to determine conclusively whether the closest point is contained in the cached set by
performing a simple test This test compares the magnitude of the previous incremental trans-
formation to the distance between the closest cached point and the nth closest cached point
(where n is the number of cached points) A variation on this test can also determine whether
the closest point at time k+l is the same as the closest point at time k The overall result of
caching is that closest points can often be found without requiring a full search of the kd-tree
Rather only the points in the cached set must be tested
A similar caching technique can be applied to spatially (rather than temporally) adjacent
points If two data points D, [k] and D, + I[k] are proximal, then it is likely that their corre-
sponding closest points M,[k) and M,+I [k] will also be proximal An analogous caching tech-
nique can be applied for this situation, however we have not yet implemented caching for
spatially adjacent points

2 23 Closest Surface Point Computation
When M is a triangular faceted surface, computation of the closest point requires an addition-
al step The output of the kd-tree based closest point algorithm will return the closest vertex
V, on the surface of MA as shown in Figure 3 Given V, the closest point M, will lie within, or
on the border of one of the triangles to which the vertex belongs1 In order to find M,, D, is

1 This is not strictly true as there are pathological cases for which M, will lie in a totally different triangle In
our experience we found that we can ignore such cases
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projected into the plane of each triangle, and the closest point between D, and that triangle is
computed This is repeated for all triangles containing V,, and the overall closest point is se-
lected In order to perform these computations quickly, once D is projected into the plane,
all computations are performed in 2-D rather than 3-D Thus, during initialization each must
triangle be saved in both its 2-D and 3-D representations

V

Figure 3 Closest Facet Point Computation

2 24 Acceleration
A final speed improvement was realized using a modified version of the accelerated ICP al-
gorithm described in [2] The accelerated ICP algorithm adds the following step to the basic
algorithm (after step 2)

2b If the incremental transformations (R, r) at times k-i1, k 2, and k 3 are well aligned,
extrapolate the current incremental transformation

The well aligned condition above tests that the solution has been moving in an approximately
constant direction Extrapolation is performed by scaling the current incrtmental transforma-
tion The scale factor is a function of the mean square error and the magnitude of the incre-
mental transformations at the previous three iterations
Besl and McKay calculate a single acceleration scale factor for both translation and rotation
We achieved better results by decoupling the acceleration of translation and rotation There
are two reasons for doing this First, in Besi's approach, the well aligned condition above is
tested once for both rotation and translation Thus, for example, if rotation was well aligned
but translation was not, no acceleration would be performed However, an acceleration on ro-
tation alone seems desirable in this situation A second reason for decoupling is related to the
scale factor used in extrapolation Besl and McKay used the same scale factor to extrapolate
both rotation and translation components This scale factor is designed to extrapolate the so-
lution as much as possible in a single step without overshoot In the coupled version, the size
of the scale factor is governed by the component (translation or rotation) which would cause
the solution to overshoot first The other component could usually be accelerated further By
decoupling, translation and rotation are independently accelerated as much as possible with-
out overshoot

2 25 Enhancement Results
Four speed enhancements were described in this section closest point computation via
kd-trees, closest point caching, efficient computation of closest facet points, and decoupled
acceleration The results of applying each of these enhancements to a single registration prob-
lem are summarized in Table 1 In this problem, D was a point set containing 2432 points and
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M was a triangular mesh containing 4860 facets The initial pose error was roughly 10 de-
grees of rotation about each axis, and about 10% of object size in each translation The ICP
termination threshold, e, was small 1

Type Time %T Iter R-Acc T-Ace
none 9088 1000 122 0 0
a 2612 287 _5 11 11
kd 622 68 122 0 0
kd/a 180 20 35 11 11
kd/a/d 13 1 14 25 13 7
kd/a/d/c 119 13 25 13 7
kd/a/d/Ic/2d 83 09 25 13 7

Table 1 Enhancement Comparisons

In the table, Type indicates the enhancements used a - coupled acceleration, kd - kd-tree
search, d - decoupled acceleration, c - closest point caching, 2d - 2d calculation of closest
facet points Time is the total ICP execution time in seconds %Tis percentage of time relative
to the slowest time Iter is the number of ICP iterations R-Acc and T-Acc are the number of
accelerations for rotation and translation respectively
The speed improvements shown in Table 1 give an idea of the relative utility of each of the
described enhancements The actual relative utility is a function of the underlying data, the
initial pose, and the termination threshold Acceleration and kd-tree search are always the two
most important enhancements The relative utility of kd-tree search increases with the num-
ber of points in the data set Caching is useful when the termination threshold is small, since
the number of cache hits will be large during fine-tuning

3 0 The Tracking Algorithm
An outline of the tracking algorithm is shown in Figure 4 Each box in the diagram represents
a processing step, and the proce9sing sequence is indicated by the large-headed arrows In-
puts to a processing step are indicated by the quantities to the left of each box, while outputs
are indicated by the quantities to the right
During initialization, a precomputed triangular mesh model, M, is loaded into memory, and
a kd-tree is built from M For our experiments, M is constructed offline using a technique
based on deformable surfaces [3]Tis technique can fuse range data collected from multiple
views into a single triangular mesh surface model The range data used to create M is provid-
ed by several commercially available light-stripe range finders [11 ] These sensors have been
calibrated so that all data points are expressed in a single, world-centered coordinate frame
To initialize the tracking algorithm, the transformation between the model, M, and the initial
object pose D[O], must be calculated This transformation, mTD [o] , can be found in several
seconds using the ICP algorithm with a starting transformation provided by the user2 In prac-

1 The magnitude of c determines the amount of fine tuning performed by the ICP algorithm Small
er values of F, result in pose estimates closer to the local minima
2 A fully automated initialization which does not require user input would be possible by applying
one of the techniques for solving the global pose estimation problem discussed in [2]
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tice, we have found that initial pose errors as large as 15 degrees of rotation about each axis,
and 50% of the object size in any translation will typically converge to the global inimum
Once mTD [o] has been calculated, it is used to transform the model, M to the initial object
position Thus, all future pose estimates are measured with respect to this initial starting po-
sition
After initialization, the algorithm enters the tracking loop Within the loop, data are acquited
by the high speed range sensor, and the object pose is estimated via the ICP algorithm in
roughly 0 1 - 0 3 sec These high speeds are possible for two reasons First, the difference im
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object position at time k and tine k- I is typically small For example, translational velocities
of 10cm per second and rotational velocities of 20 degrees per second lead to incremental ob-
ject pose discrepancies of roughly 2cm and 4 degrees Thus, since the ICP algorithm uses
mTD [k - 1 ] as the starting point when finding MT%[k] , the algorithm can perform the regis-
tration in a small number of iterations, typically 3- 10 Second, the resolution of the range data
used in the tracking loop, usually 16xl16, is less than the full sensor resolution of 32x32 The
reduced number of data points in the set D[k] results in a faster calculation of the pose esti-
mate
During each data acquisition cycle, two simple preprocessing steps are performed on the
range data The first step eliminates noisy range data For the CMU high speed range sensor,
noisy data is associated with poor reflection of the projected light from the object Thus, noisy
range data can be eliminated by thresholding the reflected intensity values Since each cell in
the range sensor has circuitry for measuring intensity, this is a trivial operation The second
preprocessing step determines which range data points lie on the surface of the object to be
tracked Since our experiments are performed in an uncluttered environment, range data on
the object surface can be distinguished by thresholding the Z component of the range data
While this simple operation works well for our experiments, a more sophisticated approach
would be required if the object were in a cluttered environment
Using,wTD [k - 1 ] as the starting point for incremental pose estimation works well when ob-
ject motion is erratic and unpredictable In some situations, however, object motion may be
smooth, continuous and thus easier to predict For such motions, improved results are possi-
ble using an extrapolation scheme such as a Kalman filter While we have not implemented
a Kalman filter for this purpose, we have implemented both first and second order extrapola-
tion Since the extrapolated pose is often closer to the true pose than mTD [k - 1] the time
required to compute the pose is reduced

4.0 Experimental Setup
The experimental setup is shown in Figure 5 The CMU high speed VLSI range sensor de-
veloped by Gruss, Tada and Kanade [61 consists of two primary components the sensor head
and the light stripe generator The tracked object, in this case a small bust of the Greek god-
dess Venus, is mounted on the end effector of a Microbot robot The CCD imager is not a
primary component of the system, but is used for display purposes only Not shown is a
Sparc-l10 workstation used for computing the pose estimate, and for graphically displaying a
3-D model of the tracked object The pose of the graphical 3-D model is updated at high speed
to reflect the current object pose estimate
The CMU high speed range sensor is based on a modified version of the traditional light-
stripe range imaging technique known as the cell-parallel light-stripe method The primary
advantage of the cell-parallel method is that range image acquisition time is made indepen-
dent of the number of data points in each frame
The current version of the CMU range sensor can acquire a complete 32032 cell range image
in as little as one millisecond The range data is acquired at 10 bits of resolution, and is accu-
rate to 0 1 % or better (0 5mm at 500mm) The sensor workspace is shaped like a four sided
pyramid As currently configured, at a distance of 55cm from the sensor along the optical
axis, a cross section of the workspace is an 11 5cm square Thus, the sensor resolution at this
distance is about 2 8 range measurements per cm in each direction
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I I
Positioning Device Light-stripe Generator

Figure 5 System Components

All of the results presented below were collected using the face object shown in Figure 6
This object was manufactured directly from a triangular mesh CAD model using a stere-
olithographic process [9] The advantage of this approach is that the physical object is very
accurately represented by the corresponding CAD model Thus, for purposes of characteriz-
ing system accuracy, errors caused by differences between the physical object and the CAD
model are minimized
All pose estimates presented below are specified in an object centered coordinate system as
shown in Figure 6 The object itself is roughly 8cm x 10cm x 6cm in the X, Y, and Z direc-
tions respectively

5.0 Pose Estimation Results
There are two results presented in this section The first demonstrates the ability of our system
to accurately estimate the pose of stationary, or slowly moving objects The second demon-
strates the ability to track complex motions in a highly repeatable manner Currently, we do
not have the ability to generate complex and accurately calibrated dynamic trajectories which
are precisely known at each point along the trajectory Therefore, we can not currently dem-
onstrate that our system can accurately track high speed motions

EMEMEMEMM
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[ Figure 6 Face Objectj

5 1 Static Accuracy Results
The graphs in Figure 7 demongtrate the absolute accuracy of the system when the object is
assumed to be stationary To collect tis data, the object was manually positioned to selected
points along a trajectory using a high precision positioning device At each point, 100 pose
estimates were computed, and corresponding mean and standard deviation values were cal-
culated Each data point in the graphs compares the object's ground truth position to the mean
of the corresponding estimated position The solid line represents the zero error case, and ver-
tical deviations from this line can be interpreted as error
The object trajectory for these experiments consisted of coupled translation,; along each axis,
and rotations about the Y axis We were unable to generate rotations about the X and Z axes
due to limitations in our apparatus The average error between ground truth and estimated po-
sitions is 0 93mm in the translation components and 1 4 degrees in the rotation components
The standard deviation of each position estimate is less than 0 06mm in translation and 0 1
degree in rotation
The results of Figure 7 demonstrate that the system can generate accurate pose estimates for
stationary or slowly moving objects In these experiments, the full resolution of the sensor
was used, and the ICP termination threshold, e, was small In the current implementation, the
system is only capable of tracking very slowly moving objects using these parameter settings
When tracking faster motions, such as those described in Section 5 2, the sensor resolution is
typically decreased by a factor of 2, while the ICP termination threshold is increased
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5 2 Dynamic Tracking Results
Figure 8 contains plots of estimated pose as the object is moved through a complex trajectory
by the M icrobot Pose estimates are specified with respect to the object's initial pose at time
0 Maximum object velocities are roughly 100 mm/sec in translation and 22 degrees/sec in
rotation
Each graph in these figures actually contains 2 overlaid data sets corresponding to 2 different
executions of the trajectory Furthermore, each single execution of the trajectory is periodic
with a period of 2 It is evident from these graphs that the repeatability of the pose estimation
system is quite good These results also demonstrate that the system can perform pose esti-
mation fast enough to track object motion at the velocities specified above The average cycle
time in these experiments was about 0 3 seconds (3 3Hz), with variation between about 0 1
seconds (10Hz) and 0 5 seconds (2Hz) This variation in cycle time reflects the variation in
the initial pose estimate mTD [k - 1 ] relative to the actual pose Large transformations be-
tween initial and actual pose result in an increased number of cycles required by the ICP al-
gorithm, and thus a longer overall cycle time Thus, faster object velocities typically lead to
longer cycle times, while slower velocities lead to shorter cycle times

6.0 Conclusions
We have described and demonstrated an approach for performing full 3-D pose estimation of
arbitrarily shaped rigid objects at speeds up to 10OHz The approach utilizes a high speed VLSI
range sensor capable of acquiring 32032 cell range images in 1 millisecond or less
Three fundamental difficulties in real-time pose estimation have been addressed by the cur-
rent work First, the direct use of 3-D range data circumvents the need to infer depth infor-
mation from 2-D data Second, direct matching of object surface data avoids the need to solve
the feature extraction and correspondence problems Third, computationally efficient algo-
rithms allow fast computation of the 3-D pose
Real-time 3-D pose estimation would be useful in a variety of situations In manufacturing
environments, it could be used in feedback control loops to allow a mechanism (i e a robot)
to perform an operation (i e grasping) on a moving part In the area of Human Computer
Interaction (HCI), real-time pose estimation could be useful for tracking movements of a
body part for subsequent interpretation as input to a computer In medicine, a variety of prob-
lems involve the need to register pre-operative, volumetric data with the corresponding anat-
omy of the actual patient The approach described in this paper may be useful in these cases
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FEKr L. HEAD CONTAINMENT IN TOTAL HIP ARTHROPI. -Y
STANDARD VS EXTENDED LIP LINERS

MAXIAN TA BROWN TD PEDERSEN DR AND CALLAGHAN JJ

Departments of Qrthopaedic Surgery and Biomedical Engineening
The University of Iowa Iowa City IA 52242

INTRODUCTION
Acelabular cup extended lip liners were developed in order to
reduce the dislocation rate for total hip arthroplasty In these
designs however the polyethylene liner extends considerably
beyond the edge of the metal backing setting up a potential
region of stress concentration at the supported edge Previous
work 1ll has shown that the metal backing can have potentially
deletenious effects in standard lip components To evaluate
the seventy of stress concentrations in extended lip liners we
used a three-dimensional dual interface contact finite element
(FE) formulation to study polyethylene stresses up to the point
of head dislocation
MATERIALS AND METHODS
Two zonings representing 28 mm components' were created
from manufacturer blueprint specifications Each liner
(Figure 1) was compnised of 800 elements in four layers with
an elastic modulus of 1400 MPa corresponding to oxidized
polyethylene [21 A perfectly conforming cobalt chrome
backing was represented by a rdgid B6zjer surface as was the
femoral head Thus the contact problem was formulated in
terms of two interfaces one between the metal backing and
the liner and the other between the liner and the femoral
head Rigid body contact modeling allows for large
displacement and separation in three-dimensions Nodes
within the liner located at the approximate site of the retaining
ning were constrained To investigate the effects of fniction
between the metal backing and the polyethylene liner the
coefficient of friction at this contact interface was modeled as
0 0 (fnictionless) 0 5 and 1 0 (no slip) The contact interface
between the femoral head and acelabular beanng surface was
assumed fnictonless

Figure 1 The standard and extended lip FE models
The acetabular components were positioned in neutral version
inclined 45 in the coronal plane A 3 0 kN force was applied to
the center of the femoral head vertically and then In a
succession of more laterally oniented directions until the
integrated reaction force no longer equaled the applied force
value a condition indicative of incipient dislocation of the
femoral head To investigate the importance of the backing
liner contact Interface two otherwise matching models but
with only a single contact surface between the liner and
femoral head were also created The metal backing in these
models had an elastic modulus of 210 GPa and was assumed
to be nigidly supported at Its extemnal surface
RESULTS
Under all load directions and fnictional conditions peak
polyethylene stresses were slightly lower in the extended
compared to the standard liner (Figure 2) apparently due to
the extended lip liners slightly larger contact area The limit of
stability for the femoral head was 39 from the vertical for the
standard liner and 50 for the extended lip liner regardless of
frictional conditions There was no eviderice of stress
concentrations due to bending at the edge of the cantilever
support in the extended lip As the coefficient of fniction
between the metal backing and liner was increased peak
polyethylene stresses increased only slightly as loading

appeared to shift from the component nims to the cup body
The single interface contact models followed the same trends
as the dual interface contact models with peak stresses
differing 1 10% from the frictionless solution and 1 5% frm
the no slip solution _:

Mises
~Stress (MPa)

15 3
2868
420

Figure 2 Coronal midsection von Mises stresses (with
fnictional coefficient = 0 5) for the standard (left) and extended
lip (night) liners
DISCUSSION
The present data suggest that in terms of polyethylene
articulation stresses extended lip liners may actually be
preferable to standard liners The extended lip liners were
able to maintain femoral head engagement over about an I11
larger range of force directions then the standard liners thus
providing the increased stability for which they were designed
At any given loading angle within the mutual range of stability
however polyethylene stresses differed little between the two
types of acetabular liners The relatively small differences
between the single- and double-interface contact solutions
suggests that the incorporation of the second contact interface
and frictional effects may be unnecessary for this particular
class of problems
I Duroloc DePuy Warsaw IN
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FINITE ELEMENT MODELING OF DISLOCATION PROPENSITY
IN TOTAL HIP ARTHROPLASTY

MAXIAN TA BROWN TD PEDERSEN DR AND CALLAGHAN JJ

Departments of Orthopaedic Surgery and Biomedical Engineering
The University of Iowa Iowa City IA 52242

INTRODUCTION
Dislocation rates of 5 /a following primary total hip arthroplasty
(THA) and 10/6 following revision arthroplasty are commonly
reported [11 The use of modular components to include
extended lip liners various acetabular beaning surface
geometnies and various modular taper head and neck
geometries create numerous potential design vanables
responsible for component stability and instability in the THA
construct While neck impingement is predictable simply on
kinematic grounds the dislocation process per so is far more
complex and depends also on the ratio of aricular contact
force to external moment as well as upon elastic deformation
of the component lip Previous laboratory investigations of
dislocation have used expenmental models which evaluated
bony impingement in combination with acetabular and femoral
component design considerations 121 To investigate the
contribution of vanous component design vaniables to inherent
component dislocation propensity we have developed a novel
3 D large displacement finite element (FE) technique
MATERIALS AND METHODS
Three 28 mm metal backed acetabular components were
considered a hemisphencal polyethylene liner with a standard
chamfered lip a greater than hemisphencpl component with a
non chamfered lip and an extended lip component (Figure 1)

CHAMFERED NON CHAMFERED EXTENDED
Figure I Coronal sections oftthe 3 0 meshes
In each case the acetabular component was represented by
an FE mesh with linear elastic matenial properties Each
acetabular component was then Coupled with two different
femoral component designs one with a neck trunion diameter
of 16 3 mm (N 1) and the second with 15 5 mm (N2) The
tapers on each neck were the same but because the proximal
neck diameters were different the first component had a
thicker neck than the second The femoral components were
represented by rigid Bezier surfaces and could undergo large
three dimensional motions In each case the metal backing
was ngidly supported The acetabular components were
oriented in neutral version with 45 of inclination The
extended lip component was oriented symmetnic to the coronal
plane The femoral components were initially oniented
perpendicular to the plane of the opening of the metal backing
Contact between the femoral and acetabular components was
assumed to be fnictionless The femoral head was brought into
contact under displacement control generating a 1000 N
medially directed force The direction of this containment
load was allowed to rotate clockwise duning femoral
component rotation To cause dislocation the femoral
component was rotated clockwise until solution Instability
occurred (the system matnx bhcame non positive definite i e
had negative eigenvalues) When instability occurred the
dislocation moment was recovered from the current loads on
the femoral head and the distance from the center of the
femoral head to the point of highest contact stress on the
acetabular component The dislocation angle was the angular
displacement from start position to instability (Figure 2)
RESULTS
The extended lip component had only slightly higher
dislocation angles and moments than the chamfered standard

lip component for the tested loading conditions The
alternative neck diameters had little effect on dislocation
propensity for a given acetabular component geometry
Table 1 Dislocation angles and moments

Chamfered Non chamfered Extended
Ni N2 Ni N2 Ni N2

Imp Angle( 55 56 47 48 59 60
Dis Angle( 66 62 53 53 64 63
Moment (Nm) 17 17 13 13 18 18
Imp =Impingement Dis =Dislocation
The non chamfered standard lip component had the worst
performance of the component designs tested This type of
component impinged and became unstable 100 sooner than
the other components with a dislocation moment roughly 250/
less than the other two components Peak contact stresses
encountered during dislocation senes-wide (15 MPa and up)
imply that plastic deformation would occur during dislocation

INITIAL
POSITION

Figure 2 The initial and unstable positions

DISLOCATION
ANGLE

DISCUSSION
This study demonstrates that the design of the acetabular
component plays as great a role in dislocation propensity as
that of the femoral neck Under the tested conditions the
exlended lip component appeared to be no more stable than
the chamfered standard lip one The non chamfered standard
lip component impinged and became unstable much more
readily than the other two acelabular component geometnes
This modeling technique should allow for efficient evaluation
of vanous design considerations Independently and in
combination to identify the choices and compromises
associated with stability in the THA construct
REFERENCES
1) Woo ef a/ (1982) J8JS 64A 1295 1306 2) Krushnell et al
(1991) JArthroplasty 6 S53 S58
ACKNOWLEDGMENTS
Financial support DePuy Inc

SOne or more of ihe authors have received something of value
from a commercial or other party related directly or indirectly to
the subject of my presentation

0 The authors have not received anything of value from a
commercial or other party related directly or indirectly to the
subject of my presentation

FULL Name Address Phone Fax and EI
Corresponding Author

Thomas D Brown Ph D
Orthopaedic Biomechanics Laboratory
2432 Steindler Building
University of Iowa Iowa City IA 52242
(319) 335 7528 FAX (319) 335 7530
tom brown@uiowa edu

Mail Numbers of

42nd Annual Meeting Orthopaedic Research Society February 19 22 1996 Atlanta Georgia 259 44

-ml

Mako   Exhibit 1003   Page  175



Jourual of Iniage Gutdid Suirgeyy 1 59-64 (199)

Computer-Assisted Knee Anterior Cruciate Ligament
Reconstruction First Clinical Tests
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ABSTRACT Anterior cruciate ligament reconstruction is a delicate task The procedure of choice
is the patellar tendon bone autograft, but an atusometric position of this tendon often leads to failure
We propose a method that allows positioning of the central part of the ligament graft at the least
anisometrnc sites The system uses a workstation and a three-dimensional opt1c;Ll localIzer to create
images that represent knee kunematics The surgeon uses these images to guide the surgerv This
technique has been validated on eight cadavers and 12 patients JnImage Gin:d Surg 1 59-64 (1995)
@1995 1% 11L% Liss [nc

Key uoids~ knee reconstruction, cruciate ligament, anterior cruciate ligament, patellar tendon graft

INTRODUCTION

The treatment of an injury to the anterior cruciate
li-anLnt (ACL) is difficult To replace a severed liga
ment the surgeon creates two tunnels one in the
femoral notch and one in the tibia and inserts and
attaches a graft insidL these tunnels The procedure
ot choice is the patellar tendon graft (Fig 1)

This surgical proLedure can be performed in
a classical open surgerv or under arthroscopy ThL
success of thle reconitruction depends on both the
selection of thL intraarticular graft position and the
initial graft tension If the insertion sites initial ten
sion geometry and MeLhanical properties of thL
normal ACL can be restored during reconstructi%e
surgerv the long t,-rm complications of an ACL in
jury can be greatlv reduced To determine the opti
mal placement of an ACL -graft the concept of

isometry has been ad&ocated by many authors C

This is a controversial approach but in our opin
ion using, this criterion is a good start towards a
rational and optimal surgery

The graft is att LIchLd at t%,,o points F and T on
thle femur and tht- tibi rcmspectiN ely A perfect isom

etry implies that there are no changes in the distance
bLtween F and T during flex ion and extension of thle
knee (Fig, 2) Conversely an anisometry is said to
exist when there is a change in tht, distanLe durinL,
knee flexion extension With \%eak anisometrv the
graft is subjected to nearlV constant tensile forces
Therefore the risk ot rupture because of excessi%.e
tensile force in extension or in flexion is reduced
and knee stability is impro%ed In reality the graft
is not of uniform diameter it approximates the Form
oftacylnder th itmwidens it its extremities Howkever
it the centers of the femoral and tibial attachment
SiHLS are nearly isometri thLn at 1,-ast the CLntral
part of the graft is subjected to constant forces There
tore in our model our optimal criterion corresponds
to thle minimal anisoimetry betwveen the centers ot
the ends ot the tunnels created by the surgLon on thL
femoral notch and thL tibia

There is a gceat deal Of controversy o%er thL
emplo-vment of different surgical techniques for po
sitioning Many of thLse tLchniques %tri%e to obt-in
ne'ir isometrIc graft placements To our knowlLdoe

RCU.I'.Ld original rLbru iiN 10 199.) Lccpted Februan 16 199.
AddrLSS corrL%pondnL/rL print reqULSIS to VinLLni D,-%SLnnlL TIMC IVIAG F.ILUIIL dL I'VLd,.cInL dL GrLnoblt. 3S706 Li
TronLhL FrinLL. eniilfnUl cl essenn,@imaQi r
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Fig 1 Anatomy of the anterior crULtate h6gament in the
intact knee

there is no easy fast and accurate technique to find
the least anisometric insertion sites T and F For
instance in the well known technique of
Rosenberg' the surgeon places a thin wire at some
point F that appears to be the most isometric Bv
measurnga the length variation of the candidate wire
using a standard mephanical isometer the suracon
then selects another attac,hment point This proce
dure is repeated until tht. anisometry is below a
given threshold (typically +/ 1 mm) or until the least
anisometric point is found We propose a system
that interactively predicts in real time the anisometry
and the profile of the lenoth variation at the graft
as a function of flexion angles tor any point on the
femoral notch surface

ATERLIS ANT) METHODS
The system we propose uses only intraoperative camn
ponents Radiographs computed tomography and
magnetic resonance imaging are not required The
entire system is instailLd on a cart and includes a
workstation (DEC 5000 running Unix) and a three
dimensional (3 D) optical localizer (Optotrak North
emn Digital Fig 3)

The optical localizer consists of three linear
charge coupled de% ice (CCD) cameras that detect the
position of infrared emitting diodes with an accu
racy of +/ 0 3 mmn The localizer can compute in real
time the po,,ition and orientation of rigid bodies made
of six diodes The four rigid bodies are waterproof
and can be sterilized with ethy[Lcnc oxide plasma or
liquid sterilization chemicals (Fig 4)

In the current version of the system the sur
geon drills the tibial tunnel without using thc corn
puter s)stem (see below) Thc system is used to
optimize thc placement of the femoral tunnel only

Fig 2 Attachment points of a graft F and T on the femur
and the tibia respectively Dunn, a ftxbon extension of the
knee the variation of tht. distance between F and TO Tj is
called anisometrv If the trajeLtov of T belongs to a sphLre
centered in F the graft is perfectIN isometric

The method can be divided into four steps as de
tailed below

Step 1 Passive Fle-oon-Ex-tension

At the beginning of the surgical procedure the sur
geon tirmly oxes two optical rigid bodies to the
femur and the tibia These nid bodies are used aS
referenLe coordinates systems namely RF for the
femur and RT for the tibia A passive flexion ec
tension is then applited to the knee by the surgeon
(Fig 5) For about 20-50 knee positions ranging
from maximal extension to maximal flexion the
surgeon presses a foot switch and the location of
the coordinate system RT with respect to RF is
computed and stored This gives a set at matrimes
RTj (j = I M) ordered by the knee flexion
angle (Fi1g 2)

Step 2 3-D Points Acquisition

The surgeon uses the third rigid body i e RP (rigid
body pointer) interactively to collect surface points
arthroscopically on the femur This 3 D pointer is
easily calibrated in approximately 10 sec using a

pivot technique by plating thie pointer tip at a fixed
1Lation (%%ith respect to an ther reference rigid
body) and rotating the pointer around that fixed
point (Fig, 6)

The XYZ coordinates of the pointer tip are then
computed in RP by locating the most invariant point
along these motions (with7a least squares approxi
mation) With this 3 D optiLal pointLr the surgeon
COlleLtS se%eral data points b% placing the tip in con
tact with the surface and pressing a foot S%% itch for
each point (Fig 7)
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Tibia! Attachment Point
Once the tibial tunnel has been developed the center
of its intraarticular extremity Td,,,Id is digitized with
the pointer An adjusted sharp rod is inserted into the
tunnel to provide an accurate central point to digitize

Fewioral Notch Surface
The surgeon acquires surface points on the femoral
notch in an area that corresponds to all the possible
candidate points for the femoral attachment site (typi
cally a region of less than 15 mm x 15 mm) A set of
20-lOO0points P =(t, v z,) I=1I N is acquired
in less than 2 mm

Step 3 Amusometry maps computation

At this stage all the data necessary to meet our cnte
rion have been acquired Three data modeling steps
are necessary before the result can be utilized by the
surgeon They are performed within I min of the
acquisition of the surface point data

Reconsh-uction of the 3-D majectory of T
Step I above grives a set of positions RTj of the
coordinate system RT in the femur coordinate sys
tem RIF Step 2 above gives the coordinates of
the tibial attachment point Tdrill d in the coordi
nate system RT Simple matrix products give a
set of point positions Tj j = I M in RF The
trajectory of the tibial point T,, lid is ro ughly a
portion of a circle This a posteriori compueation
makes it possible to perform step I and step 2 in
an) order

Spline Inte7 polation of the Fenzo? a! Notch-
Surface
The set of femoral surface points P = (t i, z) is
interpolated by a bILubic spline surfaceI To repre
sent the surface we haNe chosen a parametric repre
sentation of the type z =f (x 'N ) where f is a
spline function We initially compute the least
squares plane fitting the set of points P,~ so that two
vectors x and i~ belonging to that plane dtfine a
ne\% intrinsic surface coordinate system (i i z )
We call [H] the corresponding 3 x 4 coordinate trans
formation matrix between (v i Z) and (r I z ) All
the points P are first transformed in the intrinsic co
ordinate sN stem Mcore all the resulting points P are
interpolated by a spline f

This paranILILrization is simple and rLhabIL
since the surtdLe is digitized in a %mall arLa in which
only one spline patch ot the form =f (t 'N ) is
necLSSarN\ to rLprL sent tht, whole surface

ComplitatIon ofAituovietry Maps
For each point F of the interpolated femoral spline
surface the system can now compute the pre
dicted ligament length variation curve (in func
tion of flexion angles) and the anisometry crite
nion ANI(F) which is computed as the maximal
length variation

ANI(F) = MAX distance (F T')
MINJ distance (F T,)

By forming a regular grid in x and y (which
are the x and y coordinates of the femoral surface
points in the intrinsic surface coordinate system) we
obtain a grid of femoral points given in RF by the
equation given above Therefore, we can write AN!
as a function of r and )

ANI(r'I ) =

MAX, distance U([vC
MIN divance ([Hfl (t ' fCi ' )

By varying x and i in the region of interest
the result is an anisometry map on the femoral
surface that can be presented to the surgeon as a
pseudocolor imace A different color is asSOLiated
with each mm of% alue (Fig 8)

Step 4 Interactive Placement of the Femoral
Tunnel

The surgeon can now locate the most isometric point
on the temoral surface using any standard surgical
tool equipped with a fourth rigid body For instance
if we equip a drill it is calibrated easily and quickly
by repeating the pivot calibration technique de
scrinbed in step 2 above for two points along the drill
axis While the surgeon is moving the drill the sys
tem computes in real time the intersection point I
between the spline femoral surface and the drill axis
For that purpose a standard gradient conjugate
method iterativel% searches for the coordinates t.
and % such that the distance between the point (r
% f (r i~ )) and the drill axis line given at a
time t is zero Th~e point I is displayed on the
anisometrv map Ad the anisometry value ANI(U)
is displayed in millimeters The anisometry profile
which is the curve of length variation along, the flex
ion angyles is also displayed in real time The sur
geon can then easily adjust the position of the tool
until it is in a satisfactory region of the anisometry
map and then drill a 2 nm temoral tunnt-I at that
point The surgeon alwvavs has the system predIc
tion availabIL in real time in case the drill slips
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Fig 3 Workstation and 3 D 1LoAlzer installed on a i-art

slightly on the surface Such an error can be car
rected when using, larger drill diameters (the final
tunnel is about 10 mm in dIaMcter) It is also pos
sible to equip a standard guiding system n which
the drill is introduced (Fig 9)

CLINICAL VALIDATION

'alidation on Eig-ht CadaN er Knees

The sNstem has bten succe%stullv tested on eigyht
cadaNeric specimens In all cases anisometr) was
less than 2 mm Anatomi(-al results were detailed by
La% allee et al During this study we compared the
passi%.e flexionextension motions of the knee before
anN inter%ention and atter cutting the ligament Both
trajectories i%ere almost identiLal for all cases with
ditferences less than I mm Therefore for patients
with fresh ruptures of the ACL it is reasonabl, to
assume that a passise fle\ion/L\tension of the knee
performed at the beginningy of the operation repre
sents the kinematics at the normal knee

