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COMPUTER ASSISTED SURGERY PLANNER
AND IN fRA OPERATIVE GUIDANCE

SYSTEM

CROSS REFERENCE TO RELATED
APPLICArIONS

This application is a continuation in part application of
application Ser No 08/803 993 filed Feb 21 1997

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

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

BACKGROUND OF THE INVENTION

The present invention is directed generally to the implan
tation of artificial joint components osteochondral grafts
and osteotomy and more particularly to computer assisted
surgical implantation of artificial joint components during
replacement and revision procedures computer assisted
osteochondral grafts and computer assisted osteotomy

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
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
essary due to a number of problems that may arise during the
lifetime of the implanted components such as dislocation
component wear and degradation -ind 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 dislo
cation The incidence of dislocation following the primary
THR surgery is approximately 2-6% 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 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

Some clinicians and researchers have found incidence of
impingement and dislocations can be lessened if the cup is
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
llumn 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 posterolat
eral approach McCollum D E and W J Gray Disloca
tion after total hip arthroplasty (causes and prevention)
Clinical Orthopimedics 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
THA approach the lumbar lordotic curve is flattened and the
pelvis rniy be flexed as much as 35 If the cup was oriented
at 15-20 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 10 -15 resulting in an unstable cup placement
Lewinnek et al performed a study taking into account the
surgical approach utilized and found that the cases falling in

5 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

10 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

15 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 Ainstutz H C et al Range of

20 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

25 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
Arthiroplasty Vol 6 p 97-101 (February 1991) Krushell et
al also found that an optimally oriented elevated rim liner

30 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

35 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

40 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 ct al using a finite element model indicate that the

45 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

50 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

55 259-64 Atlanta Ga (Feb 19-22 1996)
An equally important concern in evaluating the disloca

tion propensity of an implant are variations in individual
anatomnies As a result of anatomical variations there is no
single optimal design and orientation of hip replacement

60 components and surgical procedure to minimize the dislo
cation propensity of the implant For example the pelvis can
assume difterent 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

65 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 pelvis and leg when
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3

defining a neutral plane from which the angles of
movement anteversion abduction etc are calculated will
significantly influence the measured amount of motion per
mitted before impingement and dislocation occurs
Therefore it is necessary to uniquely define both the neutral 5
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 10~
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 15

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 ibove

Intra operative positioning devices currently used by sur 2
geons attempt to align the acetabular component with 2

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 2
patient s pelvis and trunk are aligned in a known orientation 2

and do not take into account individual variations in a
patient s anatomy or pelvic position on the operating room
table I1 hese types of positioners can lead to a wide discrep
ancy between the desired and actual implant placement 3
possibly resulting in reduced range of motion impingement 3

and subsequent dislocation
Several attempts have been made to more precisely pre

pare the -icetabular region for the impl'int components U S
Pat No 5 007 936 issued to Woolson is directed to estab 3
lishing a reference plane through which the acetabulumn 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 4
acetabulum ad 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
tomography (CI) scans that are concentrated near the supe 45
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 50
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 5
and the reference points In the preferred mode the jig is
fixed to the acetabulumn by drilling a hole through the
reference point on the inner wall of the acetabulumn and
affixing the jig to the acetabulum The jig incorporates a drill
guide to provide for reaming of the acetabulumn in the 60
selected plane

A number of difficulties exist with the Woolson method
For example the preferred method requires drilling a hole in
the -icetabulumn Also visual recognition of the reference
points must be required and precision placement on the jig 65
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
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
a 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
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
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 inserted in the
femur and CT scans of the femur in the region containing the
locating pins are performed During the implanting
procedure 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 during the surgery are used by a

5computer to transform CT scan coordinates into the 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
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

5are underlying assumptions that the proper position for the
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
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

5Following the tomography the markers must either remain
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
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

5motion and usage of the joint following joint reconstruction
replacement and revision surgery

BRIEF SUMMARY OF THE INVENTION
The present invention is directed to 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 biomnechanical simulator in com

5munication with the pre operative geometric planner
The present invention provides the medical practitioner a

tool to precisely determine an optimal size and position of
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artifi(,ial 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 5
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 inven
tion These advantages and others will become apparent i0
from the following detailed description

BRIEF DESCRIPTION OF THE DRAWINGS

A preferred embodiment of the invention will now be 1
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 preferred embodiment of
the present invention 20

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

FIG 3A is a diagram illustrating an embodiment of a 25
system which can be used to find the coordinates of points
on a bony surface