Validation in 12 Patients

The system has been SUccesstully tested with 12 pa
tients in OpLn surgyerN tar threL patients and under
arthroscopv for nine patients (Fig 10) Far the first
patients wse used a conSLr%ati%e approich in which
thL surgeon emplo%ed standard tLLhnique namely
the method of Morgan ct al M1hiLc thL systemn was
USLd simpls to nle IsUre ind StUdy the rLsidu il
anisometrk obtairILd For ethiL il rea%ons we did not

use the technique dirCtly without preliminary vali
dation ThL. position of the femoral ALt was acquired
with thL optiLal pointer with anisometry ranging
trom 1 5 to 6 8 mm and a mean value of 3 0 mm and
standard deviation of 1 7 min From the%L prelimi
nary results we conclude that thL. technique we used
provides good anisometry on a% erage but plaLements
with large anisometry still occur in some patients
In%ofar as standard devices are not adapted to each
individual patient these results were not unexpected
Our results reinforce the interest in our computer
assisted technique therefore the active use of our
system on a larger scale can now be planned

DISCUSSION

Cost vs Benefit

Because the purpose of our method is to improve a
standard technique only a long term studv can delh
nitely demonstrate that this new technique is better
thin previous ones Howe,,er cost and expected ben
efit Lan be analyzed

Genei a! Cost
Time is a critical factor in ACL reLonstruction since
thL leg, tourniquet must be remo%ed as soon as pos
sible (the time limit is 2 hr) Our method requires
less than 10 min during surgery and about 15 min
tar preparation before surgerv

The system adds cumbersome new equipment
in thle operating room and it may be difficult to use
initially However the %,hole system is contained in
a cart that is easilN brought into or remo-ved tram the
operating room Thle cart can be moved at anv time
without affeLting accuracN because all coordinates
are aLquired in relative coordinate systems The svs

hig 4 Optical ritid bodILs each made oft!3ix intrared
diodLs Two n-id bodies are fixed on the tibia and femur one
ri id body is a pointer to LII,-ct 3 D data points and anothLr
one locate% .an% existin- sur-IL.al dnlI or LUide
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Fig 5 Two OptlLal rigid bodies each with six intrarcd
diod,.s arL. ittachL.d to tht. femur (RF) and the tibia (RT) A
pa%!,i%e motion tromn IlLmon to extension is applied to thL.
knLe Thi-. %yst.mr reL.ords the positions of the coordinate
s% %tem,, durn-..that motion

(Lil is also stronaIN interactive and easy to under
stand ThL acquisitions with the optical localizer must
be perforrnLd %when the field betwveen the cameras
ind tllL rit,id bodies is tree but that constraint has to

bL Met for onlv a te%% seLonds Importantly the sur
Leon L.an Lontinue with the standard technique and
material and use the new system as an additional aid

,kddin~, any equipment in the orthopedics sur
(YIL 11 room- inLrLCS thL risks of infection SpLL1Ia
Lare must be taken reg irding sterilization techniques

In tL.rm,, of cost the ne%, method requires only
standard COMPUtL.r and a 3 D optical localizer The

hardss arecLOMponLnts of these systems are now in
e-,pensi%e O\er time Cost effiLaL) will impro,,e as
t11L prILOf the surg-IL.a11dt. ice deLreaSLS

E-tpected Beicefit
For each patient the s\stem helps in obtaining an
optimal plaL.ement ot the graft Unlike many currentl)
used techniques the s,,stem is not operator depen

Fig 7 The surgeon use% a 3 D pointer fixed to an optical
rigid bod% This alloms collection OtftLoordinates ot specific
points or surface points in RF or in RT

dent Outcome depends more on the characteristics
of the knee than on the quality of the surgery Ob%,
ouslv the new system does not remove the need for
surgiLal expertise but it is an additional tool that pro
motes minimal graft anisometry We assume that this
will impro%,e the stabilitv o1 the knee while inLreas
iniz the lifetime of the graft Our system should help
surgeons- to xLquirt. e\perienLe and knowledi rap
idly to performn SULLtessful ACL reLonstrULtion

Optimizanon of the Tibial Axtachment Point
The siLmif[Lance ot the position of the tibial tunntL]
vs the-temoral point in anisometrv is debated -5 We
ha%e found that chingingy the lOLatIOn Of the tibial

0 00

P it, 6 Tht- %Lmxon p] ILLI. thL. pointLr tip it a liixed ILot11101n
ind rod(I,tt(IlL .Poini(Lr around that fixed point

F%t 8 T% PIL.11 anisomartN map A p%eudoolor pres.ntaition
ot IhL. preditLd anisonleti-N on thL. femorjl,,urtJCL. I% dibplI%L.d
as an IM.-L An interaiti%e 3 D sts alloms obhL.r%jtion ot
tht, tibial point tIjLt.ror%s the splint notch surf aLe and tht.
anisomemrsnmp on tht.L jur!,urlJt.t For an% tLandidat. point
F ILt. ustr intrl ILLtprL,,ents (ht. prt.dictL.d inisometr% %alUL.S
Ind profik-.
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Fig 9 Any surLtical toot can be equipped with an optical
rigid body so that the position ot the tool is displayed in real
time on the anisometry map

tunnel in the tibia significantly moves the location
of the least anisometric corresponding point on the
femur Indeed for all the tibial insertion sites of a
reasonable area the anisometry maps on the femur
have similar shapes and values but they are trans
lated I hu for any tibial insertion site (in a reason
able area) there exists a femoral insertion point with
a correct anisometry (below 2 mm)

However an extended version of the system
performs some optimization on the tibia It is im
portant to avoid notch impingement collisions be
tween the ligament graft and the femoral notch at
maximal extension Therefore this new version re
quires acquisition of surface points on the tibia and
then allows prediction of collision for two given
points T and F

Towards an Easy Single-Tunnel Techmque

The single tunnel technique advocated by some au
thors is difficult to perform The technique we pro
pose make the sinale tunnLl technique easy fast and
accurate A user interface is beinga developed to help
the surgeon make a dirCt straight tunnel into the tibia
and the femur respecting the collision free constraint
mentioned above and still optimizing the anisometry

CONCLUSIONS
ACL rConstrULtion is a dLl1LJ1L task for whiLh many
techniques have been adVOC.ItLd The system we pro
pose is accurate is not opeiator depLndLnt and opti
mize% a defined criterion It is based on affordable tech
iology that does not require radiographs or
preoperative imagin, Thi- surgery is based on images
that are created intraoperativelv to represent complex
dynamic data in a simple wa) In that sense the sur
gery is image guided The system is very interactive
and simple to use It could readily be applied to other
ligaments for which isometr) is desired

To facilitate further de%elopment a realistic
model of the ACL is needed This would allow the
use of criteria more exactinu than the relatively simple

central isometry criterion Therefore we are de
veloping an elastic modt.1 of the ACL as a part of a
more complex model of the %k hole knee
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Abstract In Computed integrated Surgery (CIS), the registration be-
tween pre- or mntra operative images, a.natomiucal models and guiding Sys-
tems such as robots or passive systems is a crucial step In our mnethodol
ogy, rigid or elastic transformations are estimated using non linear least
squares miminuzation of euclhdean distances computed on data that can
be 3D surfaces or 2D projections This paper shows the variety of results
that is achueved with this framework on several clinical applications

1 Introduction

In Computer integrated Surgery (CIS) , the registration of the whole information
available for a given patient is an essential step [TLBM95] See [Lav95] for a
review of standard methods Several kinds of data may have to be registered

- Prec operative data medical images such as CT, MPJ, TEP, SPECT, or
models such as brain atlases (usually the basis for the surgical planning)

- Intra operative data medical images provided by low cost systems ( X-rays,
echography, microscopes or endoscopes), or positioning information provided
by various sensors ( optical, ultrasonic, mechanical, or electro-magnetic 3D
localizers, range imaging systems) Guiding systems that can be passive 3D
localizers or active robots have also to be registered with the images on which
the surgical planning has been defined and updated For that purpose, the
guiding systems have often to be calibrated with intra operative sensors,
which are in turn registered with the whole information

- Post operative data similar to pre-operative data The) have to be regis-
tered to measure the efficiency of an intervention and to update the models

A typical application will have to register pre operati%e CT images wvith a
3D passive or active manipulator during surgery [LST+94] In most of Atan
dard registration techniques used in CIS, material structures such as reference
pins or balls have to be fixed to the patient For several years, our group has
been iworking on the concept of anatomy based registration according to %hich
some reference anatomical structures of the patient provide sufficient features
for registration See (Lav95, LSB95] for a description of our methodology
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In this section, we briefly present the algorithms that enable us to register a 3D
surface model S with various sensor data For all these algorithms, it is neces-
sary to precompute and store a 3D distance map associated with the 3D surface
model S This distance map is a function that gives an approximation of the
minimum signed euclidean distance i to the 3D surface model S from any point
q inside a bounding volume V that encloses S This signed distance function is
positive for a point located outside the surface S and negative for a point located
inside it Therefore) the zero of the 3D distance function gives a unique implicit
representation of S The distance map that we use is built from just a collection
of 3 D points lying on the surface S and it is represented by an octree-spline
which is a 3D adaptive and continuous distance map whose resolution increases
near the surface, see [LSB91] for more details

Rigid 3D-3D registration algorithm
In most of applications, the 3D model is the result of a segmentation pro-

cedure applied to MRI or CT images of a reference structure and sensor data
can be represented by a collection of 3D points obtained through segmentation
of a second series of 3D images (CT, MRI, ), through manual digitization of
surface points (e g , using an optical pointer), through 2 5D ultrasound image
segmentation, or through range image acquisition

In this case we look for the rigid transformation T(p), that depends on a
6 components vector p (3 translation components and 3 Euler angles), between
the surface S known in Ref3D and a set of Mp points q, known in Refsensor
(we make the assumption that most of the points q, match to the surface) We
look for the parameters p that minimize an error function given by the sum of
squares of distances between the surface S and the 3D sensor points transformed
by T(p) in the 3D reference system The criterion to minimize is

E (p) =~- e (p)]'= [d(T (p) q1,,S)] 2 )

where d(T(p) %,, S) is the minimum signed distance between the surface S and
the data point q, transformed by T(p) in the 3D reference system o-' is the
variance of the noise of the measurement e,(p) The minimization of the error
function is performed using the Levenberg Marquardt algorithm [PFTV92] Ro-
bust estimation is also perfbrmed by simply removing the outliers exceeding a
given threshold and starting again new series of iterations

Rigid 3D 2D registration algorithm
Sensor data may be also 2D X ray or video projection images that have to be

registered with a 3D surface model (LS951 To perform such 3'0 2D registration,
the first step is to use the result of sensor calibration to calculate in Refsensor
the p-rojection lines L, associated with some pixels P, that lie on the external
contour of the projections of the reference structure We then use a least squares

v
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formulation similar to the previous one, except that the criterion (1) is now
replaced by M

E(p) = E 72d1 (t(),S]2(2)

where di (1,(p), S) is the minimum, along the projection line 1,(p), of the dis-
tance, computed in the octree-spline distance map, to the surface S 1'(p) is the
result of transformation T(p) applied to the projection line L,

Non rigid 3D-3D registration algorithm
The data can also correspond to a structure slightly different from the model

(e g , registration of a patient's brain with an Atlas, or tracking of deformations)
For such non rigid registration, we extend the rigid 3d-3d registration algorithm
by a significant modification of the transformation T Instead of 6 parameters,
we have now hundreds of parameters p that describe the transformation between
Ref3D and Refeensor Although we match surfaces, we represent the deformation
as a volumetric transformation, that is represented by a second octree-spline The
coarsest level of the deformation encodes the global (e g , affine) transformation
between the two surfaces, while finer levels encode smooth local displacements
which bring the two surfaces into closer registration A 3D displacement vector is
associated with each corner of each cube of the octree-sphine built on the 3 D data
points The xv coordinates of all these vectors constitute the parameters we are
looking for For any point q, in Refeensor, the transformed point r, = T(q,, p)
is computed in Ref,3D by interpolating the displacement vectors located at the
corners neighboring the point q, Therefore, the parameters p can be seen as
the coefficients of an adaptative 3 D spline The energy that we minimize in this
problem is given by

E(p) -, Z d4cr,S)I' +7%'m (p),
0" 1

(3)

where d(r,, S) = d(T(q,, p), S) is the minimum Euclidean distance from the
point r, to the model surface 5S Compared to equation (1), we have added a
regularization term R,~(p) that makes the problem well posed (the solution
is unique) This term is a combination of 0th and 1st order stabilizers that
tend to minimize and smooth the amount of deformations The minimization
of this energy is much more complex than the previous one, and the use of the
Levenberg Marquardt algorithm now requires to solve a very large sparse sys-
tem Therefore we have chosen to use a single step of preconditioned conjugate
gradient descent using also hierarchical basis preconditioning techniques to make
this process converge faster [SL94)

3 Results of registration algorithms in various clinical
cases
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In this application the scalp surface of a patient has been segmented on both
MRI and CT images The 3D 3D registration algorithm is applied on these two
surfaces The convergence takes only one second on a DEC-alpha workstation
Once this registration has been performed, for each MR image, the corresponding
re5liced CT image is computed and superimposed as we can see on Fig 1.

The application of the same algorithm for SPECT/MR1I registration using
an intermediary Range Imaging Sensor is also presented in [PLC+931

Registration using a manual digitization of surface points
Using an optical 3D localizer makes it possible and easy to collect a set of

surface points manually For example, during an operation on spine, a surgeon
can acquire some surface points lying on the posterior part of the vertebra These
points are registered with a CT surface model of the same vertebra The overall
accuracy is better than 1mm This technique helps the surgeon drill a trajectory
which has been defined on pre-operative CT images Fig 2 shows the algorithm
convergence between 3D surface points of a vertebra and the 3D surface model
of this vertebra This technique has been applied for open spine surgery on 6
patients [LST+94]

Registration using an ultrasound probe (2 5D ultrasound pointer)
It is also possible to replace a simple 3D digitizing probe by an ultrasound probe
to acquire 3D data points during an operation 'The idea is to measure the po-
sition of the ultrasound probe in space by adding a sensor on top of a standard
ultrasound probe On each image, some points that lie on the edge of a refer-
ence structure such as a bone are segmented, and this process is repeated for
several images The result is a set of 3D points in Refsensori arranged in pieces
of planar curves The whole system that encompasses the ultrasound image dig-
itization and segmentation is named 2 5D ultrasound pointer Such data can be
registered with a 3D surface model as in previous examples This technique has
been successfully used for percutaneous spine surgery [BTML931 and for patient
positionning in external radiotherapy [TMB+94] (see Fig 3)

Registration of a 3D Surface with 2D projections
The technique of 3D/2D registration has been tested on vertebra and Akull

surfaces interactively segmented on a pair of calibrated X rays and serni automatically
segmented on CT data Independant error measurements were obtained for both
%.asez less than 1mm for the vertebra, 2mm for the skull This method has been
technically validated for percutaneous spine surgery [SCLT92) Fig 4 shows the
results obtained on a skull

3D 3D elastic registration between two faces
To demonstrate the local non rigid matching we use tw9. (different sets of

ranage data acquired wth a Cyberware laser range scanner In their initial po-
sitions the data sets overlap by about 50% and differ in orientation by about
10' (Fig 5a) Here, the octree spline distance map is computed on the larger of

Ii

11

I;

Mako   Exhibit 1003   Page  185



the two data sets (georgei), and the smaller of the two data sets is deformed
(heidi) After 8 iterations of rigid matching and 8 iterations of non-rigid affine
matching, the registered data sets appear as in Fig 5b We then perform 8 it-
erations at each level of the local displacement spline for 1 through 5 levels
The octree spline has a total of 5728 cubes for a total of about 17000 degrees
of freedom Even with our large number of parameters, the algorithm converges
very quickly, because it is always in the vicinity of a good solution (a typical
iteration at the finest level takes about 2 seconds) From Fig 5c, we see that the
two data sets are registered well, except for the eyebrows

4Conclusions

In this paper, we have presented the application of quite simple registration
techniques that we developed in the past five years for the domain of Computer-
integrated Surgery We have shown on real examples that a methodology based
on distance minimization between anatomical reference structures can be used
efficiently with many different types of data (3D) images, range images, 3D points
digitized manually, 3D points extracted on 2 SD ultrasound images, X-ray pro-
jections, models) All the results presented in this paper were obtained in a
few seconds on DEC-Alpha workstations The accuracy required for the specific
applications was obtained in all cases
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Fig 1 superimzposition of MRI and reshced CT umages after rigid 3D 3D registration
using the scalp surface The result is visually perfect
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ASPECTS AND ANALYSIS OF
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ABSTRACT The paper discusses aspects of the concept of
a computer integrated coupling of planning and execution in
orthopedic surgery by means of individual templates This
preoperative non invasive procedure and technique for
identification localization and treatment of bone structures
permits intraoperatively a geometrically exact reproduction
of the workstrategy defined in the preoperative phase of
surgical planning After the general feasibility has been
demonstrated in some exemplary applications a detailed ana
lysis of spectfic clusters of potential applicattops must be
performed This is an essential base for the ergonomic
system design and synthesis of standardized solutions with
practical relevance within clinical routine General aspects as
well as experiences concerning two exemplary in vitro and in
vivo applications are discussed

I INTRODUCTION

There are many technologies in civil industrial environment
which would be useful as tools within the surglical
work-process (concerning its primary effects) This exactly
was the idea of Kwoh et al /5/ one of the pioneers in the
field of medical robotics Recent research activities
concentrated on the related problems of multimodality
information processing satety and sensor concepts as well as
adequate robot control strategies /2 3 4 12/
An ergonomic analysis of the workprocess shows that the
intraoperative process cannot be supported efficiently by
simply planting high tech components into the complex
workprocess of a surgical intervention
One problem occuring in the course of surgical inter
ventions is the matching of multidimensional information
and action represented in different reference systems
(geometries forces) In Orthopedic Surgery the
motivation for translating an geometrically exact preopera
tive planning into the exact reproduction in relation to the
reference system of the bone structures within the operating
site is for example the necessity

to aim a target point like a cystic cavity (defined entry
point and trajectory)

to omit sensitive structures like nerves or vessels
to circumscribe relevant stuctures like mxrrow cavities or

tumors
to reconstruct optimal biornechanical conditions (e a by

the definition of a first exact reference tibial cut in
the case of knee TEP)

to get a defined lit between implant and bone (e a hip
TEP) or fraoments of bone (e y craniofacial
Sur,2ery) c

The complexity concerning planning and execution for each
of these criterias differs very much and depends on the
requirements of each specific application
The need for a better technical support results in the goals to
reach

higher precision accuracy and efficiancy
shorter time of intervention and anesthesia with less blood

loss
reduction of stress and strain for the patient as well as for

the operating team
quality standardisation on an expert level even for a broad

clinical application and last but not least
the possibility to develop new less invasive operative

strategies using new support systems /10/

Working on rigid bone structures the problem of deformation
or dislocation as it occurs in the case of soft tissue targeting
is not relevant But many problems remain
If we want to profit from the possibility arising from digital
imaging and 3D) reconstructions we have to provide functi
onalities and user interfaces which allow the surgeon as a
non technical user to integrate his medical knowledge He
must be able to perform the surgical planning at least as
efficient as he is used to do it in the conventional wav Then
we have to provide a possibility to store this planning and to
transfer it into the operating room Also this step must be
designed taking into account ergonomic aspects and the
boundary conditions of clinical routine Finally the exact re
production of the planned work on bone has to be supported
The surgeon must be able to control the intraoperative work
on bone anytime All effects of i technical solution must be
compared with each of the goals mentioned above Higher
precision should not necessarily result e g in a higher
intraopemauve workload We have to investigate how and in
which sequences and applications advanced technical means
could improve surgical therapy Generally holds that a
simple and robust (not necessarily computerbased) solution
providing an optimal therapeutical result is the best one

II THE PRINCIPLE OF INDIVIDUAL TEMPLATES

The inEraoperative workprocess should not be loaded
additionally by time consuming interactions with complex
technical system components Starting with this preliminay
essence of our ergonomic worksystem analysis we developed
the concept of individual templates replacing the intIra
operative robot bv a preoperative NC milling machine
Individual templates are provided to store the information
defined during the preoperative surgical planning in a way
that it can be used int&'operatively in a very simple and even
familiar manner 0
In orthopedic surgery standard templates and toolguides exist
mainly for interventions in the area of extremities But their
positioning and orientation in spatial relation to bone is not
exactly defined and reproducable according to the preoperatve
planning In most cases averaged geometrical relations of
anatomical landmarks are assumed As an exact positioning
in spatial relation to the bone can be crucial to achieve for
example physiological biomechanical conditions this seems
to be really suboptimal For pathologically deformed bone

k
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structures and for many interventions in the area of spine or
pelvis (mainly implant independent interventions) no
toolguides are available
But templates are familiar tools In orthopedic surgery In
principle the only missing information is the exact
correlation between the referelICL systems of the bone
structure the surgical planning and the toolguides
Additionally individual geometries like backside contours or
other 3D structures defined by the individual surgical
planning should be reproducable (for example for limiting
cuttin g depth) This bottleneck can be opened providing
individual templates

The idea of individual templates is to add the missing
information and to provide an easy to use "hardware based
3D/3D surface matching between the reference systems of
the operating site the computerbased model and the planning
of the intervention

CIAO COMPUTER INTEGRATED ADVANCED ORTHOPEDICS

~a -~ ~ M1IN,

Fig I The concept of computer assisted orthopedic surgery
by means of individual templates

Individual templates are generated on the base of 3D
reconstructions ot the bone structures extracted from CT
image data and depending on the individual preoperative
surgical planning Negative hardcopies of small segments of
the natural surface of bone normally preparated by the
surgeon in the course of a conventional operation are defined
and manufactured preoperatively by means of CADCAM
technology The contactfaces arc milled in small semi
finished plastic blocs of PNINA or PC adapted to the
standard size of the surgical portal depL.nchng on the kind of
intervention Apart from these cont3ctfaces already simple

tool,,uide.s like jig bushes sawguides and even 3D-copying
devices can be adapted or fixed in or onto this basic body of
the individual template Intraoperatively the spatial relation
of bores cuts or milling to the bonestructure defined by the
preoperative planning can be reproduced simply by putting
template formnclosed on bone /6/ In this way the surgeon is
guided intraoperatively according to his preoperative
planning reducing time for execution and freehand work to
minimum and increasing precision and accuracy
Of course this principle could also be used to define the
correlation between the reference system of any bone
structure and the tool coordinate system of a robot or passive
manipulator such as described in 1

Until now we investigated and improved the technical and
medical feasibility of our concept with a series of in vitro
experiments and in vivo investigations The interventions
could be performed already satisfactorily by means of the
intraoperatively easy to use individual templates with
integrated tool guides so that an application of robotic
solutions seems not to be evidently indicated until yet
In the next section we want to give some examples
illustrating the concept of individual templates

III EXAMPLES OF POTENIAL APPLICATIONS

For our initial experiments with anatomical preparations we
choose the example of a transpedicular drillig in a vertebra
necessary for the fixation of pedicle screws e g in the course
of scoliosis therapy Convenuionally drilling is piloted by
first introducing a thin tictial probe into the estinmatedi bone
channel The positionning is controlled by intrmoperative
biplanar x ray imaging The fixation of the screws in
corticn.1 bone of the pedicles as well as of the vertebral body
is essential for a good anchoring But the screws should not
break through the ventral surface of vertebral body The
direct neighborhood of the spinal cord roots and of blood
vessels imply quite a high risc

Fig 2 3D/3D matching of the computerbased model and the
operating site can be reached by simply putting the
template on bone

Based on the 3D reconstruction of a vertebra and in
consideration of the mentioned medical boundary conditions

I
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we defined an individual template with contactlaces reflecung7
segments of the bone surface normally preperated in the
course of conventional scoliosis surgery
Jig bushes integrated into this individual template defined
exactly position orientation and depth of the transpedicular
bore according to the surgical planning within a tolerance of
less than 1 mm

There are many other examples for this ID" application
consisting in the preoperative definition of a linear trajectory
between an entry and a target point As a second potenuial
application we simulated the punction and refilling of a
cystic cavity in femoral head In this case a repositionning
osteotomy can be necessary for turning the cystic region out
of weight bearing area Using individual templates the cystic
cavity can be aimed precisely and the obteotomies can be
reproduced according to the surgiclpann

Fig 3 a) The principle of a punction of a cystic cavity in
femoral bone combined with repositionning
osteotomies b) CAD simulation f7l

In total knee arthroplasty an initial cut in tibial bone serves
as a reference for the succeeding steps of work on bone Its
exact positionning in spatial relation to the bone axes is
crucial for the optimal success of therapy Furthermore
cutting depth should be limited to the backside surface of
bone to conserve the posterior crucial ligament as well as
nerves and vessels going through the hollow of the knee
Figure 4 shows an individual template for this category of
interventions The cutplane is deined by a sawguide fixed
onto the basic body of template
The individual template with its contactfaces is adapted to
the surgical portal as well as to the specific medical anid
technical boundary conditions (e a concerning the
importance of the axib of bone)
Additionally a 2D copying device limits cutting depth
according! to the backside contour of the tibial bone A
known geometry and kinematic of the saw (e a a TIJKE
saw) as well as a calibrated copying. cam have to be assumed
Whereas thL conventional templates working on the base of
inuramedulare pails are SU13it-k in the case of undeformed
bone this new technique is useful especially in the case ot
pathologically dLformned bone structures

Fig 4 Individual template for the total knee arthroplasty

But this technique also opens new doors towards new
concepts and strategries in therapy For example we investi-
gated the possibility to perform the correction of a scoliosis
up to 45* COBB ingle by means of repositionning
osteotomies of the vertebral bodies without a lasting,
stiffening of spine Individual templates would be necessary
to reproduce intraoperatively the position orientatuon and
depth of the osteotomies as well as of the transpedicular
bores which have to be performed uniquely through a ventral
portal [M

5 Correction of scollosts through a ventral portal
by means of Individual templates

Fig 5 a) The principle. of a scohosis therapy by means of
repositionning osteotomnies 17/
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Fig 5 b) individual template with a contactface to vertebral
bone and a copying device limiting cutting depth to
the backside surface of vertebral body

Fig 6 Principle and CAD Simulation of the 3D preparation
of the marrow caivitv in femoral bone

Last but not least individual templates can be used for the
the intraopermtive reproduction of 3D work on bone Fig 6
shows a CAD simulation of the preparation of an implant
cavity in femoral bone A 3D copying device representing
the relevant geometries (like e g the shape of an implans
shaft) is nigidly adapted to the basic body of an individual
template The milling tool is equipped with a compact
parallel guide and a copying cam Through the defined spatial
relation of this individual template to bone the surgeon is
guided according to his preoperatj,,e planning by simplv
moving the copying cam (together with the milling tool)
within this copying pot

In the following we want to point out some more general
aspects WL. discuss two vtr, different but nevertheless very
typical examplcs for the analysis of potential applications
being an essential part of our recentw'ork

IV GEINERAL ASPECTS AND ANALYSIS OF
POTENTIAL APPLICATIONS TIWO EXAMPLES

To b#- of some relevance and benefit for the clinical routine
punctual technical solutions arc of limited value only BUL
the problems to solve for getting standardized solutions with
necessary and sufficient functionalities practicable within
clinical routine are highly interdependent arid complex Task
allocation (man/man as well as man/machine) information
flow user interaction quality assurance manufacturing
devices and irastructures are only some aspects of an
ergonomic system design The exact analysis of potential
applications and related worksystems as an essential base of
an ergonomic design approach is one main subject of our
ongoing research /9/
Startng with analysis of complication reports intraoperative
work.procesbes as well as in interviews with medical experts

we identify an increasing number of possible applications
The suitability and the requirements concerning geometries
accuracy topologies materials etc must be clarified At
least the ratio of costs to benefit will decide about the extend
of application within clinical routine For the delimited
applications we must analyse and characterize exactly the
medical and technical boundary conditions interdependences
and bottlenecks conventional tools infrastructures and
techniques concerning surgical planning and intervention
In a second step the results must be classified and trans
formed into clusters of similar templates which have to be
standardized concerning their geometries accuracies topo
loay material and relating toolouides In consequence the
related chain of ima le (geometrie ) acquisition, surgical
planning and finally the design and manufactmring of the in
dividual templates as well as the related manufacturing
devices semifinished material and infrastructures can be
standardized.
Concerning for example the standardisation of surgical
planning and computer assisted design of individual
templates for specific interventions we investigated the
exKample of a punction and refilling of a cystic cavity in
femoral head As a workplattform we used a conventional
CADCAM system For the definition of the contact faces
two cutplanes and one bore 17/ as well as the design and
preparation of the NC programn generation for manufacturing
the corresponding individual template a proficient user needs
about 50 to 60 minutes Through the standardisation and
makroprogramming of semifinished templates (3 sizes)
toolouides workviews functionalities and user interaction
sequences the same procedure performed by a nontechnical
user takes about 3 5 minutes without any restriction
concerrnn the requiredrsl
But the complexity of 4ndividual templates and toolguides as
well as the related functionalities user interaction sequences
and possibilities of standardisation strongly depend on the
requirements of e3ch specific intervention

In a second step the delimited functionalities can be
implemented into our desktop 3D surgical planning system
DISOS /7 8/ (fig 7) we are designing with special respect
to the surgeon as a non technical user
Apart from pages for data management diagnOSiS image
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processing and a general planning page with basic tools for
simulating and planning work on bonestructures DISOS
will provide seperate workpages optimized for specific
interventions with individual templates The system
represents a work-plattform for the evaluation and selection of
concepts and solutions by means of in vitro and in vi%o
investigations

Fig 7 DISOS (Desktop Imageprocessing System for
Orthopedic Surgery) definition of a cutplane on the
general planning page

Concerning the question of task allocation between man/man
and mani/machine one aim is to reach an optimal level of
automation and to standardize as well as to integrate as far as
possible (and r-asonable) technical CAD/CAM features
within the planning system

We want to present two typical examples for our actual in
vesticrations

a) Tnipleosteotomv of pelvic bone by means of individual
templates

The first surgical intervention with individually designed
and manufactured templates has been a tnipleosteotomy for
repositionning glenoid cavity of the hip joint It already
confirmed the concept /7/ (Fig 8) We used three
independent templates for the three ostcotomies and one
bore The intervention was planned by the surgeon with
DISOS and the data was transmitted to the CAD/CAM
device The intraopemative x ray control showed that the
cutplanes and the bore defined by the templates were exact
3D reproductions of surgical planning An ongoing clinical
evaluation of this approach will include about 20 cases of
this (not very frequent) intervention

In the meantime we are working out a detailed
characterisation and standardisation of this intervention CT'
scan is already today a stindard imaging modality to perform
surgical planning It can bL standardized by means of
anatomical landmarks concerning! ROI limitation and
standard bone image reconstruction alorithms with low
mAs products To minimize radiation we are investigating
the use of lar2er slice distances up to 8 mm Thiree cuts (os
pubis os illiacus os ischiaticus) and one bore (to fix. a

handle for manipulating the isolated fragment ot glenoid
cavity) have to ty- performed The pubis cut is not critical
and can bi. carrILd out freehand The intra0perative
th reed imens ional reproduction of the other cuts and the bore
is much more difficult because of the very small independent
surgical portals thL complex geometrie of pelvic bone and
the necessity to omit sensitiv strucures like the glenoid
cavity and obturatorius nerves Conventionally this is
pertormed in time consuming iterative procedures under
repeated or permanent X ray control Position and orientation
of each cut and of the bore is defined individually but under
consideration of certain standards concerning anatomical
landmarks topographies and spatial relationships

Fig 8 Tnipelosteotomv of pelvic bone by means of
tindividual templates a) the principle b) the
templates c d) innroperative use and x ray control
on os ischiaticus (c) and os idhacus (d)

The semifinished templates have very simple geometries
which could be provided in 2 or 3 sizes typical for each cut
A jig bush (only its length must remain variable) is
integrated into the template defining the cut on illiac bone
Thus desigyn and manufacturing of these templates is easy to
standardize In consequence we are working on concepts for a
low cost easy to use manufacturing device specialized and
adapted more efficiently to the specific process of
manufacturing various standardized templates Our
investigations concerhing manufacturing modaliuies for
individual templates alSO included methods like
stereohilhogrmphy or solid modelling But these methods do
not seem to be adequate solutions concerning a rational
accurate and economtc manufacturing0

Finally the individual templates are stenilized and transmitted
to the operating room together with the conventional
surgical instruments The reproduction of the preoperative
planning is performed by putting templates formclosed on
bone X ray imaging normnally is only necessary for a single
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final check aild tor dOCUMLnl,-Ltk

b) Decompression in cervical spine

The second .ery diffcrent examplL is a decomprfssion in
cervical spinf- This intervention IS MULh morL dtlicale
concerningy the Lrglonomic design of the neCLSsav and butfi
cient functionalities and tools for thL preoperative planning
as well as the intraoper.1t1VL LXCCUtion IViii1lv dhe aspect of
quality assurance gets much more important 2D) and 3D
copying devices must be provided for limiting cutting depth
The required accuracv is at the limit of CT image resolution
Intmaoperative control of the work on bone is much more
difficult The performance of decompression procedures mlies
on CT scan and M4RI ima ling techniques However after
diagnosis stagying ot stenosis the execution ot the
intervention has to be carried out freehand moving drills
burrs and other tools Our technique of creating individual
templates the work on bone guided by the preoperative
surgical planning could facilitate tasks in the vulnerable
region near the medulla The analysis and optimization of
this intervention is one subject of our actual work After the
analysis of the conventional methods and the delimitation of
its bottlenecks exemplary solutions for the following steps
of process have been generated to be able to perform a first
simulation and evaluation of this approach

imageacquisition (CT)
evaluation of deoree of stenosis (DISOS)
planning of the amount of decompression
necessarv dorsally or ventrally (DISOS)
precising details of di fling and cutting (DISOS)

(figa 9)
exemplary design o1 templates (CAD) (figl 9)
manufacturing of individidual templates (CANI)
intraoperative recalibration of the milling tool
simulation ot an intervention with application ot
templates reducing freehand work to minimum

OR ) (fligcy9)
evaluation ot accuracy delimitation ot points to
optimize and of necessarv functionalities
concerning, CT DISOS CAD/CAIM and OR

The techniques of both a dorsal opendoor decompression (a
Hirabayashi type) and an anterior transcorporal decom
pression have been demonstrated on cadaver material /I1I/
The individual templates with its contactfaces and 3D
copvingy faces are manufactured of PC (Polycarbonate) thus
being, suitable to be sterilized by conventional steam A
circular jigy plate (fig 7) aids the surgeon to maintain a
perpendicular mode of cutting A small copving cam is fixed
onto the mill (figi 7) After assembly the template finds its
position on the surface af the cervical spine
An initial bore %as used to chtck and recalibrate the length
of the milling tool in relation to the copying cam This bore
was guided alreadv by the individual template but the milling
head was advanced very carefully until the vertebral larnina
was slidely perforatLd without an injuring of the dura

a

fl-i

Fig 9 a) evaluation of degree of stenosis (DISOS)
b) Planning of an opendoor laminectomv with
DISOS (C3-C6 from dorsal)
c0 CAD simulation demonstrating the principle of
3D-dLpth limitation
d) template for an intervention through a dorsal
portal after assembly e) innroperative application
f) intraoperative application ot a template for a
transcorporal decompression through a ventral
porial

The lengyth of the milling tool and the position of the
copying cam on th. copN~ ing surface was checked Afte- this
recalibration both sides of the laminectomy could be
performed very quickly The milling tool is moved
perpendicular to the template and is guided by the profile of
the copying profile or surface respectively Several layers of
bone are subbequently removed to less than I mm on the left
and about I1rmm on the right (leaving the anterior cortical
layer intact) accordiqg~ to the preoperative planning The
milling tool perforated at two points of the planned path
(without damaging dura) on the left lamina
Further improvements concerning the shape of templates
the topography of contactfaces manufacturing of templates
as well as the intraoperative technique for repositionning of
spine and rt-,alibration (final check) of the milling tool
during inter,,enILOn have to be performed After this
fundamental work has been done this category of
intervention .,hould run into the process of standardization
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IV CONCLUSION

Our concept of a computer based coupling of the
preoperative planning and the intraoperative execution in
orthopedic surgery based on the procedure of individual
templates has be(.n successfully tested in various in vitro
experiments and in vivo applications until now /6 7/ The
number and complexity of potential applications as well as
the aim to integrate solutions into the related work processes
require a fundamental ergonomic syscem design approach An
exact analysis modelling and simulation ot delimited
applications the related work processes and systems
combined with the evaluation ot exemplary soluuions within
simulation environments or in field test are fundamental
elements of an synthesis and integration of complex
technical solutions like computer assisted surgery systems
within the surgical work process We identified many
potential applications for the technique of individual
templates Together with ocher approaches in the area of
computer assisted orthopedic surgery it may become one
element of the orthopedic toolbox of technical means But
to be of some relevance and benefit for clinical routine we
have to provide a certain level of standardizanion and rational
integrat.ion of system components In this sense the detailed
analysis of the medical and technical boundary conditions
procedures and technical means for each specific application
of individual templates is an essential part of our actual
work.
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Introduction Surgical techniques and precision often rely
on the identification of predefined targets with the help of
anatomic landmarks and on mtra-operative use of image
intensifiers However, because there is no direct link
between the umage information the accessible anatomy and
the action of surgical instruments several potential problems
and possible complications are still involved Our novel
approach to this problem enables the real-time intra
operative image localization of surgical instruments This
was achieved by combining image guided stereotaxis with
advanced opto-electronic position sensing techniques
Several software modules allowing efficient image data
processing surgical planning and visualization of various
mntra-operanve procedures have been developed
The basic principles of stereotaxis have already been
introduced early this century (Clarke and Horsley 1906)
However, without recent advances in three-dimensional
image reconstruction (Hounsfield et al 1973) and computer
science this technique could not be applied effectively to
clinical problems Sice the end of the seventies several
systems for stereotactic tumor neurosurgery have been
developed and clinically established (Kelly 1991) Although
applications in the field of neurosurgery are still being
developed relatively few attempts have been made to apply
this techniques to orthopaedic surgery in general (Matsen et
al 1993, Paul et al 1992) and to spine surgery in particular
(Sautot et al 1993)
Spine surgery is frequently performed using a posterior
approach The spinial anatomy allows exposure of the bony
posterior elements only, although several surgical
procedures involve the anterior vertebral body as well The
insertion of pedicle screws through the pedicle and into the
vertebral body for posterior spinial fixation is one clinically
relevant example Pilot holes are prepared and screws are
inserted without any direct visual control Image
intensification is used but due to the associated radiation and
difficulty of use this system cannot be applied during the
entire screw insertion period The variability in width
height, and spatial orientation of pedicles consequently leads
to a considerable rate of misplaced screws (Krag 1991) This
not only lmints anchoring potential but might endanger the
integrity of the surroundinig anatomy, i e spinal cord, nerve
roots, and abdominal vessels (Esses et al 1993) A reliable
and accurate system which allows real time linkage of
medical images and the operation field will minimize these
surgical risks

Description of the system The alin of the present study is to
introduce a new system for pre-operative planning and
simulation and for intra.,operative guidance during spinal
surgery For this purpose stereotactic concepts based on
three-dimensional tomographic image reconstruction have
been combined with a space digitizing system
As usual all stereotactic components surgical instruments
(drill pointer, probes, etce), all anatomic structures, e g the
vertebrae, and their medical images are treated as rigid
bodies The location and orientation of a rigid body in space
can be completely defined when the location of three or
more non collinear points on the body with the respect to a
global space fixed coordinate system (COS) are known In
practice the orientation and origin location of a body-fixed
COS with the respect to the global COS are used to describe
rigid body positions
Various technologies exist to track and/or control rigid
bodies in space In medical applications, for example
articulated arms or robots as well as infrared and acoustic
apace digitizing systems are currently in use (Kelly 1991,
Matsen et al 1993, Paul et al 1992, Sautot et al 1993,
Zamorano et al 1993a & 1993b)
During the design of our stereotactic system the following
requirements for the space digitizer were defined (a)
established surgical procedures should not be principally
affected or significantly altered, (b) the existing surgical tool
set should not be altered but only slightly modified, (c) the
system's accuracy should be at least one order of magnitude
better than the desired overall accuracy, and (d) it should be
fast enough to allow real time instrument control and
visualization in the medical image
Based on these criteria we selected an opto-electronic space
digitizer The contact less system can track up to 256 pulsed
infrared light emitting diode markers (LED) with a

maximum sampling rate of about 3200 markers per second
The camera can locate each LED with an accuracy of
0 15mm within a field of view of I OmxI.2m and a distance
of 2 Om By attaching at least three markers onto each rigid
body using so-called probes, the rigid body's location and
orientation in space can be determined
For the real-time display of a rigid body within a medical
image the position of the rigid body in the image COS is
necessary For example it is necessary to display the drill tip
during the drilling of a pilot hole through a pedicle To
accomplish this the rigid body is "tranformed from the
global COS to the image COS (Goldstein 1980) This
matching of a COS in the operation theatre to a COS of a
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tomography is termnea "skeletat registration' In gveneral
matching methods can be divided into four categories (van
den tlsen et al 1993) (a) control point or paired point
methods (paint to point matching) (b) moment based
methods, (c) structure based methods, and (d) sinilarity
optimization based methods
We chose a point-to point method using a nonlinear iterative
algorithm in combination with a surface matching
refinement with intermediate visual checks resulting in a
four step procedure of skeletal registration the point to
point step is based on four to six characteristic anatomic
landmarks points which are digitiked in both the CT/MR1
image and on the vertebra The resulting coordinate
tr=nformation may lack accuracy due to digitization errors
in both systems and to difficulty in precisely identifying
anatomical locations However, this rough solution can be
used as a starting vector for the iterative surface matching
refinement Intra operatively, any 20 to 60 points on the
vertebral bony surface are digitized and pre operatively the
vertebral surface had been detected from the tomographic
image data and a minimum distance analysis in the voxel
world had been carried out Nonlinear matching algorithms
(Jiang et al 1992) are then used to provide the required
coordinate transformation
Pre operative data acquisition image reconstruction
operation planning and simulation and real time displav of
the location of surgical instruments were accomplished
using the modified N1eurological Surgery Plannig System
NSPS (Jiang et al 1993, Nolte et al 1993 & 1994
Zamorano et al 1993a & 1993b) The modified program
will be referred to as OSPS (Orthopaedic Surgery I!Iannmng
System) Data from tomographic images (MRI and CT) and
projective images (X-ray, angtography) can be utilized as
basis for the planning Multi-modality abilities allow the use
of all possible image sources simultaneously

Surgical Procedure As a first clinical application, the
proposed system for computer assisted surgery was utilized
for the insertion of spinal pedicle Screws This procedure
involves distinct pre-operative and an intra operative phases
Pre-operatrvely the OSPS Basic Module reconstructs and
displays three-dimensional vertebral images or multiple two-
dimensional views, i e frontal sagittal and transverse
sections from tomographic image data (MRI or CT) of the
vertebrae to be operated on This enables planning of the
surgical intervention
An approximate insertion axis for the pedicle screw is
defined by digitizing its entry and target points Equidistant
sections perpendicular to the trajectory axis are generated
and displayed The chosen trajectory can then be
interactively optimized and re-defined This procedure is not
mandatory but was found to be particularly helpful for
planning the alignment of the overall fixation construct. In
this procedure all intended pedicle have their optimized with
respect to one another

For the definiti, if body-fied COSs on the vertebra and
the surgical instruments custom marker probes were
designed (Fig 1)

Figure I

All inra-operative digitizations are then performed with
respect to the local vertebral COS defined by the so-called
Dynamic Reference Base (DRB)
The surgical situs is exposed in a standard posterior
approach The spinous process provides a secure anchoring
point for the DRB carrying four markers A space pointer
with six markers is used to digitize specific anatomic
landmarks on the accessible postenor elements These points
are located in the CTIM image accordingly in order to
perform a point-to-point matching between the "real world7'
(vertebra) and the "virtual world" (image) Points on the
dorsal aspect of the transverse processes, the facet joints and
the spinous process usually provide a sufficiently accurate
matching result However, a refined surface matching
digitizing any 20-40 points on the bony surfaces of the
posterior elements is available and is performed in cases of
inadequate accuracy of the point-to-point matching
For control and security purposes the OSPS tracking module
automatically displays any point being digitized on the
vertebral surface in real-time in the tomographic image

324

I
Mako   Exhibit 1003   Page  197



Figure 3
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I nis proviues , bdie nkedIV. identify mnaccurate
transformations, i e when displayed and digitized points do
not correspond
Once a sufficiently exact solution is found the location of
any instrumented and calibrated surgical tool can be
transformed into the coordinates of the tomographic image
and displayed on screen in the image The necessary
calibration is done with one custom calibration device for all
instruments
The surgeon may chose from various options of real-time
visualization of the pedicle hole preparation The instrument
used can be displayed as a line mn the above mentioned
multiple two-dimensional views (Fig 2 left)
Simultaneously the section perpendicular to the trajectory's
axis with a circle representing the position of the instrument
may be shown together with graphical guide Ines for proper
adjustment of the instrument (Fig 2, right) This view is the
so-called Pedicle Navigator Both options adjust the plane of
their display, in real time, to the position of the instrument's
tip Furthermore multiple sections along the axis of intended
pedicle hole preparation can be calculated and displayed
according to the instrument's orientation in relation to the
pedicle This option may elimate the need to perform the
pre operative planning and is termed the Real time
Intraoperative Planning Option (Fig 3)
These tools guide the surgeon during pedicle hole
preparation 'The loss in operation time during the matching
procedure is usually offset by faster hole preparation

Validation of the System For the evaluation of the entire
cascade of errors a complex validation study has been
performed
To justify the quality of a transformation or a digitization the
coordinates of corresponding points in each relevant COS
are required For this purpose six precise polished titanium
spheres were attached to a demineralized vertebra to provide
a set of exactly defined reference points The centers of the
spheres were measured with a LASER measuring device
(accuracy <5gm) The resulting coordinates in the COS of
the LASER device (COSL) were termed "exact The
vertebra was CT-scanned with slice distances of 1mm and
2mm On-screen digitization of the sphere centers in the
reconstructed CT data and digitization of the spheres using
the 3D space pointer on the vertebra resulted in three
additional sets of coordinates in the COS7 and COSV The
manual digitizations were performed several times by
various observers to evaluate how accurate a point in the
COST and COSV can be digitized Table 1 shows the
associated mean digitizngy errors
Within the range of this accuracy the means of all
coordinates were adjusted to match the exact results more
precisely Criteria for more precise matching' were all
possible distances between any two points out of the sets of
six compared to the exact values If, for example, the
distance between spheres #1 and #4 was 43 543mm (dL) in
COSL and 43 525mm (dv) in COSV, dV had to be enlarged
by 0 0 18mm moving # I V and/or #4V' Using a non-inear

algornthmn all cent inm COSV and COSr were shifted to
minimize the differences from COSL In order to preserve

RMS digitizing error [mm]
I COSV 015

COSUI IMM020
cosul2M022

Table 1

the validity of this procedure adjustments were kept less
than the average digitization error in theTrelevant COS The
resulting coordinates were termed "nearly exact Table 2
summarizes the performed adjustments

Displacements [mm])
Sphere # COS" COSLIMM COSC17

1 0034 0.215 0260
2 0026 0227 0000
3 0024 0171 0 ." 12
4 0036 0199 0 150
5 0013 0199 0212
6 0017 0250 0 260

Table 2

These four sets of coordinates were then used to che%.K the
quality of the transformations Assuming the skeletal
registration would result in an exact transformation COSV--+
COSCT, applying this transformation to points in COSV
would exactly transfer them to their correspo Aing points in
COST If however, the transformation is maccurate, the
transformed points will differ from the correct points in
COSC The transformation error therefore can be defined as
the space distance between the nearly exact points of COST
and the transformation of the corresponding nearly exact
points of COSV into COST (Fig 4)

Error
p V 0@*--** p CT

Transformation

p v

Figure 4
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This vth. includes digiti n errors in both COSs as well
as numerical inaccuracies of the transformation algorithm
Table 3 gives an overview of this overall system's accuracy
for different CT slice distances

Transformation error [mm]
COIIM C-"" cOS(;i2MM

RMS 071 174
SEM 007 041

Table 3

To fturther prove the accuracy and reliability of the system
20 pedicle screw hole preparations were performed on
human lumbar vertebra specimens in an in vitro setting
Based on 1mm CT scans the trajectories were defined as
described above Using a standard 3 6mm drill bit in an
instrumnented pneumatic hand drill pilot holes for pedicle
screw insertion were prepared Only the real time display of
the dnll bit in the CT image was used as an aid for guidance
to match the pre-operatively defined trajectory Aluminum
cylinders were inserted into the holes and the 20 pedicles
were cut into 77 histological sections perpendicular to the
cylinder axes Each section was classified into one of the
following groups (1) cylinder centered in pedicle (HI)
cylinder touches cortex (111) cylmnder engages cortex and
(IV) cylinder perforates cortex Figure 5 summarizes the
results of the in vitro study

Figure 6

Figure 5

Clinical Application So far, six patients underwent
posterior fixation of degenerative lumbar spinal segments
using the system (Fig 6) No complications occurred, post-
operative radiological evaluation confirmed accurate
placement of the pedicle screws The introduction of the
system into the surgical world is still occurring, however,
basic concepts like tool handling and marker carrier design,
are already optimized

Conclusions The conlcept of the presented technique can be
applied to a variety of surgical procedures Image data
reconstruction and manipulation modules provide powerful
tools for pre operative planning and simulation Intra
operatively a four-step procedure helps to perform an
accurate skeletal registration, the basis for an accurate and
safe tracking of surgical tools Finally, the real-time display
of the motion of any surgical instrument together with the
corresponding tornographic image enables the surgeon to
follow exactly the pre-operatively planned procedure Early
clinical results give reason to expect improved surgical
outcome and might lead to new frontiers in orthopaedic
surgery
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Comparison of Relative Accuracy Between a
Mechanical and an Optical Position Tracker for

Image- Guided Neurosurgery
Robert Rohhing, Patrnce Munger, John M Hollerbach, and Terry Peters

Department of Biomedical Engineering, McGill Univeriy, Montreal, Quebec, Canada (RKR, PM, TP),
Department of Computer Science, Unvarnty of Utah, Salt Lake City, UtahOfJM H)

ABSTRACT An essential component in tie execution of image-guided surgery is a hand-held probe
whose spatial position is tracked during the procedure and displayed on a three-dimensional opera-
tive workstation. Tis paper describes an ex~periment performed mn order to compare the accuracy of
a mechamcally linked pointng device (FARO surgical arm) and an optical position tracker
(OPTOTRAK) agamnst a "gold standard "J Image Guid Surg 1 30-34 (1995) 0199S Wiley Liss Inc.

Key words FARO surgical arm, O1TOTRAX, position =rcking

EVMRODUCTION

The rapidly growing field of computer assisted im-
age guided neurosurgery has provided a way to un
prove surgical procedures Image guided surgery
provides a surgeon with two-dimensional (2 D) and
three dimensional (3 D) diagnostic images typically
acquired using computed tomography or magnetic
resonance imaging along with a visual representa
tion of a pointing device in the same imagring space

The Viewing Wand (I S G Technologies
Mississaugra Ontario Canada) system currently used
at Montreal Neurological Institute uses the FARO
surgical arm (FARO Medical Technologies Orlando
FL) as a pointing devicei e as a means to transmit
the coordinates of points in space to a computer A
number of types of 3-D pointing devices are avail
able including mechanical (such as the FARO arm)
optical [such as the OPTOTRAK (Northern Digital
Inc Waterloo Ontario Canada)] ultrasonic and
magnetic These different types of localizing devices
have been compared extensively by Maciunas ~

The Fk.RO Surgical Arm

The FARO arn is a 6 degrees of freedom articulated
aluminum device3Th probe is a 200 mm cylinder

with a t1un shaft at the end (Fig 1) The articulated
arm is passive allowing the surgeon (or an assistant)
to adjust it manually to the desired position The ana-
log signals produced by the six joint angle potentI
ometers on the arm are digitized by an analog to-
digital (AID) converter mounted on a personal
computer (PC) A program provided by FARO is run
on the same PC to convert the digitized readings of
the joints potentiometers into a set of six numbers
representing the position and the orientation of the
probe holder with respect to a coordinate system at
tached to the base of the arm Further calculations
which depend on the type of probe must then be
performed to determine the tip position of the probe
Errors in the calculated tip position of the probe are
expected to arise primarily from potentiometer noise
nonlinearity and drift, kinematic model parameter
inaccuracies joint wobble and hysteresis and probe
bending The observed Iaccuracy of the FARO surgi
cal arm is about 1 mm

The OPTOTRAK Position Tracker

The OPTOTRAK is a position tracking device which
tracks infrared ligrht emitting diodes (LEDs) by three

Received onginal February 3 1995 accepted February 20 1995

Address repnnt requests to Robert Rohling Dept Biomedical Engineering McGill University 37775 University Street Montreal
Quebec Canada H3A 2B4 e mail rohling@biorobotics mcgill ca
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Fig I The FkRO arm and the Viewing Wand system

fixed CCD cameras 5I The OPTOTRAK has a stated
accuracy of 0 15 mm and a resolution of 0 01 mm at
a distance of 2 5 m between the LED and the cam
eras Low noise levels durnng tests yield a resolution
of slightly greater than 0 0 1 mm When multiple
LEDs are used the OPTOTRAK samples them
nearly simultaneously ('-1 000 Hz bandwidth) at a
user selectable sampling rate

Goals
The on-ginal goal of the experiment was to compare
the accuracy of the two localizing devices dynarm
callyi e with the tip of the probe movingr along an
arbitrary path in space However it was impossible
to synchronize the data acquisition of the
OPTOTRAK and the limited sampling rate of the
FARO arm A static study of the relative accuracy
was therefore done by comparing the distances be
tweerr'fixed points in space measured by both de
vices These measurements are related to a third
measurement we could consider as the gold stan
dard A metal block built for that purpose is de
scribed below

MIATERLALS AND MEETHODS

Reference Block

Holes 15 mmn deep and spaced 10 mm apart were
dnilled into an alunumur bar with a Matsuura MC

5 1IOV (Elliott Machinery Canada, Ltd ) numerically
controlled milling machine Each hole was carefully
nulled to the same diameter as the probe tip such
that after the probe was pressed into the hole no
movement was detected The 15 mm depth of the
hole was enough that the probe tip could descend
untal an increase the width limited further travel This
milling process ensured that the probe tip would de
scend the same amount for each hole The accuracy
of the milling machine is ±0 005 mm

Probe Setup

LEDs were attached to the probe to track the probe
position by first mounting the LEDs to a small alu-
umnum plate using cyanoacrylate glue A hole with
the diameter of the probe shaft was then reamed into
the plate, and the plate was attached to the probe shaft
and secured by threaded fasteners (see Fig 5)

FARO Arm Data Acquisition

The proprietary program running on the PC does not
allow writing the probe holder position information
directly into a text file The software used by the
Viewing Wand was modified to perform tdus task,
which required moving the entire Viewing Wand sys
tem to the experimental location

Experimental Protocol

The base of the articulated arm, the calibration bar
and the OPTOTRAK cameras were all placed in rigid
mounts, as illustrated in Figure 2 Three calibration
trials were undertaken Each trial was done with the
calibration bar at a different position and orientation
with respect to the FARO arm and OFTCYTRAK to
include different areas of the arm s work space Each
trial followed the following procedure 1) Place the
probe tip in hole 1 2) Take hands off the probe for a
few seconds 3) Move probe into the next hole and

OFTOTRAK

Fig 2 O ervtew of the measurmmenL apparatus
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coordinate system were then deterained by solv-
ing the eigenvalue problem outlined by An et al

By using a homogeneous tr=nformation ma
trix the tr-ansformatnon between I'v., andPv,~, can then
be writen

0 ; }np ] O T P[
v A

I I

where

UVIUJIKAKr FARO\
ARM BAE

Fig 3 The probe tip with respect to the LED and the
OPTOTRAK coordinate systems The following notation
is used 0 OPTOTRAK coordinate system P probe
coordinate system H probe holder coordinate system B
FARO arm base

repeat During each trial the Viewing Wand program
sampled the probe at approximately 50 Hz and the
OPTOTRAK sampled at 100 Hz

RESULTS

Stauionary Calibration Data Extractoon

Fifty samples of FARO armn data for the posinion of
each hole are extracted from the stationary portions
of the calibration data with the operator s hands re-
moved from the probe Fifty samples of OPTOT?RAK
data from each of the four LEDs are extracted in a
similar manner

Conversion of OPTOTRAK Calibration Data

To compare the measurements of the OPTOTRAK
to the measurements of the FARO arm the endpoint
of the probe tip must be calculated from LED data
The probe tip position (Ov.d can be determined with
respect to the OPTOTRAK coordinate system (0) if
the fixed relationship ("v,d) between the LED loca-
tions (P) and the probe tip is known (Fig 3) This
vector was determined by a separate procedure briefly
outlined below

I Determination of vcctorlvnp, The probe was
rotated about a fixed endpoint (i e Ov.,, is constant)
and 500 measurements were taken For each sample
the centroid of the LEDs ("v,, was calculated A
least squares fit was performed to find the radius
and center of the sphere that fits best this set of
points The vector Ov n was found by using the cen
ter of this sphere

The next step was to establish the LED coor
dinate system P with an origin at the centroid (Ov,.)
of LEDs The principle axes (Ox., Oy. OZ,) of the

OTP =[Ox p p p V] (2)

PV, was then determined from the inverse of Equa-
tion 1

[ Pv].T

2 Determination of the probe tip position in

the OPTOTRAK frame After the constant vector P,
was found a similar procedure was used to find the
vectors Ov ftP from the position data of the four LEDs
taken when the probe was moved to different cali
bration block positions

For the each calibration measurement cal-
culate the centroid of LEDs (OvP) Determnine the
coordinate system on the probe by finding the prin-
cipal axes ("x,. Oyp OzP) Use Equation I to deter
mineOvP

Conversion of FARO Arm Calibration Data

As was previously mentioned the FARO arm data
describe the location Bv H of the probe holder (H)
together with its orientation (0,0,y/) with respect

Fig 4 Examples of histograms of the robot (FARO armn)
and OFTOTRAK measurement distributions The data shown
corfespond to the first data set from trial I

OPTarRAK

3

ftwio bapon.o 2 AMIimmM d .IhoWl m
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to a coordinate system attached to the base of the _______________________

arm (B) The angles correspond to the Euler s
angles in the z-x-z convention 2 The tip position
vector 8vdP in the arm s base (B) coordinate sys-
tern is given by

VAP=[
(V)R. 0) (0 1 H v, +aV

R-1H np+ H

where

cos a

R-sin a

sina 0
cos a0

0 i

and [ 0 0]
R(a 0 cosa sina (7)

0-sina cosai

The homogeneous matrix is written with a ijotation
similar to that used in the previous section

A separate set of measurements taken as the probe
was rotated about a fixed endpoint was acquired in
the same manner as described above under Probe
Setup In this way the vector I'v. was found by m
mizing the standard deviation of the set of tip posi
tions calculated using the inverse of the equation

yap a Ty tiVpI
1 I I[l

This value of 'IN,, was then used in Equation 9 to
find the position of the probe s tip (Bv,,,) from th e
probe holder position and orientation measurements
taken when the probe was moved to different cahi
bration block positions

Relative Accuracy Comparison

For each of the calculated OPTOTRAK vectors
OVPand FARO arm vectors,'vf, the mean vector

to the hole I location is determined as the mean of
its 50 samples The 50 samples for hole 2 are sub

Fig 5 Four OPTOTRAK LEDs mounted on a plate are
attached to tie surgical probe

tracted from the hole I mean vector to get the vec
tors between holes 1 and 2 The norms of each of
the 50 difference vectors are determined to obtain
the magnitude of the distance between holes This
procedure is repeated for all holes measured dur
ing each trial

The difference in the measured distances of
hole 2 from hole 1 in trial I is plotted in Figure 4
Both the OPTOTRAK and the F~ARO arm yield
distributions close to the true 10 mm spacing The
first point of interest in Figure 4 is that the
OPTOTRAK distribution has a mean closer to the
true (within the milling machine s 0 005 mm ac
curacy) 10 mm spacing than the FARO arm distri
bution mean Second the distribution of the
OPTOTRAK measurements has a smaller standard
deviation than the FARO arm distribution The
means of each of the OPTOTRAK and FARO arm
distributions are listed in Table 1 along with the
spread of each distribution

The 50 measurements from the OPITOTR-AK
and the FA.RO arm of each hole were taken with a
stationary probei e the orientation of the probe
was constant and the LEDs directly faced the cam
eras Independent tests by Northern Digital6 on a
larger six LED digitizing probe showed a simrular
level of accuracy for similar tests (maximum error
of 0 11 mm and stand4rd deviation of 0 02 mm)
Northern Digital repoiled that the maximum error
increased to 0 57 mm with a standard deviation of
0 06 mm. when the orientation was continuously var
ied (30 roll 120 pitch and 160 yaw) about a fixed
endpoint position The main source of the increase
in error was stated to be nonisotropic behavior of
the markers the marker is not a perfect point source
and the center shifts as the marker is viewed at dif
ferent angles The calculated endpoint errors of the
FARO arm are also expected to increase if the on
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I
1 ij

I.

II

-4

Table I Calculations of the Distances Between
Holes*
Distance Machuning OPTOTRAK FARO arm
rrom hole Precision measured distance distance

1 (mm) (MM) (spreadl (mm) fs2read)(mm)

TrIal 1
10 0005 9942 (0037] 9762 [0 144]
20 0005 - -

30 0005 - -

40 0005 39826 [0/1231 39434 (02261
Trial 2

10 0005 10074 (01521 10108 [0 491)
20 0005 20038 [00881 20 C-of (0349]
30 0005 30082 (0039] 29942 [0 1621
40 0005 40042 [0 048] 39985 [0 1661
50 0005 50117 (0034] 50008[0 241]
60 0005 60115 (0040] 59926 (0 195]

Trhal 3
10 0005 9940 (01291 9718 1033]1
20 0005 19 868 [0.326] 19638 [02369]
30 0005 29 944 [0 187] 29624 10 196]
40 0005 39955 [0 189] 39456([0128)
50 0005 49823 [0183] 49511 (03451

The OFTOTRAK and FARO arm measured distances mepresent the mean of
the norms of the measured vectors between the holes The spread indicates the
maxmum subtracted fmcm the mrunimum norm of the vectors between the boles
A dash indicates no measurmment.
IThese data are plotted in Figure 4

entation is dynamically varied The OPTOTRAK
based probe would still retain a slightly higher ac
curacy than the FARO arm

CONCLUSIONS
The OPTOTRAK gives results closer to the true 10
mm spacing than the FARO arm It also has smaller
spreads for each hole The accuracy of the
OPTOTRAK data closely matches the
manufacturer s specifications The FARO arm data
are also within the manufacturer's specifications
Generally the FALRO arm determrunations of hole
spacing are within 0 5 mm and have spreads of 0 5
mm However some distances are determined more
accurately 0 1 mmn is not uncommon This level of
accuracy is sufficient to give confidence in its use
in a neurosurgical environment

We would stress the fact that the overall sys
tem accuracy in image guided neurosurgery is the

result of a number of factors many of which add
more inaccuracy to the overall result than those re
lating to the localiz=ton device For example we
have found the major source of inaccuracy in such a
system to be related LO the registration of images to
objects Given the expected overall accuracy of such
systems both mechmucally and optically based lo-
calizing devices are appropriate for use in image
guided neurosurgery
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Automated Registration for Enhanced Reality Visualization in Surgery

E Grimsonj' T Lozano-Perez,' W Wells,'12 G Ettinger,'13 S White, 3 R KikinxS2

Abstract 1 1 An Ideal Solution

There is a need for frameless guidance systems
to aid neurosurgeons in planning the exact lo-
cation of a craniotomy, to define the margins Of
tumors and to precisely locate neighboring criti
cal structures We have developed an automatic
technique for registering clinical data, such as
segmented MPJ or CT reconstructions, with the
actual head of the patient on the operating ta
ble A second method calibrates the position of a
video camera relative to the patient The comnbi
nation allows a visual mix of live video of the pa
tient with the segmented 3D MRI or CT model
This registration enables us to employ enhanced
reality techniques for planning and guiding neu
rosurgical procedures by merging live video im
ages with the 3D reconstructions, and to inter
actively view extracranial or intracranial struc
tures in a non intrusive manner

1 Motivating Problem

Neurosurgical procedures, such as biopsy or tumor abla
tion, require highly precise localization on the part of the
surgeon, in order to attain the desired extraction of dis-
eased tissue while minirruzing damage to adjacent struc
tures The problem is exacerbated by the fact that the
localization is three dimensional in nature, and often re
quires isolating a structure deeply buried within the cra-
nium While methods exist (e g MR.I, CT) for imaging
and displaying the 3D structure of the head, this still leaves
the surgeon with the problem of relating what she sees on
the 3D display with the actual anatomy of the patient

Current solutions typically involve presurgically attach
ing a stereotactic frame to the patient's skull, then imag
ing the skull and frame as a unit This allows the surgeon
to locate the tumor or other target relative to a coordi
nate system attached to the stereotactic frame, and thus
to the patient's head Unfortunately, stereotactic frames
are cumbersome, involve considerable discomfort to the pa
tient, and have limited flexibility, especially should surgical
plans have to change in the middle of the procedure

'Artificia.l Intelligence Laboratory, Massachusetts Institute
of Technology Cambridge MA

2Department of Radiology Brigham a.nd Womens Hospita.l,
Harvard Medical School Boston MA

3The Analytic Sciences Corporatioa, Reading MA

An ideal system would automatically register 3D data sets,
and track changes in the position of a data set over time,
without requiring the attachment of any devices to the
patient Such an ideal system should support real time,
adaptive, enhanced reality patient visualizations in the op-.
erating room, dynamic image-guided surgical planning and
surgical procedures, such as biopsies or minimally invasive
therapeutic procedures, and registered transfer of a priort
surgical plans to the patient in the OR

While our group is actively developing all aspects of such
a system, this paper focuses on one key component of such
a system, the registration of different data sources to de
terminc relevant coordinate frame transformations

1 2 Contributions to the Ideal Solution
We have created a3system that performs the registration of
clinical image data with the position of the patient's head
on the operating table at the time of surgery, using meth
ods from visual object recognition The method has been
combined with an enhanced reality technique (11] in which
we display a composite image of the 3D anatomical struc
tures with a view of the patient's head This registration
enables the transfer to the operating room of preoperative
surgical plans, obtained through analysis of the segmented
3D preoperative data [4], where they can be graphically
overlaid onto video images of the patient Such transfer
allows the surgeon to mark internal landmarks used to
guide the progression of the surgery Extensions of our
method include adaptively re-registering the video image
of the patient to the 3D anatomical data, as the patient
moves, or as the video source moves, as well as other sur
gical applications such as image guided biopsy, or focused
therapeutic procedures such as laser disc fusion or tumor
ablation We have also recently demonstrated the use of
our system in clinical settings, by registering data sets ac
quired over extended time periods, thereby enabling the
detection of changes in anatomy over time

2 An Example Scenario
The following scenario describes the use of our methods

(1) A patient requiring surgical therapy is scanned by a
3D, high resolution scanner, such as MRI or CT

(2) The scan is segmented into tissue type in a seml
automatic manner, typically by training an intensity clas-
sifier on a user selected set of tissue samples

(3) Prior to draping, the patient is scanned by a laser
range scanner The 3D locations of any table landmarks
are also calculated, relative to the patient
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k-)i L i ituor '%,i. scan is auuuaZ,, r, .. cL&
the patient skin surface depth data frot e laser ranger
This provides a transformation from MRI/ CT to patient

(5) The Position and orientation of a video camera rela-
tive to the patient is determined, by matching video images
of the laser points on an object to the actual 3D laser data
This provides a transformation from patient to camera.