FIGS 4(a-c) show the creation of the pelvic model using
two dimensional scans of the pelvis (a) from which skeletal 3
geometric data is extracted as shown in (b) and used to 3
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 3
create the femur model (c)

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 implant 40
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 temoral shatt on an acetabular cup

FIGS 9(a-b) show the range of motion results from 45

biomechanical simulation of two respective acetabular cup
orientations

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

FIGS 11(a) and (b) show an image guided total knee
arthroplasty and

FIGS 12(a-c) show the planning of a femoral osteotomy

DETAILED DESCRIPTION Of TIL5
INVENTION

The apparitus 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 60
A system overview is provided in FIG 1 and general
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 model-, of the joint and the components to 65
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 biomechani
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
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
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 )
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
creating and/or generating models in the pre operative plan
ner 12 and displaying the results of the biornechanical
simulator 14 The pre operative stages of the method may be
carried out on 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 preterably can control the operation of
the computer system 20 during the procedure such as
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
algorithms or video based mechanical electromagnetic
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
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
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
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

5Commonly 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

5relating the tomography scans to intra operative position of
the patient although markers can be used as a cross refer
ence or for use with other alternative embodiments
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At step 42 a surface model is created or constructed
from the skeletal geometric data using techniques such 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 of the proper size of 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 biomechanical simu
lations are preferably performed at a number of test posi
tions to dynamic-illy 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 that are performed by
individuals requiring different ranges of motion as will be
discussed in further detail below

The size and orientations of the implant component and
movements simulated at various test positions used in step
44 can be tully 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
predetermined activity However because it is necessary
that medical pralctitioners be comfortable and develop con
fidence in the system mainual control is provided over the
selection of the implant components and the test positions in
the biomechanical simulator 14

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 components A
goal of the simulation process is to find the implant position
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
flexion of 90 ) The determination of the implant position
can be further influenced by others factors such as the
vari,ition 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
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 impl-int positions can
be properly determined The remainder of the steps mn 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 step 52 the implant positions determined using pro
s 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

10 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

1S 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

20 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

25 can be tracked using the joint model by obtaining 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

30 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

35 registration Journal of Image Guided Surgery 1(1) 17-29
(April 1995) and D A Simon et al Accuracy validation
in image guided orthopaedic surgery Proc 2nd lot 1 Symp
MRCAS Baltimore (November 1995) which are incorpo
rated herein by reference

40 The physical location of the intra operative registration
points on the joint trom 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

45 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
position including orientation of the joint as discussed
above in the Simon et al references The goal of the

5o 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

55 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

As illustrated in FIG 3A the coordinates of the points on
60 the bony surface can be found using a sensing device 300

such as for example a pointing probe an ultrasound probe
a fluoroseopic imaging device an optical range sensor or a
mechanical arm The sensing device 300 is used to measure
the positions of discrete points on the bony surface relative

65 to the sensing device 300 The position of the sensing device
300 is tracked using the tracking device 30 Thus the
position of the discrete points on the bony surface can be
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expressed relative to the tracking device 30 and then
registered with the pre operative plan The position of a
surgical tool 302 can also he tracked intra operatively by the
tracking device 30

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 Taylor et al An image directed
robotic system for precise orthopaedic surgery IEEE
Trmns 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 sjoint 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 Acethbuir Implant Placement in Total Hip
Replacement Surgery DiGioia et al 2 nd CAOS
Symposium Bern Switzerland 1996 which is incorporated
herein by reference

The pre operitive procedure 50 and the alignment step 54
provide a way to define the space within which surgical tools
can be moved safely If a surgical tool is attached to a robotic
arm and is tracked at step 56 the robotic arm can limit
movement of the tool to staying within the defined space
Thus surgical cuts can be made freely but within precise
spatial constraints

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 mn 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 temur 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 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
preferably via CT scans as shown in FIG 4(a) and 5(a)
respectively from the skeletal data source 13 The CT scans
are either manually or automitically inputted in the com
puter system 20 (FIGS 4(b) and 5(b)) and used to create
geometric surtace 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
are created either manually or in an automated fashion using
conventional computer assisted design modelling techniques

5 with implant design or manufacturing data The size of the
acetabular cup 70 can be determined automatically based on
the size of the acetabulumn 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

10 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 FIGS 7(a-e) One skilled in the art will

15 appreciate that the computer system 20 in performing step
42 can be programmed using separate or combined software
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

20 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
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

25 femur 84 respectively according to step 44 For example in
the case of femoral neck 82-cup liner 72 impingement
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