(6) The registered internal anatomy is displayed in en-
hanced reality visualization (1.1] to "see" inside the patient,
i e ,the two computed transformations are used to trans-.
form the 3D model into the same view as the video image
of the patient, so that video mixing allows the surgeon to
see both images simultaneously

(7) The patient is draped and surgery is performed The
enhanced reality visualization does not interfere with the
surgeon, but provides her with additional visualization in-
formation to greatly expand her limited field of view

(8) The location of table landmarks can be continually
tracked to identify -changes in the position of the patient's
attitude, relative to the visualization camera Viewer
location can also be continually tracked to identify any
changes Visualization updates are performed by updat-
ing the patient to viewer traasformation

(9) In general, the surgery is executed with an accurately
registered enhanced Visualization of the entire relevant pa-
tient anatomy, and thus with reduced side effects

3 Details of Our Approach
Part 1 of this scenario is standard practice Methods exist
for Part 2 [41 Parts 8-9 are part of our planned future
work Here, we focus on parts 3-7, where the key step is
the registratipia of data obtained from the patient in the
operating room with previously obtained data

We use a multi stage matching and verification of a 3D
data set acquired at the time of the surgery with 3D ch.ni
cal data sets acquired previously The central ideas are to
use a laser striping device to obtain 3D data from the pa-
tient's skin, and to use a sequence of recognition techniques
to match this data to segmented skin data from the MARI
or CT reconstruction These techniques allow us to accu-
rately register the clinical data with the current position of
the patient, so that we can display a superimposed image
of the 3D structures overlaid on a view of the patient

The basic steps of our method are outlined below

3 1 Model input

We obtain a segmented 3D reconstruction of the patient's
anatomy, for example using CT or MRI The segmentation
is typically done by training an intensity classifier on a
user selected set Of tissue samples, where the operator uses
knowledge of anatomy to identify the tissue type Once
initial training is completed, the rest of the scans can be
automatically classified on the basis of intensities in the
scanned images, and thus segmented into tissue types [41
Automatically removing gain artifacts from the sensor data
can be used to improve the segmentation [121

This 3D anatomical reconstruction is referred to as the
model, and is represented relative to a model coordinate
frame For simplicity, the origin of the coordinate system
can be taken as the centroid of the points

Figure 1 Example of registered laser data (shown as large
dots) overlaid on CT model

3 2 Data input

We obtain a set of 3D data points3from the surface of the
patient's skin by using a laser striping device For our pur-
poses, the laser simply provides a set of accurate 3d point
measurements, obtained along a small (5-10) set of planar
slices of the object (roughly 240 points per slice) This
information is referred to as the data, and is represented
in a coordinate frame attached to the laser, which reflects
the position of the patient in a coordinate frame that ex
ists in the operating room Our problem is to determie a
transformation that will map the model into the data in a
consistent manner

3 3 Matching data sets

We match the two data sets using the following steps
(1) First, we sample a set of views of the model For

each view, we use a z buffer method to extract a sampled
set of visible points of the model For each such model, we
execute the matching process described below

(2) Next, we separate laser data of the patient's head
from background data Currently we do this with a simple
user interface Note that this process need not be perfect,
we simply want to remove gross outliers from the data
From this data, we find three widely separated points that
come from the head

(3) We use constrained search (6] to match triples of visi-
ble sampled model points to the three selected laser points
The method finds all such matches consistent with the rel-
ative geometry of each trip e, and for each we compute
the coordinate frame transformation that maps the thiree
laser points into their corresponding model points These
transformations form a set of hypotheses Note that due to
sampling, these hypothesized transformations are at best
approximations to the actual transformation

In examples such as Figure 1, there are typically;z 1000
laser sample points, and the model has typically 40,000
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iamnple points Given a view, and a cc ly sampled z-
auffer, there are typically 1000 model points in the sampled
view In principle, there are ,- 1015 possible hypotheses,
a ut using simple distance constraints, there are usually

t100, 000 possible hypotheses that remain
(4) We use the Alignment Method [7] to filter out those

hypotheses, by transforming all the laser points by the hy-
pothesized transformation, and verifying that the fraction
3f the transformed laser points without a corresponding
model point within some predefined distance is less than
some predefined bound We discard those hypotheses that
do not satisfy this verification

(5) For each verified hypothesis, we refine as follows
(5 1) Evaluate the current pose Thus, if 1, is a vector

representing a laser point, m. is a vector representing a
model point, and T is a coordinate frame transformation,
then the evaluation function for a particular pose is

EI(T) =Z Zara(1

This objective function is similar to the posterior marginal
pose estimation (PMPE) method used in [10] This Gaus-
sian weighted distribution is a method for roughly interpo-
lating between the sampled model points to estimate the
nearest point on the underlying surfade to the transformed
laser point Because of its formulation, the objective fu.nc
tion is generally quite smooth, and thus facilitates "pulling
In" solutions from moderately removed locations in param
eter space As well, it bears some sirlanty to the radial
basis approximation schemes used for learning and recog-
nition in other parts of computer vision (e g [2])

(5 2) Iteratively maximize th s evaluation function using
Powell's method This yields an estimate for the pose of
the laser points in model coordinates

(5 3) Execute this refinement and evaluation process us-
ing a multiresolution set of Gaussians

(5 4) Using the resulting pose of this refinement, repeat
the pose evaluation process, now using a rectified least
squares distance measure In particular, perform a sec
ond sampling of the model from the current viewpoint, us-
ing a finer sampled z buffer Relative to this finer model,
evaluate each pose by measuring the distance from each
transformed laser point to the nearest model point, (with
a cutoff at some predefined maximum distance) Evaluate
the pose by summing the squared distances of each point
Minimize using Powell's method to find the least squares
pose solution Here the evaluation function is

E2T)= mind7,,rin ITI, - 132} (2)

where d.., is some preset maximum distance This objec
tive function is essentially the same as the MAP match-
ing scheme of [10], and acts much like a robust chamrfer
matching scheme (e g [8]) This second objective function
is more accurate locally since it is composed of saturated
quadratic forms, but it is also prone to sticking in local
minima Hence we add one more stage

(5 5) To avoid local minima traps, randomly perturb
the solution and repeat the least squares refinement We
continue, keeping the new pose if its associated RMS error
is better than our current best We terminate this process

Figure 2 Histogram of residual error. for pose of Figure 1

when the number of such trials that have passed since the
R.MS value was last unproved becomes larger than some
threshold

(5 6) The final result (Figure 1) is a pose, and a measure
of the residual deviation of the fit to the model surface

We collect such solutions for each verified hypothesis,
over all legal view samples, and rank order them by small
est RMS measure The'result is a highly accurate trans-
formation of the MI data into the laser coordinate frame

3 4 Camera Calibration

Once we have such a registration, it can be used for surgical
planning A video camera can be positioned in roughly the
viewpoint of the surgeon, i e looking over her shoulder
If one can calibrate the position and orientation of this
camera relative to the laser coordinate system, one can
then render the aligned MRI or CT data relative to the
view of the camera This rendering can be mixed with the
lhve video signal, giving the surgeon an enhanced reality
view of the patient's anatomy [11] This can be used for
tasks such as planning a craniotomy or a biopsy, or defining
the margins of an exposed tumor for minmmal excision

We have investigated two methods for calibrating the
camera position and orientation, one using a calibration
object of known size and shape, and one using an arbitrary
object (such as the patient's head) In each case, matching
3D laser features against video images of those features
allows us to solve for the position of the camera

4 Testing the Method
We have run a series of controlled experiments, in which
we have registered a CT reconstruction of a plastic skull
with laser data extracted for a variety of viewpoints In all
cases, the system finds a correct registration, with typical
residual R.MS errors of 1 6 millimeters

We have also run a series of trials with actual neuro-
surgery patients An examplefregistration of the laser data
against an MRI model of the patient is shown in Figure 3
Note that in this case, while most of the scalp had been
shaved for surgery, a patch of hair was left hanging down
over the patient's temple As a result, laser data coming
from the hair cannot be matched against the segmented
skin surface in the MRI model, and this shows up as a set of
points slightly elevated above the patient's skin surface in
the final registration We can automatically remove these
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Fiue3 Eapeo eitrdlsrdt sona ag Figure 4 Using the results of Figure 3, and given a calibration
Fotsgur laido Mpl mdl s ae of registrrdLsrdt Son atlarn of a video camera relative to the laser, we can overlay parts of

O ts) l overlMidocaMl coelwithhe isn uelof presraio the MRI model on top of a video view of the patient, providing

fof anata ersurgeryl csefwit the patientafullyaprepped an enhanced reality vusualazation of the tumor In this figure
for urgry efoe te laer ataIs cquredthe tumor is shown in green, and the ventricles are displayed

"a landmark in blue

points, and reregi3ter the remaining data Also displayed
are the internal position3 of the tumor and the ventricles
The RMS error in this case was 1. 9mm. Finally, given the
registration between the patient and the model (by match
ing the laser data in this manner) we can transform the
model into the coordinate System of a second video cam-
era, and overlay this model on top of the camera's video
view Tbasi is shown in Figure 4

As mentioned earlier, the method has applications for
surgical planning and guidance, including W"mor excision
and biopsy The method has broader application, however,
including the registration of multiple clinical data sets such
as MRI versus CT A companion paper [5] discusses the
application of our method to change detection studies for
tracking lesion growth in patients with multiple sclerosms

5 Related Work
Several other groups have reported methods similar to
ours Of particular interest are three such approaches
Two other groups use alternative least squares minimiza-
tion methods (9, 3] with some operator input to initialize
and to guide the search A third group [1] perform regLs-
tration by matching ridge lines on surfaces

References
(1] Ayachie, N , J D Botszoninat L Cohen, B Geiger J Levy

Vehtl, 0 Mougs. P Sander, "Steps Toward the Automatic
Interpretation of 3 D Images", In 3D Imaging in Medicine,
edited by H Fuchs, K Hohne S Puzer NATO ASI Series,
Springer Verlag 1990 pp 107 120

[2] BrunelhB. and T Poggio, 1991, "HyberBlF Networks for
Real Object Recognition", IJ CA1I, Sydney, Australia

[3] Ch&mpleboux G , Lavallee S , Szelisla, BR, Brunie, L,
"From accurate range imaging sensor calibration to a.c
curate model based 3D object localization", IEEE Cori
Camp Vi Patt Recog 83-89, 1992

(4] Chnme HEB and W E Lorensen and R Kikinis and F
Jolcix 1990 "Three Dumnsional Segmentation of MR.

Images of the Head Using Probability and Connectivity"
JCAT 14(6) 1037 1045

(5] Ettinger, G J , W E L Grim on, and T Lozano-Peres
1994 "Automatic 3D Image Registration for Medical
Change Detection Applications", AAAI 1994 Spring Sym
posium Series, Applications of Computer Viioan in M'eds
cat Image Processing

(6] Grnion, W E L , 1990, Object Recognition by Computer
The role of geometric constraintt, "MIT Press, Cambridge

[7] Huttenlocher D and S Ullma.n, 1990, "Recognizing Solid
Objects by Alignment with an Image," rnt J Camp Vii
5(2) 195-212

(81 Jiang, H , R A R.obb and K S Holton, 1992, "A New Ap-
proach to 3 D Registration of Multimodality Medical Im
ages by Surface Matching", in VJU419Zat:on in Bsomedical
Computing - SPIE 196-213

(9] Pelizanr C A Chen, G T Y, Spelbring, D R Weicksel
baum, R R, Chmn Ta Chen, "Accurate three dimensional
registration of CT PET, and/or MIR images of the brain",
JCAT 13(l) 20-26, 1989

(10] Wells, W M , 1993, Stati-itical Object Recognition, Ph D
Thesis, MIT (N=T Al Lab TB. 1398)

(ill W Wells, R. KikinLs D Altobelh, W Lorensen, G Et
tinger, H Clmne P L Gleason and F Jolesz 1993, "Video
Registration using Fiductals for Surgical Enhanced Real
ity" 15th Comf LEEE Eni Med Biol Soc

(12] Wells, W M R Kikimis, FA Joless, and W EL Grim
son 1993 "Statistical Gain Correction and Segmentation
of Magnetic Resonance Imaging Data", in pteparation

Mako   Exhibit 1003   Page  210



Yournal of Image Guided Surgery 1 65-73 (1995)

Computer-Assisted Spine Surgery: A Technique for Ac-
curate Transpedicular Screw Fixation Using CT Data and

a 3-D Optical Localizer
S Larallee, Ph DIP SaUt0t,Ph D ,J Tmmca,Ph D,P Cmqun, PhD,M D, and P.Merioz, M D

Faculte de Medecme de Grenoble, TIWC-EIAG (S L, PS , JT, PC), La Tronche,
France, Service de Chiruirgie Orthopedique, CHU (P.M), Grenoble, La Tronche, France

ABSTRACT The computer-assisted spine surgery system presented mn this paper follows the basic
ideas which have been developed for computer-assisted medical interventions (CALIi) in our lab
since 1985 There are three steps to mnsert a linear tool inside vertebral pedicles First, the surgeon
defines an optimal trajectory on pre-operative computed tomography Second, this trajectory is re-
ported in the operating room coordinate system using an intra-operative sensor and a registration algo-
rithm. Third, a guidinig system helps the surgeon folow the selected trajectory In this paper, we present
an implementation of this method that uses only a 3-dimensional optical localizer Results on cadaver
specimens and on the first seven patients are presented J7 Image Guid Surg 1 65-73 (1995)
0 1995 Wdlev Liss Inc

Key words computed tomography, spinal surgery, surfaice registration, 3-dimensional optical locahzzer

LN'TRODUMCTON

The spine contains 24 articulated vertebrae Instru
mentation is used to fix spine segments to reduce
deformities (e cg scoliosis) or to treat fractures Spi
nal surgery instrumentation consists of three basic
umplantable elements the rod the hook and the screw
(Fig 1) The pedicle is the strongest part of the ver-
tebral bone into which a screw can be driven Unifor-
tunately it is not the widest part of the vertebra The
diameter of a lumbar or thoracic pedicle may vary
from 3 mm to 10 mm-n " Figure 2 demonstrates the
anatomy of vertebrae During spine surgery the back
part of the vertebra is exposed and the surgeon s ana
tornical knowledge guides the drilling direction A
slight error in direction may result in a significant
error in the position of the tip of the screw Drilling
is performed at least twice but sometimes ten or
twelve times durnge surgery with no direct visibility
of the crucial structures i e spinal cord lung yes
sels and nerves Even when the surgical instrument
is inside the vertebra the surgeon does not know the

location of the tip Therefore providing the surgeon
with a 3-dimensional (3 D) representation of the ver
tebra during surgery would be a great improvement
Previous studies of surgical procedures have dem
onstrated an approximately 10% incorrect placement
of the screws 11 It is important to increase safety by
more precise intervention Presently our technique
is restricted to lumbar vertebrae (where the pedicle
is larger) but a future application is for dorsal verte
brae Fmnally percutaneous screw placement would
contribute to less invasive surgery which could be
also be used for intra vertebral disc punctures In this
paper we focus on transpedicular screw fixation, but
the method we propose has many related applica-
tions in orthopedics

For several years our group has been develop
ing methods for computer %ssisted surgery 1- We have
implemented several systems that follow the same
methodology The basic components of these systems
are 1) A user interface to plan the surgery using pre

Received original February 14 1995 accepted March 1 1995
Address reprint requests to Stephane Lavallee TIMC ,AB Facult6~ de M6decine 38706 La Tronche CUdex France email
stephane lavallee @imnag fr

0 1995 Wiley Liss Inc /
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surface registration instead of a simple point regis
tration The surface registration has the advantage of
being easier for the surgeon since it requires only
that some random 3 D points on the vertebra surface
be digitized instead of digitizing specific landmarks
on both CT images and real vertebrae Surface reg-
istration is also more accurate than point matching
Since we are able to perform the registration tech-
nique using both 3 D surface points and radiographic
images our system also provides the possibility of
using only radiographs making possible percutane
ous operations Barbe et al I'demonstrated that a per-
cutaneous (non invasive) registration can be also per-
formed using ultrasound images

This paper presents a passive system using only
a 3-D optical localizer during surgery for both regis-
tration and guidance After a description of the sys-
tem and the method results of studies with cadaveric
specimens and with seven patients are described

METHODS

Surgical Plannmng

Computed tomogrphy provides 2 dimensional (2-
D) nages of the anatomy of interest (typically three
or more vertebrae) Using a spiral CT a set of 2 mmr
spaced slices is easily obtained We are also investi-
gating the use of magmetic resonance Lmaging (NWI

Before operating the surgeon chooses an opti
mal 3 D line in the volume of medical images In the
literature several quantitative parameters are pro-
posed to describe a vertebra 16 These parameters can
be related to direct measurements on CT scan im-
ages '" These reports have encouraged us to design
a user interface to plan the position of a screw inside
a pedicle (Fig 3) Three orthogonal re-sliced images
are computed and interactively modified by the sur
geon The intersection of the two first planes corre
sponds to the trajectory axis The third image pro

Fig 2 Vertebral anatomy From left ro right, cervical
thoracic and lumbar vertebra.

Fig 1 Lateral and trontal radiographs of an instrumented
spine

operative computed tomograph% (CT) 2) An intra
operative sensor to -.olleCE data It can be a pamr of
radiographic images 13 a 3 D ultrasound probe spa-
tially registeredI or a 3 D pointer (described in this
paper) 3) A registration algorithm to match intra op-
erative data with a model ot the veriebra segmented
on pre-operative CT images ' And 4) A guiding sys-
tem to perform the planned trajectory It can be a simple
mechanical guide a laser beam positioned by a ro-
bot and alizned %Nith the trajectoryvSI or a passive
localizer (descnibeli in thib paper) See Lavallee et al
" for an extensive dt.ription and comparison of these
systems

Recentlv a echnique verv similar to ours has
been proposed b,, Nolte et al 13 These authors re
port successful tests in clinical trials Almost the same
material components are used in this study confirm-
ing the need for an accurate localizer such as the
Optotrak system Ho%% e%er a different user interface
design was used in % hich CT images are displayed
in almost real tir.e durng2 surgery This might be
preferable to avoid the pre operative planning step
A major differenc- %' ith our sN stem is that we use a

I
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Fig 3 Surgical planning interactive defirution of a line segment within the CT volume of data

duces a section orthogonal to the trajectory At the
end of thus session the trajectorv is defined by t-,,o
points in the CT coordinate svstern P ICr= (r IYlI -
1), and P2cr. = (x2 y2 z2 I)' The first point PlI Crde
fines the farthest extend of the screw to avoid perfo
ration of the vertebral core The diameter of the scre%
is also selected at this stage to insure that the scre%%
is entirely inside the pedicle

The Intra-Oper-anve Svstem

The system used in the operating room consists of a
workstation DEC 5000 a 3 D optical localizer
(Optotrakm Northern Digital Toronto) and a set of
3 sterilizable rigid bodies each made of 6 infra red
diodes (Fig 4) These components are integrated in
a mobile cart The optical sensor provides the posi
tion and orientation of the ngid bodies in real time
with an accuracy of +/ 0 3mm

/A first rigid body is firmly fixed to the spinous
process of the vertebra It defines the intra operati-ve
coordinate system Re.r

A second rigid body Ref, is equipped with
a sharp tip to collect 3 D coordinates of points by a
simple contact activated by a pedal switch This 3 D
pointer is easily calibrated using a pivot technique
that takes about 10 seconds The surgeon first places
the pointer tip at a fixed location anywhere on the
reference rigid body Ref , and then rotates the
pointer around thus fixed point The intrinsic XYZ,

coordinates of the tool tip are then computed in the
coordinate s,. stem Ref~ by calculating with a least
squares approximation the most invariant point in
these motions The system accepts the calibration
onlv if the mean residual error obtained in the least
squares estimation is less than 0 5 mm It is usually
o 2 mm By simple matrix products each acquisi
tion gives the position of the pointer uip in Ref.,.

A third rigid body Refd,,u, is mounted on a stan
dard surgical drill The drill chuck defines the me
chanical axis and is calibrated by repeating the pivot
calibration technique for two sharp drills of differ

Fig 4 The matenal is made of 3 ngid bodies with 6 infra
red markers that are attached to a pointer a pin that will be
fixed to the %.enebra and a standard dnill

bt i
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ent lengths Therefore for each coordinates acquisi-
tion the system yields the position of the drill tip Al1
and a second point on the drill axis A2 both being
computed in Ref,,

Using the 3 D pointer Ref ,, the surgeon col-
lects a set of points lying on &~' surface of the ex-
posed vertebra (Fig 5) Typically about 50 points
are acquired in a few seconds The result is a set of
3 D coordinates of points M. I= I m given in the
intrinsic vertebral reference system Therefore any
motion of the vertebra due to respiration or move-
ments by the surgeon does not affect the precision of 4
the acquisition

Pre-Operative and Intra-Operanive
Registration

Registration calculates the nigid-body transforma-
tion between the coordinate system associated with
CT images, namely Refcr and the intra operative
coordinate system associated with the vertebra
namely Ref,,,.

First we use the result of a segmentation pro
cess of the vertebral surface from CT images We
have developed several deformable surface tools to
model pre operative images with minimal interac
tion with the user 10 11 These tools create a dense set
of surface points N,,j = 1.n in Refcr (typically n

-10000) From such a set, a 3 D octree spline dis-
tance map is computed This is a pre processing step
that speeds the mntra operative registration I These
steps are performed before the operation

During the surgery a 3 D/3 D registration al-
gorithm matches the 3-D data points M, with the
octree spline distance map computed from the points
N Beginning with a standard initial position the al
gonthm estimates the rigid body transformation

RTCTbetween the CT coordinate system and the
intra operative coordinate system To obtain this
transformation the sum of squares of distances be
tween the points M, and the surface represented im
phicitly by the octree spline distance map is inini
nuzed Details can be found in Chamnpleboux et al2
and Lavallee et al "

Figure 6 shows a typical convergence of the
registration algorithm At the end of this step the

optimal trajectory can bg computed in Ref,,

Fi To collect a 3 D point the surgeon positions the = CrTm P 0 fo 12 ()
pointer tip in contact with tie vertebral surface and presses a
foot pedal (a) -kLquisition dunns! in vitro expenments (b) Alignment of a SLirgical Dn1ll
Acquisition dunngeactual surgery (c)MTe result isa set of 3 Ti ia tpain h onsAIadA odfnD surface points INin,, on the vertebral surface Motions oaf ThsfnlteaigshepnsAlnd2toeie
the %ertebra are compensated throu,.h an internal coordinate the drill axis with the optimal surgical line (P1Ii
system hl\Ld to the spinous process r- The drill is aligned with the optimal trajec
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Fig 6 Iterative registration of 3 D data points with the
surface model segmented in CT images (a) Initial position
(b) Intermediate position (c) Final position The convergence
is reached Ln about 2 sec on a DEC5000

Fig 7 Dunn - in vitro expen-mcnts a 6 wxis robot positions
a laser beam at the IoL.ation ot the optimal trajectory with a
submillimetrnc 3Lcuracv (a) A tool is aligned with the laser
beam in simulated open surger) (b) The same technique can
be used for per .utaneous surgery

torv if and only if the distances between the drfll
points A 1 and 42 and the optimal line are zero

A first possibilitv to perform of such an ahign-
ment is based on a robot that cames a laser beam
The robot positions the laser beam to coincide with
the optimal trajettorv Then the surgeon aligns a
tool with this laser beam~"' Figure 7 shws such an
alignment pe formed during in vitro experiments
However sinLe this teLhnique requires the use of a
robot we ha% e desigcned a less expensive technique
using only the 3 D Ioc.Lhnr This approach is de
scribed belo%% In the tuiure a possible strategy is
to merge both approaches to gain ease of use and
also safety b% redundanLV

The teLnnique using onl% the 3 D locahizer is
based on a SpeCitiall% designed graphics user inter
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Fig 8 (a) Alignment of th- drill with the
opostionsthaecdrllonTheaobet ofrterses isl
poptimal thrllctor'aThesttoprtrssepeaedl
obtained on the screen Mb The tip of the drill is
on the traectory one cross is good it is right into
the central square that has a size of I mm (c) Both
the tip and a point ot the drill axis are on the optimal
034mmctnd 0ithe7rrminichethenescresainedoU
0 3et4 m wh rrr s 1 mindi hrcridoste scrigeeno

face On the left part of the screen we compute a view
which is orthozonal to the optimal line On that view
the optimal line (PIg I IPra~ is reduced to a single
point drawn as a red square in the middle of the im
age In real time the drill point A41 is projected on that
view and drawn as a green cross The drill point A2 is
projected on that view as well and drawn as a blue
cross For an arbitrarv position of the drill the three
crosses are distinct The corresponding window.,,is
scaled to 10 mmn therefore a motion of one pixel on
the screen corresponds to 0 02 mm which ensures
sufficient sensuti' aN The position of the drill is ac
quLred and di spla\ ed at a trequency more than 10 Hz

A two steps method is used to easily align the
crosses First the surgeon locates, the tip of the drill
on the optimal trajectory by aligning the green and
red crosses The distance between the tip point AlI and
the optimal line is computed and displayed in milli
meters Second the surgeon adjusts the orientation of

-5 31 10 34 101 L96.

the drill by aligning the blue and red crosses The dis-
tance betv,een the axis point A2 and the optimal line
is computed and displa\ed in millimeters (Fig 8)

Other teatures are useful to display for the stir-
gyeon First the angle between the drill axis and the
optimal line is computed and displaved in degrees
But more importantl,. the distance between the tip of
the drill k41 and the limit point Pl1,. is computed and
displaved in millimeterl Moreover the amplitude of
this depth is al6o repre .nted by a vertical color bar

Finalk~ on the right part of the screen a 3 D
view represents the \ eriebral surface points the op-
timal trajeL.torn and a drawing of the current posi
tion of the drill as an arrow Although we can inter-
actiN,elv change the point of view and the scale of
this view %%e Find It USetUl for global representation
and checkin2 of abnormalities but not as useful as
the simple , ie,,% w%ith iroh,,es which allows for an
accurate and ea,,\ah2gnment
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This alignment procedure is actually very in-

tuitive and accurate Using a rough pre alignment be
tween the screen and the surgeon the motions from
lett to right in reality coincide with motions from
left to right on the screen Typically a sub ffullimetric
alignment is performed in a few seconds The only
drawback of this method is that the surgeon has to
look at the screen and the vertebra at the same time
However the screen can be quite close to the operat-
ing field

VALEDATION

In Vltro Studies

This method was first validated with in vitro experi-
ments An isolated vertebra is pierced with two 3 mm
holes in the right and left pedicles A 3-D CT of this
vertebra is acquired and the positions of the axes of
the holes are defined interactively using the user mn-
terface presented above We then acquire surface
points and register the CT and intra-operanve coor
dinate systems Finally a drill is inserted inside the
holes made in the pedicles The system then corn
putes the distances between the planned trajectory
and the actual position of the drill axis For all ex~
periments submillimetric distances were obtained

In a second series of experiments the surgeon
actually drilled the pedicles of cadaver specimens
using the complete system Then we acquired lat
eral and frontal radiographs to check that the driled
axis was in the middle of the pedicle The result was
very satisfactory according to the surgeon (Fig 9)

Clinical Studies

Clinical studies were begun in May 1994 Thus far
the s,,stem hab been used with 7 patients Figure 5
shows the surgeon digitizing surface points before
they are registered with the CT model of the verte
bra The cart that carries the workstation and the 3
cameras of the optical localizer are seen in the back
ground behind a sterile plastic cover

During these first studies on patients the system
was not used completely for safety and ethical reason-s
The surgeon drills the pedicle of a vertebra as usual
but the trjectory chosen by the surgeon is compared
with the trajectory indicated by the system A drill
equipped with a nigid body is inserted in the hole made
by the surgeon to measure the errors by looking at the
offset positions of the 2 crosses described above

During these studies we also check the accu
racy of the system by taking a pair of calibrated ra
diographs of the vertebra In Figure 10 a calibration
plate is positioned between the X ray intensifier and
the % ertebra This plate is located in the sensor coor

I A

Fig 9 In vitro experiment lateral rad&ograph of a vertebra
after the pedicle has been drilled according to the complete
method The drill is in the middle of the pedicle

dinate system by the use of a fourth infra-red rigid
body mounted on the plate Radiographs are then
digitized from the video output of the X-ray system
A technique of 3-D/2-D regilstrauion is applied be
tween the CT model of the vertebra and the pair of
calibrated radiographs to estimate the transformation
between the CT coordinate system and the intra-op
erative reference system I This transformation is
compared with the transformation obtained with the
technique described in this paper to chec4 the coher-
ence between two systems In the future we hope
that this percutaneous registrtion will replace the
regristration usingr 3 D surface points So far the lat
ter technique has proven to be more reliable

For all patients a difference of a few millime
ters was found between the trajectory made manu
ally and the trajectory indicated by the surgeon This
corresponds to the error made by the surgeon when
the operation is performed without computer assis
tance (Fig 11) Such a comparison verifies if the
system is working well in clinical conditions and also
provides the surgeon with experience of the tech
nique Because of the positive results in these pre
lininary studies we are planning a full clinical trial

CONCLUSION
In conclusion the sytem we propose for computer
assisted surgery is simple to use and very accurate
It has been tested in clinical conditions in the operat
ingy room Successful results with in vitro experiments
and positive tests in vivo let us plan an extensive clinu
cal trial of the system The clinical benefits of this
system are first to provide reliable and optimal
transpedicular fixatons on lumbar vertebrae and
second to make possible and easy the transpedicular
fixation of vertebrae higher than the lumbar region
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An Image-Directed Robotic System
for Precise Orthopedic Surgery

Russell H T Fellow IEEE Brent D Minelstadt, Howard A Paul,
William Hanson, Peter Kazanzides, Member IEEE Joel F Zuhars, Member IEEE

Bil Williamson, Bela L Musits, Edward Glassman, and William L Bargar

Abtract-We have developed an imagedirected robotic system
to augment the performance of human surgeons In precise bone
machining procedures In orthopaedic surgery, Initially targeted
at cementless total hip replacement surgery The total system
consists of an interactive CT based presurgical planning corn
ponent and a surgical system consisting of a robot, redundant
motion monitoring, and man machine interface components. In
vitro experiments conducted with this system have demonstrated
an order-of magnitude Improvement In Implant fit and placement
accuracy, compared to standard manual preparation techniques.
The first generation system described In this paper was used
In a successful veterinary clinical trial on 26 dogs needing hip
replacement surgery It was the basis for subsequent development
of a second-generation system that Is now In human clinical trials

I INTRODUC7ION AND BACIKGROUND

A Augmentation of Human Ski!, in Surgery

37 HE RESEARCH reported in this paper represents a step
inan evolving partnership between humans (surgeons)

and machines (computers and robots) that seeks to exploit the
capabilities of both to do a task better than either can do alone
Recent advances in medical imaging technology (CT MR1
PET etc ) coupled with advances in computer based image
processing and modelling capabilities have given physicians
an unprecedented ability to model and visualize anatomical
structures in live patients and to use this information quanti
tatively in diagnosis and treatment planning Further, advances
in CAD CAM technology have made it practical to use this
data to design and precisely fabricate custom surgical implants
for individual patients

One result is that the precision of image based presurgi
cal planning often greatly exceeds the precision of surgical
execution Tyrpically, geometrically precise surgery has been
limited to procedures (such as brain biopsies) for which a
suitable stereotactic frame is available The inconvenience
and restricted applicability of these devices has led many

Manuscript received December 16 1991 revised March 14 1994
R H Taylor and E Glassman are with the IBM T J Watson Research
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B D Mittelstadt P Kazanzides J F Zuhars B Williamson B L Musits
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W Hanson was with the IBM Palo Alto Science Center Palo Alto CA
95834 USA He is now with LAral Federal Systems Gaithersburg MD 20879
USA

IEEE Log Number 9401327

researchers to explore the use of robotic devices to augment
a surgeon's ability to perform geometrically precise tasks
planned from computed tomography (CT) or other image data

The pioneering work in the use of general purpose robots
for surgery was that of Kwoh et at [1] who used a six axis
industrial robot to replace a stereotactic frame in neurosurgery
In this case the robot was mounted in a known position
relative to the table of a CT scanner and suitable geometric
calibrations were performed During surgery, the patient A as
CT-scanned and a destred placemet for a biopsy needle probe
was determined from the image data The robot then positioned
a passive needle guide appropriately, brakes were applied and
power was turned off Finally, the surgeon inserted the needle
through the guide into the patient's brain The principal benefit
gained was the greater convenience and faster positiing
possible with the robot compared to the use of a stereotactic
frame A number of similar systems have been developed
subseq~uently The most successful to date is that of Lavallee
et a! ([2] [3]) who used a stereo pair of intraoperative
radiographs to register the robot to the patient s CT data
(and to the patient) and to plan needle paths that avoid
blood vessels Over three hundred cases have been performed
although (again) the robot is turned off while the needle is
inserted Kelly et a! [4] [5] have implemented a specialized
motorized stereotactic system for laser neurosurgery in which
an XYZ table is used to reposition the patient s head relative to
the focal point of a surgical microscope More recently Drake
Goldenberg er a! [6] have reported several cases in which a
general purpose robot moved while in contact with the patient
although the motions were very simple and highly constrained
Further these cases were performed on an exception basis
in which the surgeon had no practical alternative despite
somewhat more limited safety checking than would have been
desirable for more routine use Several other neurosurgery
robots are mn various stages of development (e g [7])

A number of active robotic systems for augmentation of
non neurosurgical procedures have also been proposed or
developed For example Davies er a! have developed a spe
cialized robotic device to assist in laparoscopic prostatectornies
(8] which has been used clinically A number of groups (e S
[9]-[12]) have developed a variety of other telerobotic devices
for endoscopic and laparoscopic surgery McEwen et a! have
developed and marketed a clinically qualified voice controlled
limb positioning system for orthopaedics [13] Several groups
(e g [14], [15]) have demonstrated in vitro robotic systems for

1042-296X/94$04 00 0 1994 IEEE
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positioning passive instrument guides for knee replacement
surgery Of these applications, that of Davies comes closest
to ours in the sense that it uses an active automatic device
to perform a tissue removal operation Important differences
include an order of magnitude difference in the accuracy re
quired for the application the greater complexity of the shapes
to be cut the use of a general purpose manipulator rather
than a specialized devise and the greater degree of safety and
consistency checking built into our system which must move
safel) in a much less constrained volume

B P? ecise O0,thopaedir Sui ger3'
Orthopaedic applications represent a particularly promising

domain for the integration of image and model based presur
gical planning CAD/CAM technology and precise robotic
execution For example about half of the 300000 total hip
replacement operations performed each year use cementless
implants In these procedures accurate preparation of the
femoral cavity to match the implant shape and accurate place
ment of the cax ity relative to the femur can significantly affect
stress transfer implant stability and restoration of proper
biomechanics w~hich in turn are important factors affecting
efficacy For example Sandborn ei al ( 16] have reported that
the size of gaps between bone and implant significantly affects
bone ingro%tih Furthermore the present manual broaching
method' for preparing the femoral cavity leaves considerable
room for improx ement In one recent study Paul Hayes et al
117] found that only about 20% of the implant actually touches
bone when it is inserted into a manual) broached hole The
average gap betw~een the implant and the bone was commonly
1-4 mm and the overall hole size was 36% larger than the
broach Furthermore the exact placement of the implant cavity
relative to the bone (which affects restoration of biomechanics)
depends on the surgeon s ability to line up the broach manually
and to drij%e it the right distance into the femur Driving the
broach too far can split the femur

These considerations have led us to explore the use of
robotic machining to prepare the femoral cavity for the im
plant Initial feasibility studies by Paul Mittelstadt el al [ 18]
demonstrated that a robot could successfully machine shapes
in human cadaver bones and that preoperatively implanted
calibration pins could be used to accurately register CT image
and robot coordinates for a femur

Following these studies we developed a complete planning
and execution system suitable for use in an actual operating
room In 1110 experiments with this first generation system
demonstrated an order of magnitude improvement in surgical
precision compared to manual broaching One of the authors
(Dr Paul) conducted a veterinary clinical trial on dogs needing
hip replacement surgery This experience provided the basis
for development of a second generation system that is now in
human clinical trials (191-[22)

Subsequent sections of this paper will summarize the presur
gical planning and surgical procedure followed for robotic

1Fig I sho% s a t) picai cementless implant and ihe corre sponding broach
used to make the hole for it Fig 2 sho% the use of a broach on a human
patient The procedure in a dog i emennall% the same

wMOP wll
Fig I Tpical cemeniess hip implani and in'trumeniation Thi
sho%%s a typical cementle%s hip implani together %~ith the bro3L h u
produce a corresponding hole in the patient s thigh in con%entional in

surger) Proper placement of the implant socket relatme to the fin
accurate reproduction of the socket shape are %ecr) important to a kure %I
uniform stress transfer and restoration of the proper biomechinici.

Fig 2 Manual broaching procedure Thi% figure sho-A s thr. u-,. bii
a human cementless hip replacement The procedure in a do, is d.III
same One -,tudN found thai only ahout 20r( of the implanita&tu I u.'
bone A~hen it is insened into a manuall% broached hDIL Th; .I%I j
betu~een the implant and the bone %va commonl) 1-4 mm and tht )%erall
hole size %~as 369I larger than the broach

hip replacement Surgery and %ill discuss thL r,. Lirenients
for robotic systems intended to augment hun Pr CIsI011
in surgery After providing a brief oN er% ie%% ith,- s% ti
architecture we will provide a fuller disc i1 0 11i
key aspects of the system including the i i1- 1 1. 1prL %ur
gical planning geometric calibration shape L1t).11,13,id %det)
checking mechanisms Finally we will discus e \ r 1 .1 e of
the system in actual clinical use (on dogs) and %Nill discuss
some of the lessons learned

11 SUMMARN OF PROCEDLRE

Before surgery three titanium pins are implanted througl-
small skin incisions into the greater trochanter and tond) le
of the patient s femur A CT scan is made of the JeL ThL
presurgical planning s)stem automaticall) locates the pin
relative to the coordinate s)stem of the CT images The sur

S

. I
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IMPLNTED BONE

IMPLANTED DONE

Fig 3 Architecture of hip replacement surgery system The
of a presurgical planning component and a surgical component
used for the veterinary clinical trial the motion monitoring an(
functions are subsumed within the robot controiler

geon interactively selects an implant model and de
desired placement relative to CT coordinates This
is written to a diskette for use in surgery

Key steps of the intraoperative procedure are sh
5 for an in ittro test on a cadaver femur Fig i
operating room scene during the first canine clin
May 1990 Briefly the procedure is as follows

1) The robot is brought into the operating rooi
ered up A sterile cutting tool is attachei
interface just below the force sensor and,
covered with a sterile drape The patient dat
loaded into the robot controller and the rob
in a standby mode

2) The patient is prepared and draped in the non
Surgery proceeds normally until the acetabi
nent of the implant is implanted and the ball
is removed

3) The robot is brought up to the operating
the femur is rigidly attached to the robot
a specially designed fixator The three titani
exposed manually

4) A ball probe cutter bit is inserted into the
cutting tool The top center of each pin isi
by a combination of manual guiding and
tactile search by the robot Although sever
manual guiding are available the most corr
is force compliance The surgeon simplyI
shaf of the cutter the robot controller senst
exerted on the tool and moves the robot int
direction

5) The robot controller uses the pin location information to
compute an appropriate transformation from CT coordh

~NT nates to robot coordinates The ball probe is replaced by
a standard cuttng bit, and the robot cuts out the desired

ATOM implant thape at the planned position and orientation
ESIGN relative to the pins ThU surgeon monitors progress both

by direct observation of the robot and patient and by
looking at a graphical display depicting successive cuts

6) When cutting is complete, the femur is unclamiped from
the fixator, and the robot is moved out of the way The
rest of the procedure proceeds in the normal way with
the added step of removing the locator pins from the
patient

III REQuImEmEmSAn IssuEs

A Human Machine Interaction in a Surgical Situation
HAND- Our goal is not to replace the surgeon Instead we arc
HELD
TERMINAL concerned with developing a surgical tool that can assist the

surgeon by precisely executing a tissue removal task under
the surgeon s supervision Although the robot s geometric
accuracy is much greater than the surgeon s the surgeon s
understanding of the total situation is clearly much greater

system consists than any computer s and he or she is responsible for what
tIn he system goes on in the operating room Suitable interfaces must be

id robot control provided to allow the surgeon to monitor the robot'c actions
to pause execution at any time initiate error recovery actions

eterinesitsand provide positional guidance to the robot There is also the
inermin t related problem of human computer interaction in presurgr-aJ

infrmaion planning Convenient and naturally understood interfaces must
hown n Fig be provided to allow the surgeon to specify what implant shape

6 sow inhFi is to be cut and where it is to go Furthermore the interfaces
nishow the i used intraoperatvely to report progress of the surgery should

~icl tialinbe as consistent as possible with those used to plan it

m and pow B Registration of Plan Data with Intraoperativ'e Realir3
dte aobol Th7e surgical plan is based on anatomical information de

thietobo is rived from Cr images taken prior to surgery Reliable and
bt diskettecis accurate methods to locate the corresponding anatomical snruc

bot s plced tures relative to the robot are essential if the plan is to be

rmal anner executed successfully

ular compo- C Verfcation
of the femur

It is very important to venfy that the greater potential
B table, and geometric accuracy offered by the use of a robotic surgical
ibase, using system is in fact achieved in practical use Suitable methods
ium pisa must be developed for verifying the performance of indiviftal

system components and of the system as a whole

coth locathed D Operating Room Compatibility and Sterility
autonomous It must be easy to incorporate the robot into a hosptaWs

ral modes of normal routine It may be difficult for a hospital to ded&zWe
nmonly used an operating room to robotic surgery and even if it does so
pulls on the it is important that maintenance not be disruptive 2 cmer
es the forces 2ru~se considerations led us to ruie out some configuraiions (such a
the indicated Cartesian manipuiator suspended from the ceiling) that might otherwise h~a%e

been attractive
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Fig 4 Operating room system architecture The operating room system consists of 1) a surgical robot with its associated controller tooling and
safet) interlocks 2) a fixator to hold the bone securely to the robot 3) a redundant motion-monitoring subsystem consistng of a checking computer
optical tracking system and bone motion detector and 4) a human-machtne interface with an online display display computer and a hand held ierminal
interfaced to the robot controller

ally the system should be easily brought into the operating
room and set up as part of the normal presurgical routine
Similarly removal sterilization, and reattachment of the end
effector and other critical components should be easy and
suitable sterile drapes nmust be developed for the manipulator
arm and other structural components that cannot be easily
sterilized

E Safer> Ert or Recoi ery and Backup

Clearly redundant safety mechanisms are very important
both for the protection of the patient and of the surgeon Man
ual pause and emergency power off functions are essential
Wherever possible potential error conditions must be antici
pated and checked for and adequate recovery procedures must
be available Although the robot often may be able to continue
with the procedure following a pause it is also prudent to
provide a reliable means of stopping the robot removing it
from the surgical field and continuing the operation with
manual backup

Since the surgeon must rely on the precision of the robot
it is eXtremely important that no single failure cause an
undetected loss of accuracy The system must monitor the
position of the robot s cutting tool relative to the shape that
it is supposed to cut and stop cutting if it strays out of
the desired volume for any reason It is especially important
that systematic shifts (such as might anse from the bone
slipping relative to the fixator) be detected promptly A single
misplaced cut can usually be repaired but it may much harder
to correct for misplacing the entire cavity

IV SysTEm ARCHITECTURE

The system (fig 3) consists of a presurgical planning
component and an intraoperative (surgical) component These
components arm summarized below and discussed at greater
length in subsequent sections

A Presurgical Planning

This component [23] implemented on an IBM workstation
permits the surgeon to select an implant model and size and
to specify where the corresponding shape is to be machined
in the patient s femur

The system maintains a library of computer aided design
(CAD) models of implant designs and accepts computed
tomography data for individual patients It automaticall) de
termines the CT coordinates of the preoperatively implanted
locator pins and provides a variety of interactive graphics
tools for the surgeon to examine the CT data to select an
appropriate model and size from the implant design library
and to nmipulate the position and orientation of the selected
implant shape relative to CT coordinates 3 The -output consists
of files containing 1) patient identification data 2) the position
of the locator pins relative to CT coordinates 3) the implant
specification 4) the desired implant placement relative to CT
coordinates and 5) processed image and model data that will
be used for a realtime animation of the progress of the surgery

31n the futire we anticipate the use of computer optimization techniques
to assist the surgeon in determining the best implant placement and also in
the design of custom implants
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Fig 5 Surgical procedure for hip surgery (a) Fixated cadaver bone (b) M,
Cutting (he shape (e) Online display (f) Final result

B Ope) ating Room Sistemz

The operating room system (illustrated in Fig 4) consists
of several components The five axis tohot is an IBM 7576
SCARA manipulator with an added pitch axis six degree
of freedom force sensor and a standard high speed surgical
cutting tool During surger) all but the robot s cutting tool is
covered b) a sterile drape the cutting tool is separatel) steril
Jzed A sterile fixatoi rigidly attached to the robot s base holds
the bone during the robotic part of the procedure The robot
controller provides servocontrol low IJe%el monitoring sensor
interfaces and higher level application functions implemented
in the AML/2 language During surger) the force sensor is

PFP')

anual guiding to approximate pin position 1ict.ilue searLb fori pin (di

used to support redundant safety checking tactile wearch to
find the locator pins and compliant motion guiding h\ the
surgeon

The redundant niotnon mnioting suhsistem [241 is im
plemnented on an IBM PC/AT %%jth specialized 10 hard%%are
It relies on independent sensing to track the position and
orientation of the robot end effectoir during the cutting phase
of the surger) and checks to -verif\ that the cutter tip ne% er
stra)s snore than a prespecified amount oulNidf of the defined
implant volume It also monitors strain gauges thit can detect
possible shifts of the bone relati%.e to the fi\ation de% ice If
either condition ig detected a freeze motion signal ih sent
to the robot controller After motion is stopped appli.ation
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code in the robot controller quenies the motion monitoring
system for more information and then enters an appropriate
error recovern procedure under the surgeon s supervision

The huiann machmne interface includes an online dtspla3
system that combines data generated in presurgical plan
nling %%ith data transmitted from the robot controller to show
progress of the cutting procedure superimposed on the CT
deri% ed image N ie% s used in planning A gas sterilized hand
held teinninal allows the surgeon to interact %kith the system
during the course of the operation This terminal supports
manual guiding motion enable emergency power on/off
and menu selection functions It may also be used to pace
transitions from one major application step to the next and to
select appropriate pre programmed error recovery procedures
should the need arise Each of the major control components
(robot control and motion checker) is able to freeze all
robot moiion or to turn off manipulator and cutter power in
responNe to recognized exception conditions If this happens
the surgeon must explicitl) re enable motion from the hand
held termiinal

V PRESL RGICAL PLAPNNING SNSTENI

A InlIa Pio(i un

One mundane but neNertheless essential task is to load
the image data into the computer The CT scanner used for
the %eterinar\ clinical trial of this sy stem produced images on
magnetic tape in GE 9800 format The voxel size for typical
scans mas 0 19 x 0 39 mm x I S mm thick Multiple cross
sectional image-, -paced I mm apart %%ere taken throughout
the proximal femur In the \icinit) of the locator pins the
ima.Le-, mere %paced onl) 1 5 mm apart (0 e they were
contiguou,,) The input sofi%kare includes facilities for tape
reading pre% ie\h ing image slices selecting a region of interest
to reduce the size of data sets maintaining patient information
etc

B Put Lot tmon11Alko;inm

A ke) problem is determining the location of the top
center point of each locator pin relative to CT coordinates
This is b) no meanb trivial Although the density of the
pins is much higher than that of bone simple segmentation
based on thresholding is complicated by blooming and other
artifacts assotjated %kith the image formation process so that
the imag-es are rather nois) In particular edge information is
ver) unreliable 4 The pins are not nicely aligned with the CT
slices and the CT voxels are not cubes Even in the absence of
noise CT cross sections that pass through the screw threads
hexagonal dri%,e hole and the pin head and shaft can produce
images that are rather difficult to analyze To overcome these
problems a robus,t three phase method has been developed

In the fir%t phase simple density thresholding is used to
distinguish the metallic pin voxels from surrounding tissue

"ENperimeni% b) one of ihe authors 1181 1251v-Aih %arious maternals
sho%kcd thait inanium ind cerimic )icldcd the best contrast %%ithout excessive
blooniinL Hout%ser ihL rt%uluinS imigei swere stilt far from clean Titanium
%kd, chosecnfor rej%on of hiocomlpaiibiliq and because ii is more commonly
used in ornhop.iedi implants than iianium

.dI W 7'

Fig 6 Operating room scene from first canine clinical 11"Idl in klix 40
The surgeonl is Dr Paul The patient sas a famil% pet needing hip rept ft
surgery

voxels Unfortunately blooming causes Many tissue % (iel,;
to be mislabeled pin giving the pins a ragged star jis~t
appearance These artifacts are cleaned up by first dilatin ind
then eroding the binary thresholded image with stund uIt D
morphology filters using sphencal structural elerrent,. This
process also smooths out the scre%s threads and fills in the
drive socket of the pin image

In the next phase the approximate position and oni ition
of the pin are determined by calculating the first and, ond
moments of the binary pin image

and

M2- rni) (p, - mJ1_

where the P. are the coordinates of all voxels j cla itned
4'pin " Since the pin is cylindrically symmetric tvkboilt the
eigenvectors Of M2 will be practicall) equal The other
eigenvector, a represents the principal axis of the pin'

1 This method would not s%ork if 1he length of the pin shaft %%.ijiv t% that
all three eigenvectors hid the same length In this case it %kould ht. nL ir\
to use higher order moments to disambiguale the axes Ho% e\ er our jiocr
pin design precludes this pos%ibilit%

I
Mako   Exhibit 1003   Page  225



TAYLOR rl al AN IMAGE DIRECTED ROBOTIC SYSTEM FOR PRECISE ORMhOPAEDIC SURGERY

Fig 7 Robot s unst dunng shape cutting experment The LED beacon
plates used b) the motion monitoring s) stem are clearly visible The force
sensor is just visible behind the top of the plates

Fig 9 Presurgical planning displayM2elis

Projected Geometry
(a)

Density Profile
(b)

Fig 8 Projected pin profile ia) Projected Seorneir) (b) Densit) profile

In the third phase a cross sectional volume profile h(d)
is computed as a function of the distance d along the axis
ml + dia (Fig 8) The intercept do of the leading edge of
the pin profile is computed and the top center point p,, of the
pin is then readily computed from

p,= im, + doa

C Inteyactitie Docking Subs)stein

The interactive docking subsystem integrates 3D image dis
play and computer graphics techniques to support positioning
of a 3D CAD model of the desired prosthesis shape relative to
the CT image of the patient s anatomy Since 3D perspective
projections inherentl) distort distance and shape we chose
to use orthogonal 2D cross sections to represent the 3D

information The interactive display screen is shown in Fig 9
Three orthogonal sections through the CT data set representing
the bone are shown together with a simple graphic view
showing the location of the three cutting planes relati% e to the
data set Standard resampling techniques are used to generate
undistorted cross sectional images which may be displaNtd
in one of three modes Grey-scale mode simpl) displa),, the
CT densities of each (resampled) voxel Color map mode
uses different hues (red blue etc ) to represent different
tissue classes (cortical bone trabecular bone etc ) which are
presently computed by relatively simple intensity thresholding
techniques 6 Surface contour mode shows a graphic represen
tation of boundaries between tissue types This graphic data
can be manipulated very quickly and is most useful %~hen
the surgeon is identifying the desired cross sectional % ie" s
fthough the CT data

In use the surgeon typically selects boundary mode and
uses the mouse to position and orient the cutting planes
relative to the CT data The surgeon then selects either gre)
scale or color map mode Again using the mouse the surgeon
selects the desired implant model from a library of m~ailable
designs and manipulates the position and orientation of the
implant relative to the CT coordinate system As he does
this the computer automatically generates the cross sections
corresponding to the selected orthogonal cross sections and
displays them superimposed on the corresponding 2D images
All manipulations, whether of the implant or of the cross
sectional CT views are specified relative to one of the three
2D views Thus complex 6D reorientations are accomplished
by breaking them down into a sequence of pimpler transfor

6The threshold values used to distinj,uish between different bone clasic"
weire qualitatively determined b) the co author %ho is a surgeon (Dr N~ub
and reflect his besi judlement as to %%hal is useful An) such dir-lincion are
to some extent arbitrar)

r--mT-.or-Ilw--r I ml I
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muons When the surgeon is satisfied, the coordinates of each
locator pmn, the implant specification, and the desired implant
position and orientation relative to CT coordinates arm written
to a file

In the future we expect that the computer will assist the
surgeon by computing and displaying appropriate goodness
of fit measures and eventually proposing optimized positions
and custom implant designs Even in its present state of
development however this systom has proved to be very
effective and quite eay to uise The 2D cross sectional dis
plays are intuitively attractive to and easily learned by the
orthopaedic surgeons who are the targeted end users The
restriction to one 2D rotation or translation at a time has
similarly proved to be inconsequential since our users tend to
think of rotations and translations that are easily perceivable
in a single display-namely the ones that ithe system allows
on a single interaction,

VI GEOMMTRC CALIBRA71ON

Geometric calibration (e g [26]-[28]) is a crucial compo
nent of any practical robotic application especially one in
which geometrically accurate paths arec " important factor
This is equally true of surgical applications At the same
time it is important to define methods that are simple robust
do not require elaborate equipment and are appropriate for
The accuracies required by the task In this section we will
describe our-,approach to these tradeoffs

A Find Pin Routine
The methods used in the calibration and in the actual

surgical execution are very similar to methods earlier used
in training a robot to copy pilot hole positions for automatic
drilling of aircraft wing panels [29] A ball probe cutter is
inserted into the collet of the cutting tool and the force sensor
is used to determine points of contact with the object being
located (typically a cylindrical pin) Points of contact are
located by moving the ball to the proximity of the surface and
then executing a slow guarded motion in a specified direction
As soon as the force exceeds a specified threshold the motion
is stopped Since there may be an unpredictable amount of
overshoot a sequence of very small steps x, are then taken
in the reverse direction and the forces f, along the motion
direction are measured at each point The apparent compliance
is estimated by a straight line approximation

ft = Kz,-zo)

The point zo where the force goes to 0 is assumed to be the
contact point Experience has shown that this method while
somewhat tedious is in practice very robust Repeatabilities
of the order of 25 pm are routinely obtained A cylindrical
object like a pin or cup is then easily located by locating three
points on the top surface and three points on the side

B Kinematic Model

As stated earlier, the robot is a modified SCARA manipula
tor augmented by an extra pitch axis which (in turn) carries a

six degree-of freedom force sensor and a high speed revolute
surgical cutter The nominal kinematics are given by

pt.,i = p..it + R(z, 64)R(y 65)vc

where R(a, 6) is a rotation by angle 0 about axis a and

=R(z, 01) (lix + R(z, 62)12X) + 63Z
length of first link

12= length of second link
61 = first joiiqt rotation
62 = second joint rotation

03= sliding joint displacement

04= roll joint rotation
6%= pitch jointirotation

v,= cutter displacement vector

There are of course a number of error terms corresponding to
link dimensional variations encoder offsets etc The calibra
tion performed by the robot manufacturer characterizes these
values quite well and the local accuracy of the basic SCARA
has proved to be sufficient for our purposes I However we
were somewhat more concerned about the pitch motor and
end effector an therefore decided to develop an additional
calibration procedure for these distal parts of the system The
crucial factor is the position of the tool tip which is given b)

A.., = + R(z, 04 + A04 ) 0 (aX + V)d.,t.1)

where

Vdistal = R(z, )* (R(y 65 + AOs) (v, + Avc)

A6 4 = rotational misalignment of joint 4 with joint 5
a = displacement of pitch axis from roll axis
# = pitch axis tilt error ternm

A65 = combined pitch offset & shaft alignment error
Ac= cutter shaft displacement vector uncertaint)

Tool orientation is relatively less important and s'o special
efforts were required to calibrate it aside from determining
the angular offsets A04 and A05

C Parameter Estimation

Our present calbbration method uses a single vertical post
higidly mounted to robot s base Essentially the calibration
works by repeatedly executing the find pin routine to inea
sure the apparent position of the post for a number of different
roll and pitch orientations Since the post does not move the
post location and the unknown kinematic parameters a 03
A04 A05 and Avc may be found by least squares regression

77be specified repeatability of the robot we used is.+ 0 05 mim in the \I
plane and k 0 02 iwn in Z The robot s specified X 3 region accurac) is
0 2 mm over a 230 mrm square Over the rather shorter distances involved in
machining a canine Implant the accuracy rapidly approaches the repeatability
which in our expeierie was actually better than the specified value
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on the Inearized relation

pstL"p.,,..t + R4 * R5 * (Vc + AVc)

" PR e(z x R5 0Vc)

"+404R4 *(z x R5 9 vc)
" A05(y x (R4 9*R5*9vc)) + aR4z

where

R 4 =R(z,64)
R5 =R( ,05)

Our experience with this calibration procedure has be"n
quite good A typical calibration run consisted of 28 poses
with roll angles varying through :190* and pitch angles varying
from 20 to 600 After reduction of the data the average residual
variation in the apparent position of ppot5 was typically about
o 1 mnun Ovpr a senies of 9 calibration runs made during the
canine clinic l trial the average residual variation ranged from
0 08 mm to 0 12 mmn and the maximum residual magnitude
ranged from 0 16 mm to 0 33 mm, which is well within the
required accuracy for this application Further, since the wrist
orientation does not change during the shape cutting phase any
remaining wrist calibration error simply causes the position of
the bole to be shifted slightly in the patient s femur and does
not affect the actual shape being cut

VII SHAPE Curmrlo

At present we use a constant orientation cutting strategy
The shape is cut as follows

1) An end mill (typically 7-9mm in diameter) is placed in
the collet of the cutting tool

2) The cutter is oriented parallel to the long axis of the
implant

3) Successive transverse pockets (typically about 2 5 mm
deep) are cut to produce the rough shape of the implant
At the conclusion of this stage the implant shape has a
stair case appearance

4) Successive longitudinal cuts are made to remove the
excess material in the stair cases Although this produces
a slightly scalloped surface finish in practice it is easy to
approximate the desired surface with a relatively small
number of cuts The residual height bh of any scallop
will be given by

irc Tutter - CU r

where rcutter is the cutter radius and d is the distance
between cuts Solving for d gives

d = V4-cutterb5h - 2(bh) 2

L" 2vfr5- h for small 6h

Thus relitter = 5 mm and b5h = 0 05 mm would require
the finishing cuts to be I mm apart These cuts are made
without changing the cutter orientation

5) If necessary the end mill is replaced with a smaller
diameter ball cutter and additional finishing cuts are

made to sharpen the corners of the implant hole Ob-
tamning proper clearance for these cuts requires the
cutter orientation to be changed slightly Changes in
the implant designs during veterinary clinical lestirig
rendered this step unnecessary

One advantage of a constant orientation cutting strategy
is that it substantially eliminates the effec~t of unmodeled
kinematic errors in the distal parts of the robot on the shape
of the hole being cut, although they do still affect the locatica
of the hole relative to the bone Since the shape dimensional
tolerances are in fact somewhat tighter than the positioning
tolerances, maintaining a constant orientation is indeed valu-
able More complex implant shapes of course will requmr
full five axis trajectories

VIII I1m.AowTAm DisPLAY

The presurgcal planning system is also used in the operating
room to provide displays showing the progress of the cutting
phase of the surgery During surgery, the planning system
is connected to the robot controller via a standard serial
communication line and rechristened the real time monitor
Three orthogonal cross sections through the 3D C I data
set used to plan the surgery are displayed together with
corresponding cross sections of the shape to be cut just as
in presurgical planning As each successiv cutting stroke ns
made the robot controller sends short messages to the display
computer, which then changes the color of the portions of
the cross sectional images corresponding to the cutting stroke
Once a complete layer is cut out that entire portion changes
color yet again

IX SAFETY CHECKING SUBSYSTEMS

A Requirements
Safety was a primary consideration in designing the system

The principal requirements were defined by the co-authoms of
this paper who are surgeons (Dr Paul and Dr Bargar) These
included

1) The robot must never run away No single mode hard-
ware (or system) error may cause the application soft-
ware to lose control of its motions Furthermore the
application software must request only proper motions

2) The robot must never exert excessive force on the pxient
If forces on the cutter exceed expected values by more
than a predefined threshold amount, then something may
be wrong, and the robot must stop moving immediately

3) The robot s cutter must stay within a prespecified po
sitonal envelope relative to the volume being cur Toi
hip replacement surgery, the main goal is to prevem~
a systematic shift in the placement or shape of the
hole a single gouge is generally reparable, alfthugh
undesirable Of course other surgical procedures (hike
brain surgery) may be less forgiving

4) The surgeon must be in charge at all tmes This is
of course, the fundamental dilemma The surgeon has
to trust the system to some extent Nevertheless, the
system must provide the surgeon with timely information

-1
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about its status and the surgeon must be able to pause
motion at any time Once robot motion is stopped he
or she must be able to further query the robot s status
to manually guide it to select an appropriate recovery
procedure to continue the surgery or to completely
terminate use of the robot and continue manually

B Robot Controller Checks

The robot controller routinely performs many safety and
consistency checks including monitoring position and ye
locity limits in the joint servos and monitoring of external
signals In addition to a basic power-enable relay (external
to the controller) controller software provides facilities for
disabling manipulator power for freezing or pausing motion,
for resuming interrupted motions and for transfemng control
to application software recovery procedures A safety time
out monitor turns off arm power it the controller does not
affirmatively verify system integrity every 18 mns

Many conditions (externally signalled consistency checks,
force thresholds pushbutton closures, etc ) interrupt the ap
plication program pause motion or drop power under certain
conditions The surgeon can then use the hand held terminal
to query system status to select local actions (such as manual
guiding or withdrawal of the cutting tool) to continue the
present motion to discontinue or repeat the present step of the
procedure or to restart from an earlier stage of the procedure
One very common case is a simple surgeon initiated pause
to allow the surgical team to perform some housekeeping
function like repl4cing an irrigation bottle or to allow the
surgeon to satisfy himself or herself that all is well

C Force Monitor Checks

The microprocessor interface to a wrist mounted force sen
sor computes forces and torques at the cutter tip If any
tip force component greater than approximately 1 5 gf is
detected the controller is signalled to pause motion Forces
greater than about 3 kgf cause arm power to be dropped
Experiments in which a sudden large motion is commanded
in the middle of cutting confirm that these checks are quite
effective in detecting run away conditions They are also
effective in detecting such conditions as the cutter stalling or
being impeded by improperly retracted soft tissue

D Independent Motion Monitoring Checks
We developed an independent checking subsystem to verify

that the cutter step stays within a defined safe volume rela
tive to the bone essentially corresponding to the umplant shape
and an approach region The checking system is implemented
on a separate PC/AT computer from the robot controller, in
order to minimuze the chances of common mode failures The
check requires two steps 1) verification that the bone does
not move relative to the fixator, which is rigidly attached to
the robot s base, and 2) verification that the end effector never
strays from a defined volume in space

We devised a strain gauge system for detecting motions of
the bone relative to the fiXatOr Bench experiments demon
strated that motions on the order of 0 1 mmn could be detected
However experiments with the fixator indicated that even

rather large forces (5 kgf) produced only negligible (16 Am)
motion and the bone motion monitor was not used in any
clinical tests

To verify end effector motion we used a Northern Digital
OptotrakTM 3D digitizer which is capable of tracking light
emitting diodes to an accuracy of better than 0 1 mrn at a rate
of approximately 1000 positions/second We fabricated a rigid
PC card with eight such beacons and affixed it to the robot s
wrist as shown in Fig 7 An arbitrary coordinate system for
the PC card was defined from the beacon positions and the
positions b,, of the beacons relative to this coordinate system
were measured The Optotrak measures the positions b,,, of
these beacons in space, and computes a best estimate of the
plate position Fp by regression from the relationship

b. a5 Fp * b

The robot to-Optotrakt and plate to-cutter transformations T,,,
and Tjp are computed by ordinary least squares estimation
from data taken with the robot in various known positions
using appropriate linearized models Using these transforma
tions an estimate of the cutter coordinates Fr relative to the
robot may be obtained from the relationship

FrC = T-. *Fp *Tpc

Constructive solid geometry (CSG) tree check volumes
corresponding to implant and cutter selection were constructed
from primitives bounded by quadnic surfaces