30 orientation of the acetabular cup 70 and the relative 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

35 sections) the following discussion of an axisymmetric
acetabular cup and femoral neck alignment case is presented
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

40 the angle 0 between the axis of symmetry Z of the acetabu
lar 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 (hine OA)
can move without the femoral neck impinging upon the cup

45 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

5o as stated above both the liner 72 and the neck 82 are
axisymmetric) and the path of the axis of the femoral neck
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

5S upon the cup liner 72
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

6o rotation FIGS 9(a) and 9(b) show an example of range of
motion (ROM) simulation for two different cup orientations
and for two identical sets of ROM exercises (I) 90 flexion
(A)+15 adduction (B)+maximumn internal rotation (C) and
(11) 10 extension (D)+maximurn external rotation (E) As a

65 result of reorienting the cup from 45 abduction+15 flexion
(FIG 9(a)) to 50 abduction+5 flexion (FIG 9(b)) maxi
mum internal rotation at the impingement point C is reduced
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from 15 7 to 4 3 in exercise I and maximum external
rotation at the impingement point E is increased from 45 8
to 55 8 in the exercise 11 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 5
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 10'1 International Symposium and Exhibition
Paris June 1996 which is incorporated herein by reference lo

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 1
shown in FIG 3 Preferably the target 34 is attached in close
proximity to the acetabulum 74 to provide data as close to
the area of interest -is possible without becoming an impedi
ment to the surgical procedure The close proximate place
ment of the target 34 provides an additional benefit of 20
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 25

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 3
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 3
spatial correspondence between pre operative CT coordi 3
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 4

The position of the acetabular cup 70 prior to implantation 4
is preferably tracked by attaching at le'ist 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 t-irget 34 to the position of the cup 70 In this 4
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 Prefer-ibly a third or reference target 34 is positioned 50
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 55
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 60
impingement ot 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 forneral neck axis necessary to evaluate the 65
biomechanical simulator The testing was performed using a
laboratory prototype of the apparatus 10 known as the

HipNaV'rm system Details of the testing are presented in
Jaramaz et al Range of Motion After Total 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
Dislocation in Total Hip Replacement Computer Assisted
Raidiology 10" International Symposium and Exhibition
Paris June 1996 both of which are incorporated herein by
reference

FIGS 11(a) and (b) show an image guided total knee
arthroplasty In FIG 11(a) it can be seen that the targets 34
are attached to a guide 200 a tool 202 and the bones of
interest 204 After registration the position of the guide 200
the tool 202 the bones 204 and any other instruments are
continuously tracked in space As shown in FIG 11(b) the
position of the guide 200 and the tool 202 are continuously
tracked and guided using the display monitor 22 according
to the preoperative plan which is developed as described
hereinabove

FIGS 12 (a-c) show the planning of a femoral osteotomy
FIG 12(a) illustrates how the bone cutting planes are
pre operatively positioned and rotated interactively using
the techniques of the present invention FIG 12(b) illustrates
the process of the pre operative kinematic biomechanical
simulator 14 which calculates the range of motion for
selected test motions FIG 12(c) illustrates how the bone
fragments and tools are tracked and bone segments are
repositioned intra operatively using the techniques of the
present invention

Although the present invention has been described here
inabove with specific examples directed to hip replacement
and revision knee arthroplasty and femoral osteotomy the
methods and apparatuses may be employed in a variety of
procedures including joint replacement with artificial

5implants osteochondral grafts (from a cadaver or tissue
engineered) and osteotomy The methods and apparatuses
may be used in hand and wrist joint replacements and
revisions such as replacement and arthroplasty of the proxi
mal interphalangeal joint replacement and arthroplasty of

)the metacarpophalangeal joint replacement and arthroplasty
of the thumb axis and replacement and arthroplasty of the
wrist The procedures and apparatuses are also applicable to
elbow joint replacements and revisions such as resurfacing
elbow replacement dnd shoulder joint replacements and

5revisions such as shoulder arthroplasty Also the hip
replacement and revision procedures to which the tech
niques and apparatuses of the present invention may be
applied include total hip replacement and arthroplasty revi
sion total hip replacement and arthroplasty acetabular and

)pelvic osteotomies proximal femoral osteotomy
arthrodesis and joint resurfacing with osteochondral grafts
and cartilage transplant procedures The methods and appa
ratuses of the present invention may also be used in knee
joint replacement and revision procedures such as total knee