PC 0 Q,@PC + q,*PC +d 0

located one millimeter outside the furthest nominal excursions
of the cutter when the shape is cut Intraoperative checking
is performed by reading the beacon plate coordinates from
the Optotrak computing the corresponding cutter position
and then checking to see if this position falls outside the
check volume If so the checking subsystem signals an out
of bounds condition through an optically isolated digital port
to the robot controller which pauses motion and then obtains
more detailed iniformation through a serial communications
line

To verify the performance of this system we deliberatel)
moved the cutter in a succession of very small steps through
the boundary of the checking volume We found that the
system could detect when a motion crossed a threshold to
approximately 02 rmm precision with constant orientation
and approximately 0 4 mm with cutter reorientation Checking
rates of approximately 34 FHz were obtained using a slow (6
MHz 286) PCAT At typical cutter speeds the total excursion
before motion is frozen is about 2 mm after accounting for all
latencies

X EXPERIENCE AND) DISCUSSION

A In Vitro

Extensive tests were conducted on plastic and cadaver
bones and on foam test blocks in order to verify basic
system accuracy and to gain confidence in overall system
behavior [25] Fig I I shows typical cross sections produced
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Fip W( Cuttn force on cidd%c dog bone Thi fipure sho%k% a piot ofi
cut Jn thi plot 40 force unit coffc%pond to one pound 10 45 kpf)

b) manual broaching and robotic machining In one bottom
line experiment three pins %kere implanted into a test fixture
and located on CT images of the fixture A number of foam
block-; %ere then successij%ely (and repeatabl)) clamped into
a socket in the test fixture which %kas placed at %anious poses
%ithin the workspace of the robot Test shapes v%ere cut in
the foam blocks using steps 3 through 5 of the surgical
procedure The positions of these shapes and of the pins were
then measured on a coordinate measuring machine with an
accurac) of approximate]y 0 0125 mm (0 0005 inches) In a
typical test run the three blocks were cut for each of four
separate poses (all combinations of -left leg/rnght leg and 0
degree5/15 degrees fixator pitch) for each of three separate
CT scans for a total of 3 x 4 x 3= 36 blocks 7be total
placement error of the test shapes %as found to be 0 5 mm for
a test fixture with pins placed at the distances they would be
on a human Similarly the dimensions of test shapes machined
in cadaver bone were measured % ith cahipers accurate to 0 02
mm Dimensional errors were less than 0 05 mm Further tests
in which actual implant shapes were cut in both foam blocks
and canine cadaver bones and an implant was then inserted
into the hole were also conducted Although a dimensional
studN similar to 1 171 was not performed the fit achieved was
qualitati% el) ver) good The implant slipped into the hole %with
little effort and fit snugly No gaps could be seen if the foam
block was split longitudinally after insertion of the implant

Cutting forces for bone machining were also measured
Typical results are showkn in Fig 10 The greatest force %hich

the magnitude of the fote on the cutter lip for fi%c t pi .A1ro* e nt jwl

seldom exceeded 0 S kff t)pically %% as entounit, & d %khen the
cutter moved from the center plunge po%ition to the first
corner of a rectangular section of boric being ren0% L..' Forte%
would then drop off subbtantially as the cutiur began mo% in-,
along edges of the section building up to %omen hai smdhkr
local maxima (about 0 1-0 4 kgf) a.Successi% e COTTner" of the
shape were reached

Except for bone motion detection the redundant checking
mechanisms discussed abo% e%were all integrated into the
prototype surgical sNstem and u%ed in in into testin , on
cadaver bones The most common error condition deie..ted
dunnS these tests was excessive cutting force w%hen the cutter
plunged into unusual]y hard bone %hich caused the controlILr
to pause robot motion Continuation from this condition Uas~
easily achieved by backing up the cutter 1-2 mm and restarting
the current cut

Both the real time monitor and the motion tracking %N stemn
proved to be surprisingly useful in application 4ebugging
Even though the display was essentiall) .4n animation it
provided useful information about exacd) wer the robot
should be and what the controller thought it %%a% doing Tht
motion tracker provided a useful consistenc% check to tht.
calibration procedures It also caught a real bug in the ship.
cutting code that might otherwise hWe been %er%, hird to find

8 In 11110
A clinical trial on 26 dogs needing hip replicemenit -urp,.r%

was conducted from M1ay 1990 through September 1901 All
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Fi IItCninpirime cro --ettion This figure shoA's sections of human
Cdd i t,r bont. t top) prt. pired -AnhA a manual broach and (bottom) machined
mt nh i robot The mea--ured midline dimensions of the machined sections art
%k. aihn 0I W, lio 0 1 mm of nominil Some surface irregularnties are seen where
th,. mi. hinm. d urf ie inter ect chancelloub bone other chipping anst from
IhN. hom -.i. ifinnin,procs.

procedurL, %hwere SULCe%%ful with no intraoperati%e comnplica
tions, or infeclionN, There uere no intraciperative or postopera
ti%e craLKS or fractures and (in the opinion of the surgeon) the
implants were ea%fl) inserted and provided more mechanical
stabilit than would normal)) be experienced mith manual
brodching of the femur In contrast crackings was experienced
in 5 out of 15S cases in a manual]) broached control group and
the implant placement mas not as good Radiographs were
used to compare placement of the implant in the femur for 15
casek in which the robot was used to prepare the femur with
15 case,, in %%hich con% entional manual broaching was done It
w,as found that for the Techmedica cementless canine implants
used in the stud% con% entional broaching often resulted in the
proximal end of the implant %as often tilted more toward
the medidl direction of the femur 0 e more in a varus
orientation) than the surgeon judged to be optimal Because of
this po%sihilit the surgeon tended to select a slightly smaller
implant design than he othermise would have In contrast
robom aL hining consistent)) matched the implant axis w%ith

"Fixt.Ld b% %ipping cerclivge-Aire around the affected bone

the axis of the proximal femur enabling 4he surpti, is,F'%elect
the implant size that best matched the patient s inio A.1 bone
geomety

In surgery the system worked very %ell Ali-, igh nc,
systematic effort was made to compare surgcal - %LU1101,
times the total time of surgery %%AS 1roughl) coir lile tc
that for manual broaching Anecdotal]) it %ab ol- ed that
the time required for robot machining w%as mo.rLt'insi-tent
from case to case than the time required for minuallthn
There were very few glitches and that there m. I .ictua
use of any of the error recovery capabilities, al th %%,,-1eni
This is as it should be The force monitor oc.j i -, a'frozi,
motion when the cutter encountered an unusuil I% t 2 wt~tior
of cortical bone at the proximal end of the fLn lr ihL%f.
cases the surgeon simpl) restarted motion %k iih il i.nd hL ld
terminal On two other occasions where th.. it nionitoi
stopped motion (once w*hen the cutter bec.imt, o ingled ir,
some suture material and once %hen it got h in an
assistant s glove) it was necessar) for the rob t %uihdra%
from the bone The surgical team cleared tho.L nfiilemeni
and resumed the procedure w%ith oni) a fc%% to moion
being repeated

The veterinar) surgeon (Dr Paul) relied to tinit
monitor to pro% ide positional status nfomnti OnJUM~
tion with his other senses B) listening to tht. hL toult
tell when the cutter was in contact %ith h4rM UV hL n Ili
heard a change in pitch he %ould look at i%, 'iotn1%
that %%hat he %%as hearing %%au consistent % il-ts ~ tht, robti
was cutting One interesting possibiltm for it 6%rk iul
be to automate such multisenson~ cross cht,~

The separate motion checking s %tem %% ti Ld n
ino for dogs The surgical field ioi rather Lt.; -%mFl.

technician must constant)) irrigate thL. hone %% I i N. robo
is cutting it It proved to be very diffiLult to pli.11 .Lm%'110
system sensors in the vetennanan % operatin r,- --o thj
the) would alwa) s have a clear view of the en,.' L11io Ont
possibility would ha%e been to mount the camD .trill.Iid
Another would have been to use the %% sit. ni Lln
spot checkv~ of the robot Hlo%%%er one con Lt, t. 'ifhi
confidence gained from the in io ter-ts % a% fti i ttr1 eoi
concluded that the additional redundanc) gai %N t no
worth the added complexity for %.etennar% cj% dit.rtii
sensing solution altogether based on moniterin rt. LIL Itt
joint encoders was coinsequentd) adopted it, t', ul '
human qualified second generation fwstemrn j-

XI CON~CL'Slom.
The system described in this paper dCrr*$M ritt, 4 1L I

sibility of adapting a general purpo%e -mantrulitor it,t%%
a precise surgical tool We were been able t0loniiow..., i
order-of-magnitude tmpro% ement in the prc%. i itn %is.I'i'li
surgeon can extcute a critical step In hip-ropLLim.at a i, -i

Beyond this it may be worth%%hilc it,' rt.%,p Ism" ibi
system has addressed the general requireMt.n L111 411--UI
the beginning of the paper N%e found thii s,.n %cr%'11111
human machine interaction technolog% cin hL .i~rpti ir-1
effecti%e although further impro% emni. iri. ti. rthk lI h ti
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of hands on force compliant guiding for positioning the robot
has been especially successful since it enables the surgeon
to position the robot in a way that is natural and intuitively
simple An animated inform-ation display showing the progress
of the surgical procedure was useful although'this is again
an area where considerable improvement can be made both
in the presentation of information to the surgeon and in the
incorporation of realtime sensing One ultimate system might
be some sort of heads up display showing the surgical plan
superimposed on the actual patient with the display being
updated based on a combination of position tracking cutter
force data acoustic sensing and intraoperative imaging

Model reality registration was accomplished in this case by
the use of landmark pins which could be located easily in
both CT images and in physical reality Although their use
in this particular surgery is acceptable less invasive methods
may often be desirable One obvious choice is to register
intraoperative radiographs to features on CT-derived models
Another would be to use a 3D digitizer such as'the Optotrak
to point out anatomical features and then to provide realtime
tracking of markers placed on the patient at the time of surgery
(see e g 130])

Verification of robot performance and of the methods chosen
to register the plan to reality was an important issue one
that required as much time and effort as any other aspect of
the system development and is discussed more fully in [25]
In this - gard experimental measurement of individual error
sources and the bottom line experiments described above went
hand in hand Similarly the optical endpoint check though
ultimately not used in the operating room proved ver) useful
in debugging the shape cutting sofmvare

The related issue of safety was also paramount The fact
that our application required a robot to move a tool in
contact %ith a patient motivated us to implement a number
of redundant consistency checking mechanisms which proved
quite valuable both in application debugging and in actual
surger)

In implementing these redundant checking mechanisms we
encountered an important tradeoff with the realities of operat
ing room compatibility for a complex piece of equipment The
area around the patient is cro%kded and it is often awkward
to maintain a clear field of view required for optical checking
equipment This led the surgeon in this particular'application
to conclude that whatever extra safety may be gained by a
completely independent visual check compared to checks on
the robot s encoders does not justif) the extra system and
operatingTroom complexity involved 9~ In other applications
where an optical system is also taking a more active role for
example in tracking the patient s anatomy it may be desirable
to permit its use for redundant safety checking as well

In any case it is clear that the system reported here
represents only a step in the evolution of a man machine
partnership in the operating room in which the complementary
abilities of robotic devices and humans are exploited under
the human s supervision to help provide a better result for
the patient Indeed this process has continued for the hip

9As mentioned earlier the next generation robot 1221 incotporates an
addiiionai independent set of encoders to pro% ide further med4ndancv

surgery augmentation system that we have deSCribed The
expenence gained with veterinary patients provided the basis
for development of a second generation system 1 191-1211 for
use on humans
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The proceedings herein are for a patent application and the provisions of 37 C F R
1 136(a) apply

(a) C Applicant petitions for an extension of time the fees for which are set out in
37 C F R 1 17(a)-(d) for the total number of months checked below

Fee for other than
small entity

0 one month
El two months

Cthree months
Sfour months

$ 11000
$ 39000
$ 93000
$1 47000

Fee for
small entity

$ 5500
$19500
$46500
$735 00

Fee$_____

If an additional extension of time Is required, please consider this a petition therefor

(check and complete the next Item, If appilcable)

5An extension for- months has already been secured, and the fee paid
therefor of $_____ is deducted from the total fee due for the total months
of extension now requested

Extension fee due with this request $

or

(b) D:~ Applicant believes that no extension of term is required However this condi
tional petition is being made to provide for the possibility that applicant has
inadvertently overlooked the need for a petition and fee for extension of time

(Completion of Fiing Requirements [5 1]-page 4 of 6)

Extension
(months)

Mako   Exhibit 1003   Page  239



TOTAL FEE DUE

Vill
The total fee due is

Completion fee(s) $ 6 5 0 0

Extension fee (if any) $ _ _____

Total Fee Due $ 6 5 0 0

PAYMENT OF FEES

lX
[3 Enclosed is a check In the amount of$ 65.p00
0 Charge Account No ________ in the amount of $-

A duplicate of this request Is attached
NOTE Fees should be Itemized in such a manner that it is clear for which purpose the fees are paid 37 CF R

1 22(b)

AUTHORIZATION TO CHARGE ADDITIONAL FEES

X
WARNING Accurately count claims especially multiple dependant claims to avoid unexpected high charges

If extra claims are authonized

ES~ The Commissioner is hereby authorized to charge the following additional fees
that may be required by this paper and during the pendency of this application
to Account No 1 1-1110~

5E] 37 C F R 1 16(a) (f0 or (g) (filing fees)
J) 37 C F R 1 16(b) (c) and (d) (presentation of extra claims)

NOTE Because additional fees for excess or multiple dependent claims not paid on fiing or on later presentation
must only be paid or these claims cancelled by amendment prior to the expiration of the time period
set for response by the PTO in any notice of fee deficiency (37 C FR 1 16(d)) it might be best not
to authonize the PTO to charge additional claim fees except possibly when dealing with amendments
after final action

[3 37 C F R 1 16(e) (surcharge for filing the basic filing fee and/or declaration on
a date later than the filing date of the application)

aX 37 C F R 1 17 (application processing fees)
WARNING While 37 C F R 1 17(a) (b) (c) and (d) deal with extensions of time under § 1 136(a) this

authorization should be made only with the knowledge that Submision of the appropriate
extension fee under 37 C F R 1 136(a) is to no avail unless a request or petition for extension
Is filed (Emphasis added) Notice of Nov 5 1985 (1060 0 G 27)

E 37 C F R 1 18 (issue fee at or before mailing of Notice of Allowance pursuant
to 37 C F R 1 311(b))

NOTE Where an authorization to charge the issue fee to a deposit account has been filed before the mailing
of a Notice of Allowance the issue fee will be automatically charged to the deposit account at the time
of mailing the notice of allowance 37 C FRP 131 1(b)

NOTE 37 C F R 1 28(b) requires Notification of any change in loss of entitlement to small entity status must
be filed in the application pnior to paying or at the time of paying issue fee From the wording
of 37 C F R 1 28(b) (a) notification of change of status must be made even if the fee is paid as other
than a small entity anct (b) no notification is required if the change is to another small entity

(Compieton of Filing Requirements [5 I]-page 5 of 6)

OMMMM
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SGAUREOF AfLNY

Reg No 399094 MIchael C Antone

(tpe or pnnt name of attorney)

Tel N (41 3558375Kirkpatrick & Lockhart LLP
POAddress 1U lvrBidn

Pittsburgh, PA 15222

(Completion of Filing Requirements [5 11-page 6 of 6)
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IN THE UNITED STATES PATENT AND TRADEMARK OFFICE PTN

In re application of Anthony M DiGiola Ill et al

Serial No 08 /803 993 Group No

Filed February 21 1997 Examiner

For APPARATUS AND METHOD FOR FACILITATING THE IMPLANTATION OF ARTIFICAL. COMPONENTS
IN JOINTS
Commissioner of Fatents; and Trademarks

Washington, D C 202311

EXPRESS MAIL CERTIFICATE
"Express Mall label number EH43766789BUS

Date of Deposit August 5. 1997

I hereby certify that the following attached paper or fee

COMPLETION OF FILING REQUIREMENTS
PTO FORM 1533
COMBINED DECLARATION AND POWER OF ATTORNEY
STATEMENT BY ATTORNEY
(TWO) VERIFIED STATEMENTS NON PROFIT ORGANIZATIONS
CHECK PAYABLE TO PTO (For late filing of Oath & Declaration)

is being deposited with the United States Postal Service Express Mail Post Office to Addressee service
under 37 CFR 1 10 on the date indicated above and is addressed to the Commissioner of Patents
and Trademarks Washington D C 20231

NOTE Each paper must have its own certificate and the Express Mail label number as a part thereof or
attached thereto When as here the certification is presented on a separate sheet that sheet
must (1) be signed and (2) fully identify and be securely attached to the paper or fee it
accompanies Identification should include the serial number and filing date of the application as
well as the type of paper being filed e g complete application specification and drawings
responses to rejection or refusal notice of appeal etc If the serial number of the application is
not known the identification should include at least the name of the inventor(s) and the title of the
invention

NOTE The label number need not be placed in each page It should however be placed on
the first page of each separate document such as a new application amendment
assignment and transmittal letter for a fee along with the certificate of mailing by
Express Mail Although the label number may be on checks such a practice is not

required In order not to deface formal drawings it is suggested that the label number be
placed on the back of each formal drawing or the drawings be accompanied by a set of
informal drawings on which the label number is placed

(Express Mail Certificate [843])
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@3L7( UNITED OTA.soEPARTNIENT OF COMMERCE
Paterip ond TraidaknoolrOffice
Address (WMMISSIONFA UOF PA7TE"AND TRA)UAARM~

0440n diWashIngton D a 20231

APICATIO t~BRFUNOMTECEIPT DATE ST NCEP CNTArREYQKTNJIL

4,
oo / -e , v19 3 ii 1;l / o7

i %YN 
,

I'
IA I

A. fkTWPAYTRICK tI EACI" IjRT

F1ti niIVRt B ILDINR,,

1- -16O

vf

241 1
Vftlbw 'ATIE MAILFED

Aw ** , 4 -4 ,

NOTCE O/SILKPART94f,APPLICATION
ato oradt&t5

Ok /UVL, 97

Aripplc~ionN~jb~anclln~ a )d tojt% pIl~inHwee~te Ite ndicated belpik ara missing Therquirbdi items n' I d n 'i eowtP 4bV 6 l IJ-QA .fiAIteme 1MEdN

37 OFR I 16(eTApplicantIs given TWO MONTHS FROM THE DATE OF THIS NOTICE within which to filoall rqired Items and pay
si~nytees eequired above to avoid abandonment; etensions of time maybe obtainod by filing a petitionac*mponloo9 by the extension
fee -urlder the provisions of 37 CFR 1 136(a)

,If W1 required Items on this form am filed within the Period so; 4 t~7~4tal amount ow#d byappiktant a# a
lr1org entity EJ small entity (verified satement fitedy Is $4--L-l L~.

0]'~1 The statutory basip fOng fee Is

Applieqnt most submij,$, Io to complete the basip filinig Me andlor file p verfied 0,90fetftl
4WO'ei&rf ,Iing puph status (37 C$PR 1'27) 1'

~ 12 *.AdidtiuMal 01afm fees of-$__________Incuding any=jltipledepopdont plairA feels ro11cant multoither sobrpit the addiloh~al claim fe&~ or dancefaddifloh4liclaimsfor whiWj4VIWO,"I',
P T a With ot dficlaritiori

0does not cover-the'newly submitted Items '.

4~does not identify the appicationi to which it applies
'~Jdoes not Include the city and state or foreign country of applicant a residence 's

'A An o6th br declaration In compliancewifhJ37 OFR 1 63 Including residencaiJno=mt1on and identifying~ the application by
the above Application Number and Filing Patq is required-

01 4 The signature(s) to the oath or declaration Is/are -
lImissing

ELI by a'person other than Inventor or person qualified under 37 CFR 4.42 1 43 1or 1 47 '

Application Number ahid Filng Date is required -

El 5 The signature of the following joint Inventor(s) Is missing from the oath or deolaratiop

Arroath or declaration listIng the names of all Inventors and signed by the omittod Inventor(a) Ideoftfyng thia- appim"aponpy
the above Application Number and Filing Pate Is reqUiredI

lI 6 A $_______ processing fee Is reqUired since your check was r9turned without payment (37 kF1" 21 (M))
LI 7, Your-filing receipt was mailed In error because your check was returned without payment
ElI The application does not comply with the Sequence Rules

$ee attached "Notice to Comnply with Sequenc Rulbs 37 CP~R 1 821 1 825 '

Direct 4h reapiptsa nd any t]0ptjon8 -aboyt this notice to 'Aoention BO( MisOing'Parts"~

A copy of this notice M~ be returnOd with the j

mer S+Ice Center
l3sitent,xamination Division, (703) 308 1202

A~REV 7 96) PART 6-CMIY TO BE RETURNED WITH RESPCMNSE

I

I

0UQGPOj 1990404WOSW Al~

& AA ~

'-1

.1

4NOT Mi$1 GW14

A--
in&*%'= IMAII Mn
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ATTORNEY'S DOCKET NO 97012 PATENT

COMBINED DECLARATION AND POWER OF ATTORNEY

(ORIGINAL DESIGN NATIONAL STAGE OF PCT SUPPLEMENTAL DIVISIONAL
CONTINUATION OR C I P)

As a below named inventor, I hereby declare that

TYPE OF DECLARATION

This declaration is of the following type

(check one applicable item below)

Z original

13 design

-4

NOTE If the declaration is for an International Application being filed as a divisional continuation or
continuation in-part application do not check next item check appropriate one of the last three
items

I: 13 national stage of PCT

NOTE If one of the following 3 items apply then complete and also attach ADDED PAGES FOR
DIVISIONAL CONTINUATION OR C I P

13 divisional

LIcontinuation
II continuation in part (C I P)

INVENTORSHIP IDENTIFICATION

WARNING If the inventors are each not the inventors of all the claims an explanation of the facts
including the ownership of all the claims at the time that the last claimed invention was
made should be submitted

My residence post office address and citizenship are as stated below next to my name I
believe that I am the original first and sole inventor (if only one name is listed below) or an
original, first and joint inventor (if plural names are listed below) of the subject matter that is
claimed and for which d patent i sought on the invention entitled

TITLE OF INVENTION

APPARATUS AND METHOD FOR FACILITATING THE IMPLANTATION OF ARTIFICIAL COMPONENTS
IN JOINTS

(Declaration and Power of Attorney [1 -1 ]-page 1 of 7)
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SPECIFICATION IDENTIFICATION
the specification of which

(complete (a) (b) or (c))

(a) FL1 is attached hereto

NOTE The follwng combinations of information supplied in an oath or declaration filed on the
application iling date with a specification are acceptable as minimums for identifying a specification
and compliance with any one of the items below will be accepted as complying with the
identification requirement of 37 CFR 1 63

(1) name of inventor(s) and reference to an attached specification which is
both attached to the oath or declaration at the time of execution and submitted
with the oath or declaration on filing

(2) name of inventor(s) and attorney docket number which was on the
I J specification as filed or
I r (3) name of inventor(s) and title which was on the specification as filed"

Notice of July 13, 1995 (1177 0 G 60)

Id(b) was filed on FebruarY 21, 1997 as Senal No 08/803,993

(c) o r LI___________________________ and was

amended on ___________(if applicable)

NOTE Amendments filed after the original papers are deposited with the PTO that contain new matter
are not accorded a filing date by being referred to in the declaration Accordingly the

11U amendments involved are those filed with the application papers or in the case of a supplemental
declaration are those amendments claiming matter not encompassed in the original statement of

LI invention or claims See 37 CFR 167

NOTE "The following combinations of information supplied in an oath or declaration filed after the filing
date are acceptable as minimums for identifying a specification and compliance with any one of the
items below will be accepted as complying with the identification requirement of 37 CFR 1 63

(1) name of inventor(s) and application number (consisting of the senies code
and the senal number e g 081123 456)

(2) name of inventor(s) senal number and filing date

(3) name of inventor(s) and attorney docket number which was on the
specification as filed

(4) name of inventor(s) title which was on the specification as filed and fiing
date

(5) name of inventor(s) title which was on the specification as filed and
reference to an attached specification which is both attached to the oath or
declaration at the time of execution and submitted with the oath or declaration or

(6) name of inventor(s) title which was on the specification as fied and
accompanied by a cover letter accurately Identifying the application for which it
was intended by either the application number (consisting of the series code and
the senal number e g 08/123 456) or serial number and filing date Absent any
statement(s) to the contrary it will be presumed that the application filed in the
PTO is the application which the inventor(s) executed by signing the oath or
declaration

Notice of July 13 1995 (1177 0G 60)

(Declaration and Power of Attorney [1-1 ]-page 2 of 7)
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File History Content Report

The following content is missing from the original file history record obtained from the

United States Patent and Trademark Office

Document Date -

Document Title -

Page(s) -

No additional information is available

1997-08-05

Oath or Declaration filed

3 of 7

This page is not part of the official USPTO record It has been determined that content identified
on this document is missing from the original file history record
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PRIOR FOREIGN/PCT APPLICATION(S) FILED WITHIN 12 MONTHS
(6 MONTHS FOR DESIGN) PRIOR TO THIS APPLICATION

AND ANY PRIORITY CLAIMS UNDER 35 U S C § i 19(a)4(d)

ICOUNTRY (OR APPLICATION DATE OF FILING PRIORITY CLAIMED
INDICATE IF PCf') NUMBERI (day month, year) I UNDER 37 USC 119

F - [I YES NO El
[I YES NODE]

I YES NODEjI
I I I YES NOD

D EYES NOD

CLAIM FOR BENEFIT OF PRIOR U S PROVISIONAL APPLICATION(S)
(34 U SC § 119(e))

I hereby claim the benefit under Title 35 United States Code § 11 9(e) of any United
States provisional application(s) listed below

PROVISIONAL APPLICATION NUMBER FILING DATE

I
I

CLAIM FOR BENEFIT OF EARLIER US/PCT APPLICATION(S)
UNDER 35 U SC 120

S The claim for the benefit of any such applications are set forth in the
attached ADDED PAGES TO COMBINED DECLARATION AND
POWER OF ATTORNEY FOR DIVISIONAL, CONTINUATION OR
CONTINUATION IN PART (C I P) APPLICATION

(Declaration and Power of Attorney [1-1] page 4 of 7)
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ALL FOREIGN APPLICATION(S), IF ANY, FILED MORE THAN 12 MONTHS
(6 MONTHS FOR DESIGN) PRIOR TO THIS U S APPLICATION

NOTE If the application fied more than 12 months from the filing date of this application is a PCT filing
forming the basis for this application entenng the United States as (10 the national stage or (2) a
continuation divisonal or continuation-in part then also complete ADDED PAGES TO
COMBINED DECLARATION AND POWER OF ATTORNEY FOR DIVISIONAL CONTINUATION
OR C I-P APPLICATION for benefit of the pnor U S or PCT application(s) under 35 U S C § 120

POWER OF ATTORNEY

I hereby appoint the following attorney(s) and/or agent(s) to prosecute this application and
transact all business in the Patent and Trademark Office connected therewith

Michael C Antone Reg No 39 094 Tara C Cacciabaudo Reg No 40 935, George D Dickos
Reg No 30 048, Thomas J Edgington Reg No 34,324, Christine R Ethridge, Reg No 30 557
Jason D Haislmaier, Reg No 40 300, James R Kyper Reg No 27 346 Mark R Leslie Reg
No 36 360 Franklin B Molin Reg No 37 397 Jonathan C Parks Reg No 40,120 Edward L

=1 Pencoske Reg No 29 688 Darren E Wolf Reg No 36 310 and Robert D Yeager Reg No
25047

D Attached as part of this declaration and power of attorney, is the authorization of
the above named attorney(s) to accept and follow instructions from my

ij representative(s)

WSEND CORRESPONDENCE TO DIRECT TELEPHONE CALLS TO
(Name) (Name and telephone number)

Michael C Antone, Esq Michael C Antone, Esq
Kirkpatnck & Lockhart LLP (412) 355-8645
1500 Oliver Building
Pittsburgh, Pennsylvania 15222

DECLARATION

I hereby declare that all statements made herein of my own knowledge are true and that all
statements made on information and belief are believed to be true and further that these
statements were made with the knowledge that willful false statements and the like so made are
punishable by fine or imprisonment or both under Section 1001 of Title 18 of the United States
Code and that such willful false statements may jeopardize the validity of the application or any
patent issued thereon

(Declaration and Power of Attorney [1-11- page 5 of 7)

SIGNATURE(S)

-M
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NOTE Carefully indicate the family (or last) name as it should appear on the filing receipt
and all other documents

Full name of sole or first inventor

Anthony M DiGioia III
(GIVEN NAME) (MID T1AOR NAME) FAMILY (OR LAST NAME)

I nve nto rs sig natu Ee

Date J u ne 30, 1 997 Country of Citizenship USA
Residence Pittsburmh. PA 15232
Post Office Address 5200 Westminister Place

Pittsburah, PA 15232

Full name of second joint inventor if any

David
(GIVEN NAME)

Inventor s signature _

Date I 1]w19-
Residence

Post Office Address

(MIDDLE INITIAL OR NAME)

Country of Citizenship.

Boulder, CO 80303 1238
1424 Patton Drive

Boulder, CO 80303-1 238

Simon
FAMILY (OR LAST NAME)

I USA

Full name of third joint inventor if any / -

Branislav Jaramaz
(GIVEN NAME) (MIDDLE NITIAL OR NAME) FAMILY (OR

Inventor s signature 4,
RLAST NAME)

Date 1 1 Country of Citizenship Croatia
Residence Pittsburah, PA 15217
Post Office Address 5162 Beeler Street

Pittsbungh, PA 15217
(Declaration and Power of Attorney [1 1]-page 6 of 7)

(check proper box(es) for any of the following added page(s)
that form a part of this declaration)

r I
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Signature for fourth and subsequent joint inventors Number of pages added
2

Sijfhature by administrator(tnx) or legal representative for deceased or
incapacitated Inventor Number of pages added______

Signature for inventor who refuses to sign or cannot be reached by person
authorized under 37 CFR 1 47 Number of pages added______

Added page for signature by one joint inventor on behalf of deceased
inventor(s) where legal representative cannot be appointed in time
(37 CFR 1 47)

Added pages to combined declaration and power of attorney for divisional
continuation or continuation-in part (C-1 P) application

Number of pages added______

Authorization of atorney(s) to accept and follow instructions from representative

(if no further pages form a part of this Declaration
then end this Declaration with this page and check the following item)

R This declaration ends with this page

(Declaration and Power of Attorney [1-1] page 7 of 7)

r-
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ADDED PAGE TO COMBINED DECLARATION AND POWER OF
ATTORNEY FOR SIGNATURE BY FOURTH AND SUBSEQUENT INVENTORS

Full name of fourth joint inventor if any

Michael
(GIVEN NAME)

Inventors signature-
Date -301q-:1
Residence ____

Post Office Address

(MIDDLE INITIAL OR NAME)

L eQ-
__________ Country of Citizenship.

Pittsburgh, PA 15217-
5864 Darlinaton Avenue

Pittsburnh, PA 15217

Blackwell
FAMILY (OR LAST NAME)

iUSA

Full name of fifth joint inventor, if any

Frederick
(GIVEN NAME)

Inventor s signature-

Date
Residence ____

Post Office Address

(MIDDLE INITIAL OR NAME)

Conof Citizenship.

Quingy A 2169
157 Butler Road

Quincy, MA 02169

FAMILY (OR LAST NAME)

iUSA

Full name of sixth joint inventor if any

Robert V -0 Toole
(GIVEN NAME) (ID INITIAL OR NAME) FAMILY (OR LAST NAME)

Residenc Brookline. MA 02145
Post Office Address 1353 Beacon Street, Avt 1

Brookline, MA02145

(Added Page to Combined Declaration and Power of Attorney [1-2] page 1 of 1)

I N
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ADDED PAGE TO COMBINED DECLARATION AND POWER OF
ATTORNEY FOR SIGNATURE BY SEVENTH AND SUBSEQUENT

INVENTORS

Full name of seventh joint inventor, If any

Takeo
(GIVEN NAME)

Inventors signature.
Date 621 0

Residence
Post Office Address.

(MIDDLE INITIAL OR NAME)
Kanade
FAMILY (OR LAST NAME)

Country of Citizenship.
Pittq~himh- PA 15206

130 Penrose Place

Pittsburah, PA 15206

Full name of eighth joint inventor if any

(GIVEN NAME)

Inventors signature
Date

(MIDDLE INITIAL OR NAME) FAMILY (OR LAST NAME)

Country of Citizenship.

Residence ___________

Post Office Address ______

Full name of ninth joint inventor if any

(GIVEN NAME) (MIDDLE INITIAL OR NAME) FAMILY (OR LAST NAME)

Inventor s signature

Date Country of Citizenship
Residence

Post Office Address

i

Jagan
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PAEN

INTEUIELTTSPTETADTAEAKOFC

Filed Feruay 21f99lxaie

For APPARATUS AND METHOD FOR FACILITATING THE IMPLANTATION OF
Commissioner of Patents and Trademarks ARTIFICIAL CMff3QNENTS IN JOINTS
Washington, D C 20231

STATEMENT BY ATTORNEY THAT APPLICATION FILED IN PTO IS THE
ONE INVENTOR EXECUTED BY SIGNING DECLARATION

NOTE This form Is to be used when the declaration only Indicates the name(s) of the Inventor(s) and the title
of the Invention Notice of September 12 1983 1035 00G3

Michael C Antone
Name of Attorny chr L

Ki3rkpat rick &Lochr LP
P 0 Address

1500 Oliver Building, Pittsburgh, Pennsylvania 15222

Reg No 39,094 Te No (4 1  355 8375
liJ state I am the attorney for this application and the application Identified above Is the appli

cation which the Inventor(s) executed by signing the declaration which Is being submitted
herewith

SIGNATURE OF ATTORNEY

CERTIFICATE OF MAILING (37 CFR 1 8a)

I hereby certify that this paper (along with any paper referred to as being attached or enclosed) Is being deposited
with the United States Postal Service on the date shown below with sufficient postage as first class mail In an en
velope addressed to the Commissioner of Patents and Trademarks Washington D C 20231

(Type or print name of person mailing paper)
Date

(Signature of person mailing paper)

0---q
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97012

Applicant or Patentee
Anthony M DiGiola III

Application or Patent No 0 8 / 8 03, 99 3

Fled orlssued reDuarCty zi,1~iu

For APPARATUS AND METHOD FOR FACILHFATING THE IMIPLANTATION OF
ARTTITCRI CC[VPONENS IN JOINTS

VERIFIED STATEMENT (DECLARATION) CLAIMING SMALL ENTITY
STATUS (37 CFR 19(0) and 1 27(d))-NONPROFIT ORGANIZATION

I hereby declare that I am an official empowered to act on behalf of the nonprofit
organization Identified below

NAME OF ORGANIZATION Carnegie Mellon University

ADDRr-ss OF ORGANIZATION. 5000 Forbes Avenue

Pittsburgh, PA 15213

TYPE OF ORGANIZATION

(3 UNIVERSITY OR OTHER INSTITUTION OF HIGHER EDUCATION
0l TAX EXEMPT UNDER INTERNAL REVENUE SERVICE CODE (26 USC 501(a) and

501 (c)(3))

0] NONPROFIT SCIENTIFIC OR EDUCATIONAL UNDER STATUTE OF STATE OF
THE UNITED STATES OF AMERICA

(NAME OF STATE
(CITATION OF STATUTE __________________

CWOULD QUALIFY AS TAX EXEMPT UNDER INTERNAL REVENUE SERVICE
CODE (26 USC 501 (a) and 501 (c)(3)), IF LOCATED IN THE UNITED STATES OF
AMERICA

El WOULD QUALIFY AS NONPROFIT SCIENTIFIC OR EDUCATIONAL UNDER
STATUTE OF STATE OF THE UNITED STATES OF AMERICA IF LOCATED IN
THE UNITED STATES OF AMERICA

(NAME OF STATE.

I(CITATION OF STATUTE)

hereby declare that the nonprofit organization Identified above qualifies as a nonprofit
organization as defined In 37 CFR 1 9(e) for purposes of paying reduced fees under

~etions 41 (a) and (b) of Title 35 United States Code with regard to the invention entitled
~APPARATUS AND METHOD FOR FACILITATING THE IMPLANTATION OF

UGMPOJNENTS I N 1 01 N rY
AN

yinventor(s)
Anthony M DiGiola III, David A Simon, Branislav jAramaz,

6ecnedi Michael'K Blackwell, Frederick M Morgan, Robert
Iecbdi and Takeo Kanade

.V

Elthe specification filed herewith
9application no 0 8 /. 803,993

Elpatent no ,issued,

(Small Entity-Non Profit [7 3]--page 1 of 2)

et al

'IC14f

0'T6T olc

filed. Feb ruadry

I

I

21 1997

Itoiney's Docket No PATENT

ll
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I hereby declare that rIq Arider contract or law have been conveyG t, and remain with,
the nonprofit organization with regard to the above identified invention
If the rights held by the nonprofit organization are not exclusive, each individual concern
or organization having rights to the invention Is listed below* and no rights to the invention
are held by any person other than the inventor who could not qualify as a small business
concern under 37 CFR 1 9(d) or by any concern that would not qualify as a small business
concern under 37 CFR 1 9(d), or a nonprofit organization under 37 CFR 1 9(e)

NOTE Separate yen fied statements are required from each named person concern or organization having
nghts to the invention avemng to their status as small entities (37 CFR 1 27)

NAME__________ ________________ _

ADDRES

0 INDIVIDUAL C SMALL BUSINESS CONCERN D NONPROFIT ORGANIZATION

NAME
ADDRESS

CINDiIVIDUAL El SMALL BLUSINESS CONCERN 0 NONPROFIT ORGANIZATION

I acknowledge the duty to file in this application or patent, notification of any charge in
status resulting in loss of entitlement to small entity status prior to paying or at the time
of paying the earliest of the issue fee or any maintenance fee due after the date on which
status as a small entity is no longer appropriate (37 CFR 1 28(b))

Ila I hereby declare that all statements made herein of my own knowledge are true and that
all statements made on information and belief are believed to be true and further that these
statements were made with the knowledge that willful false statements and the like so made
are punishable by fine or imprisonment or both, under Section 1001 of Title 18 of the United
States Code and that such willful false statements may jeopardize the validity of the
application any patent issuing thereon or any patent to which this verified statement is
directed

NAME OF PERSON SIGNING Susan Burkett

lu TITLE IN ORGANIZATION Associate Provost

I&ADDRESS OF PERSON SIGNING Carnegie Mellon University
5000 Forbes Avenue, PIttsburgh, Pennsylvania 15213

SIGNATUR 1ADate-1

(Small Entity-Non Profit [7 3-page 2 of 2)
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Attomney's Docket NoJT12AET
Applicant or Patentee AnthonyM DiGiola III et al

ApplIcation or Patent No 08 / 803, 993

Filed or Issued February 21, 1997

For APPARATUS AND METHOD FOR FACILITATING THE IMPLANTATION OF
ARTIFFIEi7WNTUNEN[S IN JOINTfS

VERIFIED STATEMENT (DECLARATION) CLAIMING SMALL ENTITY
STATUS (37 CFR 1 9(f) and 1 27(d))-NONPROFIT ORGANIZATION

I hereby declare that I am an official empowered to act on behalf of the nonprofit
l organization Identified below

NAME OF ORGANIZATION

JADDRESS OF ORGANIZATION.

Shadyside Hospital

5200 Centre Avenue
Pittsburgh, PA 15232

TYPE OF ORGANUZATION

El UNIVERSITY OR OTHER INSTITUTION OF HIGHER EDUCATION
FJ TAX EXEMPT UNDER INTERNAL REVENUE SERVICE CODE (26 USC 501 (a) and

501 (c)(3))

ElNONPROFIT SCIENTIFIC OR EDUCATIONAL UNDER STATUTE OF STATE OF
THE UNITED STATES OF AMERICA

(NAME OF STATE

(CITAI ION OF STATUTE.
ElWOULD QUALIFY AS TAX EXEMPT UNDER INTERN6,1 REVENUE SERVICE

CODE (26 USC 501 (a) and 501 (c)(3)), IF LOCATED IN THE UNITED STATES OF
AMERICA

El WOULD QUALIFY AS NONPROFIT SCIENTIFIC OR EDUCATIONAL UNDER
STATUTE OF STATE OF THE UNITED STATES OF AMERICA IF LOCATED IN
THE UNITED STATES OF AMERICA
(NAME OF STATE ___________________

(CITATION OF STATUTE-)
Ihereby declare that the nonprofit organization Identified above qualifies as a nonprofit
rganization, as defined in 37 CFR 1 9(e) for purposes of paying reduced fees under

3ections 41 (a) and (b) of Title 35 United States Code with regard to the invention entitled
LAPPARATUS AND METHOD FOR FACILITATING THE IN4PLANTATION OF

by invent?r(s) CAOINSI ON'

LAnthony M DiGiola 111, David A Simon, Bianislav jArama;
I N i nt -AII II r[M7P1 -17 W k --- r

Oescnbed in

ART IF IC IAL

iv1ii cnaei N b IaCkwe II , prede ri ck M Mo igan, Robe rt V
anld Takeo Kanade

O'TcjOle

El the specification filed herewith
CT apolication no 0 8 / 8 03 9 93 filed February 21, 1997
El patent no , Issued,

(Small Entity-Non Profit [7 31-page I of 2)

I

PATEPJT

I z
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I hereby declare that n4 .nder contract or law have been convi.eyL. . and remain with
the nonprofit organization, with regard to the above Identified Invenion
If the rights held by the nonprofit organization are not exclusive, each Individual, concern
or organization having rights to the invention Is listed below* and no rights to the invention
are held by any person other than the inventor who could not qualify as a small business
concern under 37 CFR 1 9(d), or by any concern that would not qualify as a small business
concern under 37 CFR 1 9(d) or a nonprofit organization under 37 CFR 1 9(e)

NOTE Separate verified statements are required from each named person concern or organization having
nghts to the invention avemang to their status as small entities (3?7 CFR 1 27)

NAME
ADDRESS

03 INDIVIDUAL 0 SMALL BUSINESS CONCERN 0 NONPROFrr ORWAIZATION

NAME
ADDRESS

0 INDIVIDUAL 0SMALL BUSINESS CONCERN 0NONPROFIT ORGANIZATION

I acknowledge the duty to file in this application or patent notification of any charge in
status resulting In loss of entitlement to small entity status prior to paying or at the time
of paying the earliest of the Issup fee or any maintenance fee due after the date on which
status as a small entity Is no longer appropniate (37 CFR 1 28(b))
I hereby declare that all statements made herein of my own knowledge are true and that
all statements made on Information and belief are believed to be true and further that these
statements were made with the knowledge that willful false statements and the like so made
are punishable by fine or imprisonment or both, under Section 1001 of Title 18 of the United
States Code and that such willful false statements may jeopardize the validity of the
applicat,on any patent issuing thereon or any patent to which this verified statement is
directed

NAME OF PERSON SIGNING,
TITLE IN ORGANIZATION

Stanley J Mi lavec, Jr
Acting Vice President & General Counsel

ADDRESS OF PERSON SIGNING Shadys
Room 104, School of Nursing,

de Hospital
5200 Centre Avenuel Pitl

SIGNATURE

(Small Fritty-Non Profit [7 31-page 2 of 2)

tsYWur gh,
-1 5232

PA

Date. 19/f7

-,In

-.. e: ro Z.
40 - T-
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UNIED T S,EPARTMENT OF COMMERCE
Patent and Trademark Office

SAddress COMMISSIONER OF PATENTS AND TRADEMARKSI Washington 0 C 20231
APPLICATION NUMBER FILING DATE FIRST NAMED APPLICANT ATTORNEY DOCKET NO

08/9~03 993 A 97012

MICHAEL C ANTOINE
I-IRIcPATRIl-P & LOlCKHARIJ
1'50nl OLIVER BUJILD,ING
PITTSBDURiH FA lb1'222

IM1/u6:i4

EXAMINER

ART UNIT PAPER NUMBER

A276 3

DATE MAILED
06E /24/9?

This Is a communication from the examiner In chargeof your application
COMMISSIONER OF PATENTS AND TRADEMARKS

N6TICE OF ALLOWABILITY

All claims being allowable, PROSECUTION ON THE MERITS IS (OR REMAINS) CLOSED In this application If not Included herewith (or
previously mailed) a Notice of Allowance and Issue Fee Due or other appropriate communication will be mailed In due course

RThIs communication Is responsive to A ~ ,e;n r / 7zo -9?7
N/TKhe allowedi claim(s) Is/are z/ Z' I

IThe drawings tiled on _____________ are acceptable

DAcknowledgement Is made of a claim for foreign priority under 35 U S C § 11 9(a) (d)

11 All El Some LI1 None of the CERTIFIED copies of the priority documents have been

Ireceived

LIreceived in Application No (Series Code/Serial Numb er)

l eceived In this national stage application from the International Bureau (PCT Rule 17 2(a))

*Cerfi ed copies not received

LIAcknowledgement is made of a claim for domestic priority under 35 U S CG § 11 9(e)

A SHORTENED STATUTORY PERIOD FOR RESPONSE to comply with the requirements noted below Is set to EXPIRE THREE MONTHS
FROM THE DATE MAILED" of this Office action Failure to timely comply will result In ABANDONMENT of this application Extensions of
time may be obtained under the provisions of 37 CFR 1 136(a)

LINote the attached EXAMINER S AMENDMENT or NJOTICE OF INFORMAL APPLICATION PTO 152, which discloses that the oath or
declaration Is deficient A SUBSTITUTE OATH OR DECLARATION IS REQUIRED

N( Ap licant MUST submit NEW FORMAL DRAWINGS

because the originally filed drawings were declared by applicant to be Informal

LI Including changes required by the Notice of Draftperson s Patent Drawing Review PTO 948 attached hereto or to Paper No

lIincluding changes required by the proposed drawing correction filied on______________ which has been approved
by the examiner

LIincluding changes required by the attached Examiner's Amendment/Comment

Identifying Indicla such as the application number (see 37 CFR 1 84(c)) should be written on the reverse side of the drawings
The drawings should be filed as a separate paper with a 'itransrnittal letter addressed to the Official Draftperson

F1 Note the attached Examiner's comment regarding REQUIREMENT FOR THE DEPOSIT OF BIOLOGICAL MATERIAL

Any response to this letter should Include In the upper right hand corner the APPLICATION NUMBER (SERIES CODE/SERIAL NUMBER)
If applicant has received a Notice of Allowance and Issue Fee Due the ISSUE BATCH NUMBER and DATE of the NOTICE OF
ALLOWANCE should also be included

Attac) ennt(s)

761mlotice of References Cited PTO 892

V~Jinformation Disclosure Statement(s) PTO 1449 Paper No(s)

11 Notice of Draftsperson s Patent Drawing Review PTO 948

LINotice of Informal Patent Application PTO 152

LInterview Summary PTO-413 VINCENTN 7w s~J
''Examiner s Amendment/Comment 7PIAYEAIE

VI xaminer s Comment Regarding Requirement for Deposit of Biological Material

Examiner's Statement of Reasons for Allowance

1 L.7 (Rev 10/95)

A
US GPO i997-417-MI/62714 /

11-2/21/97 1 DIGIOIA
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Serial Number 08/803,993 2

Art Umit 2763

1 The following communication is in response to applicant's filing on 21-February-1997

2 An Examiner's Amendment to the record appears below Should the changes and/or

additions be unacceptable to applicant, an amendment may be filed as provided by 37 C F R

§ 1 312 To ensure consideration of such an amendment, it MUST be submitted no later

than the payment of the Issue Fee Authorization for this Examiner's Amendment was given

by Christine Ethridge (Reg No 30,557) on 1 1-June-1998

EXAMINER'S AMENDMENT

3 In the Claims

claim1 line 3 Insert --to-- between "attached" and "the"

claim 14 line 2 Delete [and a] and insert --and an--

claim2A/ line 2 Change "comprise" to --comprises--

REASONS FOR ALLOWANCE

4 The following is an Examiner's Statement of Reasons for the indication of allowable

subject matter The invention describes a method and apparatus for determining an implant

position for at least one artificial component in a patient's joint, wherein models of the

patient's joint and the artificial component are created for use in calculating a range of motion

based on simulating movement of the joint with the artificial component in a test position,
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Serial Number 08/803,993 3

Art Unit 2763

whereby an implant position for the artificial component is determined based on a

predetermined range of motion and the calculated range of motion The claims also contain

"means-plus-function language" According to 35 USC § 112, sixth paragraph, "An element

in a claim for a combination may be expressed as a means or step for performing a specified

function without recital of structure, material, or acts mn support thereof, and such claim shall

be construed to cover the corresponding structure, material, or acts described in the

specification and equivalents thereof" (see In re Donaldson Company.JIc , CAFC (2/14/94)

29 USPQ2d 1845, and PTO Notice on Means or Step Plus Function Limitation Under 35 USC

§ 112, 6th paragraph, C E Van Horn, 20 April 1994 (1162 OG 59 published May 17, 1994))

The Examiner has established this notice of allowance based upon the interpretation of

35 USC § 112, 6th paragraph "means or step plus function" limitation in the claims as limited

to the corresponding structure, material or acts described in the specification and equivalents

thereof which is found at least at < page 10, line 17 through page 2 1, line 20, and Figures 1 -

1 0(b) > The art of record fails to teach, suggest, or render obvious the < computer-assisted

means for determining the implant position of an artificial component utilizing a predetermined

range of motion and a calculated range of motion determined from the simulated movement of

joint and component models from a test position> having the corresponding structure which is

disclosed in the specification In view of the foregoing, the claims of the present application

are found to be patentable over the prior art
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Serial Number 08/803,993

Art Unit 2763

5 Any comments considered necessary by applicant MUJST be submitted no later than

the payment of the Issue Fee and, to avoid processing delays, should preferably accompany the

Issue Fee Such submissions should clearly be labeled "Comments on Statement of Reasons

for Allowance"

6 Any response to the Examiner in regard to tis allowance should be

directed to Russell Frejd, telephone number (703) 305-4839, Monday-Friday from
0630 to 1500 ET, or the examiner's supervisor, Kevin Teska, telephone
number (703) 305-9704 Any inquiry of a general nature or relating to
the status of this application should be directed to the Group receptionist,
telephone number (703) 305-3900

mailed to Commissioner of Patents and Trademarks
Washington, D C 20231

or faxed to (703) 308-9051 (for formal communications intended for entry), or
(703) 308-5357 (for informal or draft communications, please label
"PROPOSED" or "DRAFT")

Hand delivered responses should be brought to Crystal Park H, 2121 Crystal Drive Arington VA Sixth
Floor (Receptionist)

Examiner Russell Fejd
Date 19-June-1998

VINCENT N TRMJ~S
PRIMARY EXAMINER
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File History Content Report

The following content is missing from the original file history record obtained from the

United States Patent and Trademark Office No additional information is available

Document Date - 1998-06-24

Document Title - List of references cited by examiner

This page is not part of the official USPTO record It has been determined that content identified
on this document is missing from the original file history record

I
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UNTED PA~TMEt4lOFZCOMMERCE
Patent and Trbdoinifrk Officeo

CO

NOTICE OF ALLOWANCE AND ISSUE FEE DUE

L M12 1 / n 4e
MWHAEL C ANI ONE
I, IRKPArRPICK & LOCI HART
15oo olVER B3UILIiF~r
PI'TTSB~EUR&H PA 15?2

ARPUCAT10N NO n-LING DATE, TOTAL CLAIMS EXAMINER AND GROUP. ART UNIT DATE MAILED

0 -/0 13 3 2/21/97 024 FRE Jr . R AZ.7 61 u - Clet/
0irstN4med DIGIMIA ANI HONY M I 11

TITLEOFAl-FARATUb ANV Ml=] HODfj*l) F PArILITATINr.; rHF-IMPLAWVAr[ION OF AR TlI F, I Al--
INVNTONCOMFONENTS IN TOINTS lo

ATTY'S DOCKET NO CLSS SUBCLASST BATCH NO APPLAN TYPET SMALL ENTITYf FEE DUE D ATE DUli~

-Ili 12.1 Zie4-57'b OOU FS9 -11IL ITY YES $60 0 0 0 o/4 %

THEA4PPLIOA TION IDENTIFIED ABOVE HAS BEEN EXAMINED AND IS ALLO WED FOR ISSUANCEASA PATENTf

TME ISS049 FEE MUSTBE PAID WlrHIN THREE[WNTUFRIM TME £AWN0 DATE OP THIS NOTICE OR THIS
APljQ'() HAL4'89~ REGARDED AS ABANDONED 'BUISSTA TUTORYV PERIOD CANOTHYE EUTENDED.

-~

I"

HOW TO RESPOND TO THIS NOTICE
I Review the SMALL ENTITY status shown above

If ther SMALL ENTITY is shown as YES, verify your
current SMALL ENTITY status

A If the status is changed pay twicethe amount of the
FEE DUE shown above and notify the Patent and
Trademark Office of the change In status or

B If the status is the same, pay the FEE DUE shown
above

I&6

If the SMALL ENTITY is shown as NO -1

A Pay FEE DUE shown above, or /

.4

B File verified statement of Small Entity Status before or witli
payment of 1/2 the FEE DUE shown above

11 Part 15 lasue Fee Transmittal should be completed-and returned to the Patent and Trademark Office (PTO} with your
ISSUE FEE Even if the ISSUE FEE has already been paid by charge to deposit account, Part 15 Issue Fee Transmittal
should be completed and returned. If you are charging the ISSUE FEE-to your deposit account, sectiorr"4bWkof Part
B Issue Fee Transmittal should be completed and an extra copy of the form should be submitted,

IlI All communications regardingithis application must give application number and batch number
Please direct all communicatiorT&pdIor to Issojande to Box ISSUEFEE unless advised to the contrary

IMPORTANT REMINDER Utility patents-issaing 'on applications filed on or after Dec 12, 1980 may rmquire payment ofr
maintenance fees It is patentee's responsibility to ensure timely payment of maintenance,
fees when due 4 1 A

PATENT AND TRAOMW~t OFFIG~E CO"Y
PTOOS.8 (REV 10-96) Approved for use through 06/3/9 (0651 rO033)4,4.

Ale le

*u4GPO 199f7-64 3 91AM2 3

. df

IscaT Copy
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UNITED STATP.- DEPARTMENT OF COMMERCE
Patent and Tademark Office
Address COMMISSIONER OF PATENTS AND TRADEMARKS

WashIngton D C 20231

AppucATnON NO FIUNG DATE I FIRST NAMED INVENTORI ATTORNEY DOCKET NO
1-1 /'W9fi3 -4,3-iv / / 7 LI 3U F1I A 497 f'l12

LKS-1I/ne*A-5
MICHAiEL C ANrOINE

15njrii OLIVER B'UILD'INFi
F-ITTr,BURCiH PA 15*722

EXAMINER
FRE J1, R

AR~T UNIT PAPER NUMBER
2 7EJ -%-

DATE MAILED nb/.,-'5/ ?

Please find below and/or attached an Office communication concerning this application or
proceeding

Comnmissioner of Patents and T rademarks

PTO 9OC (Rov 2/95)
US GPO 1996-404496/40510 I File Copy

OF
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Attorey'sDocke No ~Q12PATENT

IN THE UNITED STATES PATENT AND TR1ADEMARK OFFICE
In re application of Anthony M Digioia, III et al
Serial No 08/803,993 Group No 2700
Filed February 21, 1997 Examiner Frejd, R

For APPARATUS AN]) METHOD FOR FACILITATING THE IMPLANTATION OF ARTIFICIAL
COMPONENTS IN JOINTS

Assistant Commissioner for Patents
Washington, D C 20231

ATTENTION Box Issue Fee

Batch No F89

TRANSMITTAL OF PAYMENT OF ISSUE FEE (37 C F R. 1311)
1Applicant hereby pays the issue fee for the attached Issue Fee Transmittal PTOL-85

2 Fee (37 CEFR 1 18(a) and (b))
Application status is

Osmall business entity-fee
E] verified statement attached
Zvenified statement filed on JLU9

[]other than a small entity-fee

3 Payment of fee
SEnclosed please find check for $ 690.00_

Z Charge Account _lh.________
ECharge Account________ the sum of $

A duplicate of this request is attached (\

for any fee deficiency

~c
iTURE OF ATrORNEY

Reg No 40,120

Tel No (412) 355-6288

Jonathan C. Parks
(type or print name ofperson certifying)

Kirkpatrick & Lockhart, LLP
1500 Oliver Building
Pittsbutgh, JPA 15222-2312

CERTIFICATE OF MAILING/TRANSMISSION (37 C F R. 1 8a)
I hereby certify that this correspondence is on the date shown below being

MAILING FACSIMILE
Eldeposited with the Umited States Postal Service with sufficient transmitted by facsiamle to the patent and

postage as first class mail, in an envelope addressed to the Trademark Office
Assistant Conmnissioner for Patents, Washington, D C 20231

Signature

(type or print name ofperson certifynng)

(Transmittal of Payment of Issue Fee (37 C F R 1 311) [9-101 page 1 of 1)

S$660 00

(:]$113 2 0 00

nl$225 00

nl $450 00

Date

Attorney's Docket No _,
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PATENT

IN THE UNITED STATES PATENT AND TRADEMARK OFFICE

In re application of Digioia, Ill et at

Serial No 08/803,993 Group No 2700

Filed February 21, 1997 Examiner Frejd, R

For APPARATUS AND METHOD FOR FACILITATING THE IMPLANTATION OF ARTIFICIAL
COMPONENTS IN JOINTS

Box Issue Fee
Assistant Conussioner of Patents
Washington, D C 20231

EXPRESS MAIL CERTIFICATE
'Express Mail label number EE687588703US

Date of Deposit September 22, 1998

1 hereby certify that the following attached paper or fee

TRANSMITTAL OF PAYMENT OF ISSUE FEE
PTO FORM 85B
CHECK PAYABLE TO PTO

is being deposited with the United States Postal Service 'Express Mail Post Office to Addressee
service under 37 CFR 1 10 on the date indicated above and is addressed to Box Issue Fee the Assistant
Commissioner of Patents Washington D C 20231

NOTE Each paper must have its own certificate and the Express Mail label number as a part
thereof or attached thereto When as here the certification is presented on a separate sheet
that sheet must (1) be signed and (2) fully identify and be securely attached to the paper or fee
it accompanies Identification should include the serial number and filing date of the
application as well as the type of paper being filed e g complete application specification and
drawings responses to rejection or refusal notice of appeal etc If the serial number of the
application is not known the identification should include at least the name of the inventor(s)
and the title of the invention

NOTE The label number need not be placed in each page It should however be placed on the first
page of each separate document such as a new application, amendment assignment and
transmittal letter for a fee along with the certificate of mailing by Express Mail Although
the label number may be on checks such a practice is not required In order not to deface
formal drawings it is suggested that the label number be placed on the back of each formal
drawing or~ the drawings be accompanied by a set of informal drawings on which the label
number is placed

(Express Mail Certificate [8-3])

PI-5 1495 01
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PART B-ISSUE FEE TRANSMIT

Complete and mall this form, together wN jopliIs fees, to Box ISSUE FEE
Assistant Commissioner for Patehu
Washington, D C 20231 641/

MAILING INSTRUC77ONS This form should be used for transmitting the ISSUE FEE Blocks 1
through 4 should be completed where appropriate- All further correspondence including the Issue Fee
Receipt the Patent advance ordlers and notification of maintenance fees will be mailed to the current
correspondence address as Indicated unless correted below or directed otherwise In Block I by (a)
specifying a new correspondence address ancVor (b) Indicating a separate FEE ADDRESS for
maintenance fee notificationsI
CURRENT CORRESPONDENCE ADDRESS (Noer Logoblymnv*-up wIth any coret or use Bloc 1) -

MiI CHAEL C ANrnINE/ RECEIVED
I IFNI FA~TR IFrF Ic LOCKHAR1 Publishing Divislan
1501J OLIJVER BUJILD)ING4
FI71%nBURG~H PA 15222 EP 2 2 10

Note The certIfIcate of mailing below can only be used for domestic
mallings of the Issue Fee Tansmittal This certificate cannot be used
forany other accompanying papers Each additional paper suchaesan
asinmetor formal drawing must have Its own certificate of mailing

Certi0cat of MalIng
I hereby certify that this Issue Fee Transmttal Is being deposited with
the United States Postal Service with sufficient postage for first class
mall In an ernvelop addressedto the Box Issue Fes address above on
the date Indicated below

pOepoatoeronm)

(SVIaUre)

APPLICATION NO - . FILING DATE TOTAL EXAMINER AND GROUJP ART UNIT DATE MAILED

11.0/-=03 9"1 0 2/%-1/ 97 n24 FREJD~, R 2-7 E3 OF-/24/9E

Fi rst Named D G O AA IH NApplicant DiII~ ~1O Y I I

11ITLE OF
INVENTION A-FAi~RATUlS AND MLI1HOD' FOR FArILITAiTINGi THE IMPLA~NTATION OF A~RTIFICIAL

COMFO:NENTS IN JOIIS

ATTY'S DOCKET NO CLASS-SUBCLASS BATCH NO I APPLN TYPE -T SMALL ENTITY 1' FEE DUE DATE DUE

9i~ 701.Z 3i-4-57c> ijriu F:-:09 I11LITY YES $660 uu 113/-4/9E

I Change of correspondence address or Indication of Fee Address (37 CFR 1 363) R For printing on the patent front page listK1r
Use of PTO form(s) and Customer Number are recommended but not required (1) the names of up to 3 registered patent 1 Kik pa tri1ck &

attorneys or agents OR alternatively (2) Lockhlar t LLF-
[]Change of correspondence address (or Change of Correspondence Address form the name of a single firm (having as a
PTO/SB/122) attached member a registered attorney or agent) 2_____________

and the names of up to 2 registered patent
I0 Fee Address Indication (or Fee Address Indication form PTO/SB147) attached attorneys or agents If no name Is listed no

name will be printed 3 _____________

3 ASSIGNEE NAME AND RESIDENCE DATA To BE PRINTED ON THE PATENT (print or type) 4a The following fees are enclosed (make Check payable to Commissioner
PLEASE NOTE Unless an assignee Is Identified below no assignee data will appear on the patent of Patents and Trademarks)
Inclusion of assignee data Is only approplate when an assignment has been previously submitted to KI Issue Fee
the PTO or Is being submitted under separate cover Completion of this form is NOT a subshlitue for 1
filing an assignment X1 Advance Order #of Copies 1
(A) NAME OF ASSIGNEE _______________________

Carnegie MellIon Universi1ty 4b The followng fees or deficencyIn these fees should be charged to
(B) RESIDENCE (CITY &STATE OR COUTRY) DEPOSIT ACCOUNTNUMBER 11-1110

Pittsburgh, PA 15213 (ENCLOSE AN EXTRA COPY OF THIS FORM)
Plase check the appropriate assignee category Indicated below (will not be printed on the patent) X1 Issue Fee
[lIndividual ED corporation or other private group entity []government T] Advance Order # of CopIes 1 0

The COMMISSIONER OF PATENTS AND TRADEMARKS IS requested to apply the Issue Fee to the application Identified above
(Autho d Ignature) 

(Date)
I 7- 4

NOTEn Issue Fee will not be accepted from anyone other than the applicant a regkiered'attorney
or agen or the assignee or other party In interest as shown by the records of the Patent and dDi 00 OE1S 2Trademark Office dD 00 099 2V2131 t
Burden Hour Statement This form is estimated to take 0.2 hours to complete Time will vary
depending on the needs of the individual case Any comments on the amount of time required E66EfOVVO 00000 lVA318 66T/20/OT
to complete this form should be sent to the Chief Information Officer Patent and Trademark
Office Washingtoni D C 20231 DO NOT SEND FEES OR COMPLETED FORMS TO THIS
ADDRESS SEND FEES AND THIS FORM TO Box Issue Fee Assistant Commissioner for
Patents Washington D C 20231

Under the Paperwork Reduction Act of 1995 no persons are required to respond to a collection
of Information unless it displays a valid 0MB control number

TRANSMIT THIS FORM WITH FEE

1~

9 2 j

I

P&Wt and Trademark Office; U & DEPARTMENT OF COMMERCEPTOL-65B (REV 10 96) Appmved for use thmugh 06130/99 OMB 0651-0033
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A ey's DoWt No971 PATLi~T

Serial No 08/803,993

W 0f3tBatch 
No F89

RR NTIHE UNITED STATES PATENT AND TRADEMARK OFFICE
In (re ap ~on of Anthony M Digioia, 1111 et al
Serial No 08/8032993 Group No 2700
Filed February 21, 1997 Examiner Frejd, R

For APPARATUS AND METHOD FOR FACILITATING THE IMPLANTATION OF ARTIFICAL
COMPONENTS 1IN JOINTS
Assistant Commissioner for Patents
Washington, D C 20231

TRANSMITTAL OF FORMAL DRAWINGS

In response to the NOTICE OF ALLOWABILITY mailed on Julie 24,1998_

attached please filid 
(date)

(a) the formal drawing(s) for this application
Number of Sheets 1

NOTE Identifying indicia if provided should include the application number or the title of the invention
inventor s name docket number (f any) and the name and telephone number of a person to call if the
Office is unable to match the drawings to the proper application This information should be placed on the
back of each sheet of a drawing a minimum distance of]I S cm (5/8 inch) down from the top of the page

SEach sheet of drawing indicates the identifying indicia suggested mn § 1 84(c) on the reverse side
of the drawing

(b) a copy of the NOTICE OF ALLOWABILITY

I NTR OF ATT'ORNEY
Reg No 40,120 1___atban__C____AS_

(type or print name ofperson certifying)

Tel No (412) 355-6288 Kirkpatrick & Lockhart, LLP
1500 Oliver Building
IttsburLrh, PA 15222

CERTIFICATE OF MAILING (37 C F.R 1 8(a))
I hereby certif that this paper (along with any paper referred to as being attached or enclosed) is being deposited
with the United States Postal Service on the date shown below the sufficient postage as first class mail in an
envelope addressed to the Commissioner of Patents and Trademarks, Washington, D C 20231

Date____________________________(type or print name of person mailing paper)

(Signature of person mailing paper)

(Transmittal of Formal Drawings In Response to Notice of Informal Drawings [9-16 1)
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PATENT