5replacement and arthroplasty revision total knee replace
ment and arthroplasty unicompartmental total knee replace
ment and arthroplasty tibial osteotomy anterior cruciate
ligament reconstruction posterior cruciate ligament
reconstruction and osteochondral resurfacing and cartilage

)transplant procedures The procedures and apparatuses of
the present invention are applicable to foot and ankle joint
replacement and revision procedures such as ankle replace
ment arthroplasty ankle arthrodesis midfoot reconstruction
arthroplasty of the great toe and arthroplasty of lesser toes

5The techniques and apparatuses of the present invention are
applicable to spine procedures such as nucleus pulposus disc
replacements
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The procedures and apparatuses can also be employed in
minimally invasive procedures where the surgical incision
and exposure are smaller and there is less soft tissue dis
ruption than in conventional surgical procedures Using the
teachings of the present invention a surgeon can navigate in
the operative space despite the small surgical exposure

The skilled artisan will 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 be covered by
the foregoing specification and the following claims

What is claimed is
1 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 comprising

a pre operative geometric planner and
a pre operative kinematic biomnechanical simulator in

communication with said pre operative geometric plan
ner wherein said pre operative geometric planner out
puts at least one geometric model of the joint and the
pre operative kinematic biomech-iical simulator out
puts a position for implantation of the artificial com
ponent

2 The apparatus of claim 1 further comprising an intra
operative nwivigational module in communication with said
pre operative kinematic biomnechanical simulator

3 The apparatus of claim 2 further comprising a tracking
device in communication with said intra operative naviga
tional module

4 The apparatus of claim 1 wherein said pre operative
geometric planner is responsive to a skeletal data source

5 The apparatus of claim 4 wherein said skeletal data
source includes geometric data

6 The apparatus of claim 4 wherein said pre operative
geometric planner outputs at least one geometric model of
the component

7 The apparatus of claim 6 wherein said pre operative
kinemaitic biomechamcal simulator is responsive to said
geometric model and outputs an implant position

8 1 he apparatus of claim 7 wherein said implant position
includes an angular orientation of the component

9 The apparatus of claim 3 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

10 A system for facilitating an implant position for at
least one 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 comprising

a computer system including
a pre operative geometric planner and
a pre operative kinematic biomechanmcal simulator in

communication with said pre operative geometric
5 planner wherein pre operative geometric planner

outputs at least one geometric model of the joint and
the pre operative kinematic biomechanical simulator
outputs a position for implantation of the artificial
component and

10 a tracking device in communication with said computer
system

11 The system of claim 10 further comprising at least
one display monitor in communication with said computer
system

15 12 The system of claim 10 further comprising at least
one controller in communication with said computer system

13 The system of claim 10 wherein said tracking device
includes at least one camera

14 The system of claim 10 wherein said tracking device
20 includes at least one target

15 The system of claim 10 wherein said computer
system further includes an intra operative navigational mod
ule in communication with said pre operative kinematic
biomnechanical simulator

25 16 The system of claim 10 further comprising
a robotic device in communication with said computer

system and
a surgical tool connected to said robotic device

30 17 A computerized method of facilitating the implanta
tion of an artificial implant 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 comprising

creating a three dimensional bone model based on skeletal
35 geometric data of a bone and a bony cavity into which

the artificial implant is to be implanted
creating a three dimensional component model of the

artificial implant
simulating movement of the joint with the artificial

40 implant in a test position
calculating a range of motion of the artificial implant and

the bones comprising the joint for the test position
based on the simulated movement

45 determining an implant position based on a predetermined
range of motion and the calculated range of motion

identifying the implant position in the bone model
aligning the bone model with the patient s bone and

placing the implant based on positional tracking data
50 providing the position of the implant and the bone and

tracking the implant and the bone to maintain alignment
of the bone model and to determine the position of the
implant relative to the bone

* * * * *

Mako   Exhibit 1002   Page  29



(- I

SERIAL NUMBER FILING DATE CLASS GROUD0 ART UNIT ATTORNEY DOCKET NO

09/189,914 11/12/98 a464- 2763 97012CIP

ANTHONY M DIGIOIA III, PITTSBURGH, PA) DAVID A SIMON, BOULDER, CO;
BRANISLAV JARAMAZ, PITTSBURGH, PA; MICHAEL K BLACKWELL, PITTSBURGh, VA
FREDERICK M MORGAN, QUINCY MA; ROBERT V 0 TOOLE, BROOKLINE MAI TAKEO
KANADE, PITTSBURGH, PA