IN THE UNITED STATES PATENT AND TRADEMARK OFFICE

In re application of Digioia, Ill et al

Serial No 08/803,993

Filed February 21, 1997

Group No 2700

Examiner Frejd, R

For APPARATUS AND METHOD FOR FACILITATING THE IMPLANTATION OF ARTIFICIAL
COMPONENTS IN JOINTS

Assistant Conussioner of Patents
Washington, D C 20231

EXPRESS MAIL CERTIFICATE
Express Mail label number EE687588685US

Date of Deposit -Sptember 22, 1998

I hereby certi:fy that the following attached paper or fee

TRANSMITTAL OF FORMAL DRAWINGS
ELEVEN SHEETS OF FORMAL DRAWINGS
COPY OF NOTICE OF ALLOWABILITY

is being deposited with the United States Postal Service 'Express
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1.  US5880976A    Apparatus and method for facilitating the implantation of artificial components

in joints 
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Family 1/1 

4 record(s) per family 

 

Record 1/4 US5880976A Apparatus and method for facilitating the implantation of artificial

components in joints 

 

Publication Number: US5880976A 19990309 

 

Title: Apparatus and method for facilitating the implantation of artificial components in joints 

Title - DWPI: Computer based artificial component implant position determining system for total

hip replacement 

Priority Number: US1997803993A 

Priority Date: 1997-02-21 

Application Number: US1997803993A 

Application Date: 1997-02-21 

Publication Date: 1999-03-09 

IPC Class Table: 

IPC Section Class Subclass Class Group Subgroup

A61B001715 A A61 A61B A61B0017 A61B001715

A61F000246 A A61 A61F A61F0002 A61F000246

A61B000506 A A61 A61B A61B0005 A61B000506

A61B0005107 A A61 A61B A61B0005 A61B0005107

A61B001700 A A61 A61B A61B0017 A61B001700

A61B001900 A A61 A61B A61B0019 A61B001900

A61F000230 A A61 A61F A61F0002 A61F000230

A61F000232 A A61 A61F A61F0002 A61F000232

A61F000234 A A61 A61F A61F0002 A61F000234

A61F000236 A A61 A61F A61F0002 A61F000236

A61F000238 A A61 A61F A61F0002 A61F000238

A61F000240 A A61 A61F A61F0002 A61F000240

A61F000242 A A61 A61F A61F0002 A61F000242
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IPC Class Table - DWPI: 

IPC - DWPI Section - DWPI Class - DWPI Subclass - DWPI Class Group -
DWPI

Subgroup - DWPI

A61B001714 A A61 A61B A61B0017 A61B001714

A61F000246 A A61 A61F A61F0002 A61F000246

A61B001715 A A61 A61B A61B0017 A61B001715

A61B001700 A A61 A61B A61B0017 A61B001700

A61B001900 A A61 A61B A61B0019 A61B001900

A61B000506 A A61 A61B A61B0005 A61B000506

A61B0005107 A A61 A61B A61B0005 A61B0005107

A61F000230 A A61 A61F A61F0002 A61F000230

A61F000232 A A61 A61F A61F0002 A61F000232

A61F000236 A A61 A61F A61F0002 A61F000236

A61F000238 A A61 A61F A61F0002 A61F000238

A61F000242 A A61 A61F A61F0002 A61F000242

A61F000234 A A61 A61F A61F0002 A61F000234

A61F000240 A A61 A61F A61F0002 A61F000240

 

Assignee/Applicant: Carnegie Mellon University,Pittsburgh,PA,US 

JP F Terms:  

JP FI Codes:  

Assignee - Original: Carnegie Mellon University 

Any CPC Table: 

Type Invention Additional Version Office

Current 
Current 
Current 
Current 
Current 
Current 
Current 
Current 
Current 
Current 
Current 

A61B 19/5244 
A61B 17/15 
A61B 17/155 
A61F 2/46 
A61F 2/4657 
 
 
 
 
 
 

A61B 5/06 
A61B 5/1075 
A61B 5/4528 
A61B 19/50 
A61B 2017/00716 
A61B 2019/502 
A61B 2019/505 
A61B 2019/507 
A61B 2019/5255 
A61B 2019/5272 
A61B 2019/5276 

20130101 
20130101 
20130101 
20130101 
20130101 
20130101 
20130101 
20130101 
20130101 
20130101 
20130101 

EP 
EP 
EP 
EP 
EP 
EP 
EP 
EP 
EP 
EP 
EP 
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Current 
Current 
Current 
Current 
Current 
Current 
Current 
Current 
Current 
Current 
Current 
Current 
Current 
Current 
Current 
Current 
Current 
Current 
Current 
Current 
Current 
Current 
Current 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

A61B 2019/564 
A61F 2/32 
A61F 2/34 
A61F 2/36 
A61F 2/38 
A61F 2/3804 
A61F 2/40 
A61F 2/4202 
A61F 2/4225 
A61F 2/4241 
A61F 2/4261 
A61F 2/468 
A61F 2002/30945 
A61F 2002/30948 
A61F 2002/30952 
A61F 2002/3611 
A61F 2002/3625 
A61F 2002/3631 
A61F 2002/4633 
A61F 2002/4668 
G05B 2219/45166 
G05B 2219/45168 
Y10S 623/914 

20130101 
20130101 
20130101 
20130101 
20130101 
20130101 
20130101 
20130101 
20130101 
20130101 
20130101 
20130101 
20130101 
20130101 
20130101 
20130101 
20130101 
20130101 
20130101 
20130101 
20130101 
20130101 
20130101 

EP 
EP 
EP 
EP 
EP 
EP 
EP 
EP 
EP 
EP 
EP 
EP 
EP 
EP 
EP 
EP 
EP 
EP 
EP 
EP 
EP 
EP 
EP 

 

ECLA: A61B001715 | A61B001715K2 | A61B001952H12 | A61F000246 | A61F000246M |

K61B000506 | K61B0005107H | K61B001700Q6P | K61B001950 | K61B001950B2 |

K61B001950B4 | K61B001950D | K61B001952H12B6 | K61B001952H12F | K61B001952H14 |

K61B001956D | K61F000230M2A2 | K61F000230M2B | K61F000230M2C | K61F000232 |

K61F000234 | K61F000236 | K61F000236C1 | K61F000236C2 | K61F000236C2G | K61F000238 |

K61F000238B | K61F000240 | K61F000242A | K61F000242F | K61F000242H | K61F000242W |

K61F000246D2 | K61F000246M6 | K61F000246R | S05B021945166 | S05B021945168 |

K61B000545K 

Abstract:  

Apparatuses and methods are disclosed for determining an implant position for at least one

artificial component in a joint and facilitating the implantation thereof. The apparatuses and

methods include creating a joint model of a patient's joint into which an artificial component is to be

implanted and creating a component model of the artificial component. The joint and artificial

component models are used to simulate movement in the patient's joint with the artificial

component in a test position. The component model and the joint model are used to calculate a

range of motion in the joint for at least one test position based on the simulated motion. An implant

position, including angular orientation, in the patient's joint is determined based on a

predetermined range of motion and the calculated range of motion. In a preferred embodiment, the

implant position can be identified in the joint model and the joint model aligned with the joint by

3
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registering positional data from discrete points on the joint with the joint model. Such registration

also allows for tracking of the joint during surgical procedures. A current preferred application of

the invention is for determining the implant position and sizing of an acetabular cup and femoral

implant for use in total hip replacement surgery. 

Language of Publication: EN 

INPADOC Legal Status Table: 

Gazette Date Code INPADOC Legal Status Impact

2010-09-09 FPAY +

Description:  FEE PAYMENT 

2006-09-11 FPAY +

Description:  FEE PAYMENT 

2002-09-25 REMI -

Description:  MAINTENANCE FEE REMINDER MAILED 

2002-09-06 FPAY +

Description:  FEE PAYMENT 

1997-08-06 AS -

Description:  ASSIGNMENT   CARNEGIE MELLON UNIVERSITY, PENNSYLVANIA   ASSIGNMENT OF ASSIGNORS
INTEREST; ASSIGNORS:DIGIOIA, ANTHONY M., III; SIMON, DAVID A.; JARAMAZ, BRANISLAV; AND OTHERS;
REEL/FRAME:008642/0243   1997-07-17 

1997-08-06 AS -

Description:  ASSIGNMENT   SHADYSIDE HOSPITAL, PENNSYLVANIA   ASSIGNMENT OF ASSIGNORS INTEREST;
ASSIGNORS:DIGIOIA, ANTHONY M., III; SIMON, DAVID A.; JARAMAZ, BRANISLAV; AND OTHERS;
REEL/FRAME:008642/0243   1997-07-17 

 

Post-Issuance (US):  

Reassignment (US) Table: 

Assignee Assignor Date Signed Reel/Frame Date

CARNEGIE MELLON
UNIVERSITY,PITTSBURGH,
PA,US

DIGIOIA, ANTHONY M., III 1997-07-17 008642/0243 1997-08-06
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SHADYSIDE
HOSPITAL,PITTSBURGH,PA
,US

Conveyance:  ASSIGNMENT OF ASSIGNORS INTEREST (SEE DOCUMENT FOR DETAILS).  |  ASSIGNMENT OF
ASSIGNORS INTEREST (SEE DOCUMENT FOR DETAILS). 

Corresponent:  KIRKPATRICK & LOCKHART LLP MICHAEL C. ANTONE, ESQ. 1500 OLIVER BUILDING PITTSBURGH, PA
15222  |  KIRKPATRICK & LOCKHART LLP MICHAEL C. ANTONE, ESQ. 1500 OLIVER BUILDING PITTSBURGH, PA 15222

 

Maintenance Status (US):  

Litigation (US):  

Opposition (EP):  

License (EP):  

EPO Procedural Status:  

Front Page Drawing: 
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Record 2/4 US5995738A Apparatus and method for facilitating the implantation of artificial
components in joints 
 
Publication Number: US5995738A 19991130 
 
Title: Apparatus and method for facilitating the implantation of artificial components in joints 
Title - DWPI: Computer assistant artificial component implant position determining system during
total hip replacement, arthroplasty operations 
Priority Number: US1997803993A 
Priority Date: 1997-02-21 
Application Number: US1998190740A 
Application Date: 1998-11-12 
Publication Date: 1999-11-30 
IPC Class Table: 

IPC Section Class Subclass Class Group Subgroup

A61B001715 A A61 A61B A61B0017 A61B001715

A61F000246 A A61 A61F A61F0002 A61F000246

A61B000506 A A61 A61B A61B0005 A61B000506

A61B0005107 A A61 A61B A61B0005 A61B0005107

A61B001700 A A61 A61B A61B0017 A61B001700

A61B001900 A A61 A61B A61B0019 A61B001900

A61F000230 A A61 A61F A61F0002 A61F000230

A61F000232 A A61 A61F A61F0002 A61F000232

A61F000234 A A61 A61F A61F0002 A61F000234

A61F000236 A A61 A61F A61F0002 A61F000236

A61F000238 A A61 A61F A61F0002 A61F000238

A61F000240 A A61 A61F A61F0002 A61F000240

A61F000242 A A61 A61F A61F0002 A61F000242

 
IPC Class Table - DWPI: 

IPC - DWPI Section - DWPI Class - DWPI Subclass - DWPI Class Group -
DWPI

Subgroup - DWPI

A61B001714 A A61 A61B A61B0017 A61B001714

A61F000246 A A61 A61F A61F0002 A61F000246

A61B001715 A A61 A61B A61B0017 A61B001715
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A61B001700 A A61 A61B A61B0017 A61B001700

A61B001900 A A61 A61B A61B0019 A61B001900

A61B000506 A A61 A61B A61B0005 A61B000506

A61B0005107 A A61 A61B A61B0005 A61B0005107

A61F000230 A A61 A61F A61F0002 A61F000230

A61F000232 A A61 A61F A61F0002 A61F000232

A61F000236 A A61 A61F A61F0002 A61F000236

A61F000238 A A61 A61F A61F0002 A61F000238

A61F000242 A A61 A61F A61F0002 A61F000242

A61F000234 A A61 A61F A61F0002 A61F000234

A61F000240 A A61 A61F A61F0002 A61F000240

 
Assignee/Applicant: Carnegie Mellon University,Pittsburgh,PA,US 
JP F Terms:  
JP FI Codes:  
Assignee - Original: Carnegie Mellon University 
Any CPC Table: 

Type Invention Additional Version Office

Current 
Current 
Current 
Current 
Current 
Current 
Current 
Current 
Current 
Current 
Current 
Current 
Current 
Current 
Current 
Current 
Current 
Current 
Current 
Current 
Current 
Current 
Current 
Current 
Current 

A61B 19/5244 
A61B 17/15 
A61B 17/155 
A61F 2/46 
A61F 2/4657 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

A61B 5/06 
A61B 5/1075 
A61B 5/4528 
A61B 19/50 
A61B 2017/00716 
A61B 2019/502 
A61B 2019/505 
A61B 2019/507 
A61B 2019/5255 
A61B 2019/5272 
A61B 2019/5276 
A61B 2019/564 
A61F 2/32 
A61F 2/34 
A61F 2/36 
A61F 2/38 
A61F 2/3804 
A61F 2/40 
A61F 2/4202 
A61F 2/4225 
A61F 2/4241 
A61F 2/4261 
A61F 2/468 
A61F 2002/30945 
A61F 2002/30948 

20130101 
20130101 
20130101 
20130101 
20130101 
20130101 
20130101 
20130101 
20130101 
20130101 
20130101 
20130101 
20130101 
20130101 
20130101 
20130101 
20130101 
20130101 
20130101 
20130101 
20130101 
20130101 
20130101 
20130101 
20130101 

EP 
EP 
EP 
EP 
EP 
EP 
EP 
EP 
EP 
EP 
EP 
EP 
EP 
EP 
EP 
EP 
EP 
EP 
EP 
EP 
EP 
EP 
EP 
EP 
EP 
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Current 
Current 
Current 
Current 
Current 
Current 
Current 
Current 
Current 

 
 
 
 
 
 
 
 
 
 

A61F 2002/30952 
A61F 2002/3611 
A61F 2002/3625 
A61F 2002/3631 
A61F 2002/4633 
A61F 2002/4668 
G05B 2219/45166 
G05B 2219/45168 
Y10S 623/914 

20130101 
20130101 
20130101 
20130101 
20130101 
20130101 
20130101 
20130101 
20130101 

EP 
EP 
EP 
EP 
EP 
EP 
EP 
EP 
EP 

 
ECLA: A61B001715 | A61B001715K2 | A61B001952H12 | A61F000246 | A61F000246M |
K61B000506 | K61B0005107H | K61B001700Q6P | K61B001950 | K61B001950B2 |
K61B001950B4 | K61B001950D | K61B001952H12B6 | K61B001952H12F | K61B001952H14 |
K61B001956D | K61F000230M2A2 | K61F000230M2B | K61F000230M2C | K61F000232 |
K61F000234 | K61F000236 | K61F000236C1 | K61F000236C2 | K61F000236C2G | K61F000238 |
K61F000238B | K61F000240 | K61F000242A | K61F000242F | K61F000242H | K61F000242W |
K61F000246D2 | K61F000246M6 | K61F000246R | S05B021945166 | S05B021945168 |
K61B000545K 
Abstract:  
Apparatuses and methods are disclosed for determining an implant position for at least one
artificial component in a joint and facilitating the implantation thereof. The apparatuses and
methods include creating a joint model of a patient's joint into which an artificial component is to be
implanted and creating a component model of the artificial component. The joint and artificial
component models are used to simulate movement in the patient's joint with the artificial
component in a test position. The component model and the joint model are used to calculate a
range of motion in the joint for at least one test position based on the simulated motion. An implant
position, including angular orientation, in the patient's joint is determined based on a
predetermined range of motion and the calculated range of motion. In a preferred embodiment, the
implant position can be identified in the joint model and the joint model aligned with the joint by
registering positional data from discrete points on the joint with the joint model. Such registration
also allows for tracking of the joint during surgical procedures. A current preferred application of
the invention is for determining the implant position and sizing of an acetabular cup and femoral
implant for use in total hip replacement surgery. 
Language of Publication: EN 
INPADOC Legal Status Table: 

Gazette Date Code INPADOC Legal Status Impact

2008-01-22 FP -

Description:  EXPIRED DUE TO FAILURE TO PAY MAINTENANCE FEE   2007-11-30 

2007-11-30 LAPS -

Description:  LAPSE FOR FAILURE TO PAY MAINTENANCE FEES 

2007-06-18 REMI -
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Description:  MAINTENANCE FEE REMINDER MAILED 

2003-05-29 FPAY +

Description:  FEE PAYMENT 

 
Post-Issuance (US):  EXPI Expiration 2007-11-30 2007 2008-01-22 2008 DUE TO FAILURE TO
PAY MAINTENANCE FEES 
Reassignment (US) Table:  
Maintenance Status (US): E2 
Litigation (US):  
Opposition (EP):  
License (EP):  
EPO Procedural Status:  
Front Page Drawing: 
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Record 3/4 US6002859A Apparatus and method for facilitating the implantation of artificial
components in joints | Apparatus and method facilitating the implantation of artificial components
in joints 
 
Publication Number: US6002859A 19991214 
 
Title: Apparatus and method for facilitating the implantation of artificial components in joints |
Apparatus and method facilitating the implantation of artificial components in joints 
Title - DWPI: Computer assisted surgical implantation facilitating apparatus for artificial acetabular,
femoral components during total hip replacement and revision procedures 
Priority Number: US1997803993A 
Priority Date: 1997-02-21 
Application Number: US1998190893A 
Application Date: 1998-11-12 
Publication Date: 1999-12-14 
IPC Class Table: 

IPC Section Class Subclass Class Group Subgroup

A61B001715 A A61 A61B A61B0017 A61B001715

A61F000246 A A61 A61F A61F0002 A61F000246

A61B000506 A A61 A61B A61B0005 A61B000506

A61B0005107 A A61 A61B A61B0005 A61B0005107

A61B001700 A A61 A61B A61B0017 A61B001700

A61B001900 A A61 A61B A61B0019 A61B001900

A61F000230 A A61 A61F A61F0002 A61F000230

A61F000232 A A61 A61F A61F0002 A61F000232

A61F000234 A A61 A61F A61F0002 A61F000234

A61F000236 A A61 A61F A61F0002 A61F000236

A61F000238 A A61 A61F A61F0002 A61F000238

A61F000240 A A61 A61F A61F0002 A61F000240

A61F000242 A A61 A61F A61F0002 A61F000242

 
IPC Class Table - DWPI: 

IPC - DWPI Section - DWPI Class - DWPI Subclass - DWPI Class Group -
DWPI

Subgroup - DWPI

A61B001714 A A61 A61B A61B0017 A61B001714

A61F000246 A A61 A61F A61F0002 A61F000246
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A61B001715 A A61 A61B A61B0017 A61B001715

A61B001700 A A61 A61B A61B0017 A61B001700

A61B001900 A A61 A61B A61B0019 A61B001900

A61B000506 A A61 A61B A61B0005 A61B000506

A61B0005107 A A61 A61B A61B0005 A61B0005107

A61F000230 A A61 A61F A61F0002 A61F000230

A61F000232 A A61 A61F A61F0002 A61F000232

A61F000236 A A61 A61F A61F0002 A61F000236

A61F000238 A A61 A61F A61F0002 A61F000238

A61F000242 A A61 A61F A61F0002 A61F000242

A61F000234 A A61 A61F A61F0002 A61F000234

A61F000240 A A61 A61F A61F0002 A61F000240

 
Assignee/Applicant: Carnegie Mellon University,Pittsburgh,PA,US 
JP F Terms:  
JP FI Codes:  
Assignee - Original: Carnegie Mellon University 
Any CPC Table: 

Type Invention Additional Version Office

Current 
Current 
Current 
Current 
Current 
Current 
Current 
Current 
Current 
Current 
Current 
Current 
Current 
Current 
Current 
Current 
Current 
Current 
Current 
Current 
Current 
Current 
Current 

A61B 19/5244 
A61B 17/15 
A61B 17/155 
A61F 2/46 
A61F 2/4657 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

A61B 5/06 
A61B 5/1075 
A61B 5/4528 
A61B 19/50 
A61B 2017/00716 
A61B 2019/502 
A61B 2019/505 
A61B 2019/507 
A61B 2019/5255 
A61B 2019/5272 
A61B 2019/5276 
A61B 2019/564 
A61F 2/32 
A61F 2/34 
A61F 2/36 
A61F 2/38 
A61F 2/3804 
A61F 2/40 
A61F 2/4202 
A61F 2/4225 
A61F 2/4241 
A61F 2/4261 
A61F 2/468 

20130101 
20130101 
20130101 
20130101 
20130101 
20130101 
20130101 
20130101 
20130101 
20130101 
20130101 
20130101 
20130101 
20130101 
20130101 
20130101 
20130101 
20130101 
20130101 
20130101 
20130101 
20130101 
20130101 

EP 
EP 
EP 
EP 
EP 
EP 
EP 
EP 
EP 
EP 
EP 
EP 
EP 
EP 
EP 
EP 
EP 
EP 
EP 
EP 
EP 
EP 
EP 
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Current 
Current 
Current 
Current 
Current 
Current 
Current 
Current 
Current 
Current 
Current 

 
 
 
 
 
 
 
 
 
 
 
 

A61F 2002/30945 
A61F 2002/30948 
A61F 2002/30952 
A61F 2002/3611 
A61F 2002/3625 
A61F 2002/3631 
A61F 2002/4633 
A61F 2002/4668 
G05B 2219/45166 
G05B 2219/45168 
Y10S 623/914 

20130101 
20130101 
20130101 
20130101 
20130101 
20130101 
20130101 
20130101 
20130101 
20130101 
20130101 

EP 
EP 
EP 
EP 
EP 
EP 
EP 
EP 
EP 
EP 
EP 

 
ECLA: A61B001715 | A61B001715K2 | A61B001952H12 | A61F000246 | A61F000246M |
K61B000506 | K61B0005107H | K61B001700Q6P | K61B001950 | K61B001950B2 |
K61B001950B4 | K61B001950D | K61B001952H12B6 | K61B001952H12F | K61B001952H14 |
K61B001956D | K61F000230M2A2 | K61F000230M2B | K61F000230M2C | K61F000232 |
K61F000234 | K61F000236 | K61F000236C1 | K61F000236C2 | K61F000236C2G | K61F000238 |
K61F000238B | K61F000240 | K61F000242A | K61F000242F | K61F000242H | K61F000242W |
K61F000246D2 | K61F000246M6 | K61F000246R | S05B021945166 | S05B021945168 |
K61B000545K 
Abstract:  
Apparatuses and methods are disclosed for determining an implant position for at least one
artificial component in a joint and facilitating the implantation thereof. The apparatuses and
methods include creating a joint model of a patient's joint into which an artificial component is to be
implanted and creating a component model of the artificial component. The joint and artificial
component models are used to stimulate movement in the patient's joint with the artificial
component in a test position. The component model and the joint model are used to calculate a
range of motion in the joint for at least one test position based on the simulated motion. An implant
position, including angular orientation, in the patient's joint is determined based on a
predetermined range of motion and the calculated range of motion. In a preferred embodiment, the
implant position can be identified in the joint model and the joint model aligned with the joint by
registering positional data from discrete points on the joint with the joint model. Such registration
also allows for tracking of the joint during surgical procedures. A current preferred application of
the invention is for determining the implant position and sizing of an acetabular cup and femoral
implant for use in total hip replacement surgery. 
Language of Publication: EN 
INPADOC Legal Status Table: 

Gazette Date Code INPADOC Legal Status Impact

2008-02-05 FP -

Description:  EXPIRED DUE TO FAILURE TO PAY MAINTENANCE FEE   2007-12-14 

2007-12-14 LAPS -

Description:  LAPSE FOR FAILURE TO PAY MAINTENANCE FEES 
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2007-06-27 REMI -

Description:  MAINTENANCE FEE REMINDER MAILED 

2003-06-16 FPAY +

Description:  FEE PAYMENT 

2002-04-02 CC -

Description:  CERTIFICATE OF CORRECTION 

 
Post-Issuance (US):  CORR-CERT Certificate of Correction 2002-04-02 2002 2002-04-23 2002 a
Certificate of Correction was issued for this patent |  EXPI Expiration 2007-12-14 2007 2008-02-05
2008 DUE TO FAILURE TO PAY MAINTENANCE FEES 
Reassignment (US) Table:  
Maintenance Status (US): CC | E2 
Litigation (US):  
Opposition (EP):  
License (EP):  
EPO Procedural Status:  
Front Page Drawing: 
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Record 4/4 US6205411B1 Computer-assisted surgery planner and intra-operative guidance
system 
 
Publication Number: US6205411B1 20010320 
 
Title: Computer-assisted surgery planner and intra-operative guidance system 
Title - DWPI: Computer assisted artificial joint component implantation guidance apparatus used in
total hip replacement, has pre-operative kinematic biomechanical simulator to output position to
implant artificial component 
Priority Number: US1997803993A 
Priority Date: 1997-02-21 
Application Number: US1998189914A 
Application Date: 1998-11-12 
Publication Date: 2001-03-20 
IPC Class Table: 

IPC Section Class Subclass Class Group Subgroup

A61B001715 A A61 A61B A61B0017 A61B001715

A61F000246 A A61 A61F A61F0002 A61F000246

A61B000506 A A61 A61B A61B0005 A61B000506

A61B0005107 A A61 A61B A61B0005 A61B0005107

A61B001700 A A61 A61B A61B0017 A61B001700

A61B001900 A A61 A61B A61B0019 A61B001900

A61F000230 A A61 A61F A61F0002 A61F000230

A61F000232 A A61 A61F A61F0002 A61F000232

A61F000234 A A61 A61F A61F0002 A61F000234

A61F000236 A A61 A61F A61F0002 A61F000236

A61F000238 A A61 A61F A61F0002 A61F000238

A61F000240 A A61 A61F A61F0002 A61F000240

A61F000242 A A61 A61F A61F0002 A61F000242

 
IPC Class Table - DWPI: 

IPC - DWPI Section - DWPI Class - DWPI Subclass - DWPI Class Group -
DWPI

Subgroup - DWPI

A61B001714 A A61 A61B A61B0017 A61B001714

A61F000246 A A61 A61F A61F0002 A61F000246
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A61B001715 A A61 A61B A61B0017 A61B001715

A61B001700 A A61 A61B A61B0017 A61B001700

A61B001900 A A61 A61B A61B0019 A61B001900

A61B000506 A A61 A61B A61B0005 A61B000506

A61B0005107 A A61 A61B A61B0005 A61B0005107

A61F000230 A A61 A61F A61F0002 A61F000230

A61F000232 A A61 A61F A61F0002 A61F000232

A61F000236 A A61 A61F A61F0002 A61F000236

A61F000238 A A61 A61F A61F0002 A61F000238

A61F000242 A A61 A61F A61F0002 A61F000242

A61F000234 A A61 A61F A61F0002 A61F000234

A61F000240 A A61 A61F A61F0002 A61F000240

 
Assignee/Applicant: Carnegie Mellon University,Pittsburgh,PA 
JP F Terms:  
JP FI Codes:  
Assignee - Original: Carnegie Mellon University 
Any CPC Table: 

Type Invention Additional Version Office

Current 
Current 
Current 
Current 
Current 
Current 
Current 
Current 
Current 
Current 
Current 
Current 
Current 
Current 
Current 
Current 
Current 
Current 
Current 
Current 
Current 
Current 
Current 

A61B 17/15 
A61B 17/155 
A61B 19/5244 
A61F 2/46 
A61F 2/4657 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

A61B 5/06 
A61B 5/1075 
A61B 5/4528 
A61B 19/50 
A61B 2017/00716 
A61B 2019/502 
A61B 2019/505 
A61B 2019/507 
A61B 2019/5255 
A61B 2019/5272 
A61B 2019/5276 
A61B 2019/564 
A61F 2/32 
A61F 2/34 
A61F 2/36 
A61F 2/38 
A61F 2/3804 
A61F 2/40 
A61F 2/4202 
A61F 2/4225 
A61F 2/4241 
A61F 2/4261 
A61F 2/468 

20130101 
20130101 
20130101 
20130101 
20130101 
20130101 
20130101 
20130101 
20130101 
20130101 
20130101 
20130101 
20130101 
20130101 
20130101 
20130101 
20130101 
20130101 
20130101 
20130101 
20130101 
20130101 
20130101 

EP 
EP 
EP 
EP 
EP 
EP 
EP 
EP 
EP 
EP 
EP 
EP 
EP 
EP 
EP 
EP 
EP 
EP 
EP 
EP 
EP 
EP 
EP 
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Current 
Current 
Current 
Current 
Current 
Current 
Current 
Current 
Current 
Current 
Current 

 
 
 
 
 
 
 
 
 
 
 
 

A61F 2002/30945 
A61F 2002/30948 
A61F 2002/30952 
A61F 2002/3611 
A61F 2002/3625 
A61F 2002/3631 
A61F 2002/4633 
A61F 2002/4668 
G05B 2219/45166 
G05B 2219/45168 
Y10S 623/901 

20130101 
20130101 
20130101 
20130101 
20130101 
20130101 
20130101 
20130101 
20130101 
20130101 
20130101 

EP 
EP 
EP 
EP 
EP 
EP 
EP 
EP 
EP 
EP 
EP 

 
ECLA: A61B001715 | A61B001715K2 | A61B001952H12 | A61F000246 | A61F000246M |
K61B000506 | K61B0005107H | K61B000545K | K61B001700Q6P | K61B001950 |
K61B001950B2 | K61B001950B4 | K61B001950D | K61B001952H12B6 | K61B001952H12F |
K61B001952H14 | K61B001956D | K61F000230M2A2 | K61F000230M2B | K61F000230M2C |
K61F000232 | K61F000234 | K61F000236 | K61F000236C1 | K61F000236C2 | K61F000236C2G |
K61F000238 | K61F000238B | K61F000240 | K61F000242A | K61F000242F | K61F000242H |
K61F000242W | K61F000246D2 | K61F000246M6 | K61F000246R | S05B021945166 |
S05B021945168 
Abstract: 
An apparatus for facilitating the implantation of an artificial component in one of a hip joint, a knee
joint, a hand and wrist joint, an elbow joint, a shoulder joint, and a foot and ankle joint. The
apparatus includes a pre-operative geometric planner and a pre-operative kinematic
biomechanical simulator in communication with the pre-operative geometric planner. 
Language of Publication: EN 
INPADOC Legal Status Table: 

Gazette Date Code INPADOC Legal Status Impact

2012-09-20 FPAY +

Description:  FEE PAYMENT 

2008-09-22 FPAY +

Description:  FEE PAYMENT 

2004-09-20 FPAY +

Description:  FEE PAYMENT 

1999-02-08 AS -

Description:  ASSIGNMENT   CARNEGIE MELLON UNIVERSITY, PENNSYLVANIA   ASSIGNMENT OF ASSIGNORS
INTEREST; ASSIGNORS:DIGIOIA, ANTHONY M., III; SIMON, DAVID A.; JARAMAZ, BRANISLAV; AND OTHERS;
REEL/FRAME:009747/0082   1999-01-31 
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Post-Issuance (US):  
Reassignment (US) Table: 

Assignee Assignor Date Signed Reel/Frame Date

CARNEGIE MELLON
UNIVERSITY,PITTSBURGH,
PA,US

DIGIOIA, ANTHONY M., III 1999-01-31 009747/0082 1999-02-08

SIMON, DAVID A. 1999-01-31

JARAMAZ, BRANISLAV 1999-01-31

BLACKWELL, MICHAEL K. 1999-01-31

MORGAN, FREDERICK M. 1999-01-31

O'TOOLE, ROBERT V. 1999-01-31

KANADE, TAKEO 1999-01-31

Conveyance:  ASSIGNMENT OF ASSIGNORS INTEREST (SEE DOCUMENT FOR DETAILS). 

Corresponent:  KIRKPATRICK & LOCKHART LLP JONATHAN C. PARKS 1500 OLIVER BUILDING PITTSBURGH, PA 15222

 
Maintenance Status (US):  
Litigation (US):  
Opposition (EP):  
License (EP):  
EPO Procedural Status:  
Front Page Drawing: 

 
 
 

Copyright 2007-2014 THOMSON REUTERS
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USPTO Maintenance Report
 

Patent Bibliographic Data 09/03/2014 09:42 AM 

Patent 
Number: 

5880976 
Application 
Number: 

08803993 

Issue Date: 03/09/1999 Filing Date: 02/21/1997 

Title: 
APPARATUS AND METHOD FOR FACILITATING THE IMPLANTATION 
OF ARTIFICIAL COMPONENTS IN JOINTS 

Status: 4th, 8th and 12th year fees paid  Entity: SMALL  

Window 
Opens: 

N/A 
Surcharge 
Date: 

N/A Expiration: N/A 

Fee Amt Due: 
Window not 
open 

Surchg Amt 
Due: 

Window not 
open 

Total Amt 
Due: 

Window not 
open 

Fee Code: 
  

Surcharge 
Fee Code:   

Most recent 
events (up to 
7): 

09/09/2010 
09/11/2006 
09/25/2002 
09/06/2002 

Payment of Maintenance Fee, 12th Yr, Small Entity.  
Payment of Maintenance Fee, 8th Yr, Small Entity.  
Maintenance Fee Reminder Mailed.  
Payment of Maintenance Fee, 4th Yr, Small Entity.  
--- End of Maintenance History ---  

Address for 
fee purposes: 

MICHAEL C ANTONE 
KIRKPATRICK & LOCKHART 
1500 OLIVER BUILDING 
PITTSBURGH PA 15222 
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