**CONTINUING DOMESTIC DATA************ ****

VERIFIED THIIS APPLN IS A CIP Or 08/803,993 02/21/97 PAT 5,880,976

**371 (NAT L
VERIFIED

STAGE) DATA*********************

**FOREIGN APPLICATIONS************

VERIFIED

PCREIGN FILING LICEISE GRANTED 02/17/99 ***** SMALL ENTITY *****

Foreign Priority claimed D yes %no STATE OR SHEETS TOTAL INDcPENDLNT35 LISC 119 (a d) conditions met Dyes lano OMet after Allowance COUNTRY DRAWING CLAIMS CLAIMS
Veriflea and Acknowledged leF _______ PA 13 29 10

JONATHAN C PARKS
VI)U) KIRKPATRICK & LOCKHART
S'bOO OLIVER BUILDING

SPITTSBURGH PA 15222

COMPUTER-ASSISTED SURGERY PLANNER AND INTRA-OPERATIVE GUIDANCE SYSTEM

FILING IVEE
RECEIvrD FEES Authority has been given in Paper E] All Fees

No ____ to charge/credit DEPOSIT ACCOUNT I116 Fee' (Filing)
$799 O fo the olloing 17 Fees (P, ocessing Ext of time)

$79 NO___________ or he ollwin Li1 18 Fees (Ilsu-i
EOther'

___________ ___________________________________ I]Creditr _________

I

Mako   Exhibit 1002   Page  30



PATENT APPLICATION SERIAL NO

U S DEPARTMENT OF COMM4ERCE
PATENT AND TRADEMARK OFFICE

FEE RECORD SHEET

11/18/1"S8 IMAGNING 00000004 09186"14

02 FCtI02 -348-"

PTO 1556
(5/87)

US GPO I99ON433214180404

se
*as

q*$

alI

sa

8:8

ow

I S

~Si~Ii
El

III
Mako   Exhibit 1002   Page  31



I:

Please type a plus sign (+) inside this box 4 rnT

43b

Cot

if

PTO/SB/05 (4/98)
Approved for use through 09/W02000 0MB 0661-0032

Patent and Trademark Office. U S DEPARTMENT OF COMMERCE

UTILITY Afonyoke 97012CIP

PATENT APPLICATION FIrst In ventor orVApplicawin Idendflerl D iGlio i a
TRASMITALritle ICWIUTER ASS I STED SIRGERY PLANNER,

VOnly for new norprowrslonal applIcations under 37 C F R §' 13(bKOreiss mal/Label/NoEJ 27355049 4US

X1 SubFeeTransoritnal andodupie TOI.pcS g) 5 0j]Microfiche Computer Program (Appendx) :a

2 Specification [ Total Pages 3falaplcbl"lieesay

Cross References to Related Applications b E] Paper Copy (identical to computer copy)
Statement Regarding Fed sponsored R & DLJ
Reference to Microfiche Appendix c l Statement verifying Identity of above copies

Background of the Invention ACCOMPANYING APPLICATION PARTS
Brief Summary of the Invention 7F_AsinetPpr(cvrhet&dum ts)

BriefDesciptio of he Dawing (iffile 37 C F R §3 73(b) Statement [-j Power of
Detailed Description 8 L. (when there/Is an assipnee) LI..I. Attorney
Claim(s) 9 I English Translation Document (f applicable)
Abstract of the Disciosure Information Disclosure r Copies of IDS

3 jf Drawing(s) (35 U S C f13) [ Total Sheets 1 3 1 00L. Statement (IDS)/PTO 1449 L.. Citations

4 Oath or Declaration [ Total Pages W] 11i []Preliminary Amendment

a ewy xeutd(original or copy) 2 Z Return Receipt Postcard (MPEP 503)
Newlyexecue 12 (Should be specAfIaly Itemzed)

b 1 Copy from a prior application (37 C F R § 1 63(d)) Small Entity
L..J(for continustlonWdh4slonal w1hl Box 16 completed) 13 Sae nts Statement filied In prior application

DEL.ETION OF INVENTOR(S) 13 tt ent) Status stiii proper and desired
r Signed statement attached deieting 14 Certified Copy of Priority Document(s)

inventor(s) named In the prior application LJ(If foreign piorlty Is claimed)
see37 C F R§§1I 63(d)(2) andl1 33(b) 5 ~]O~ter

16 If a CONTINUING APPILCATION check appropiate box and supply the requisite Information below a rjlapff endwnt
[] Continuation [j] Dvsionail[X{Continuation In part (CIP) of prior application No - YO - I ,

Pdor application Information ExamIneR ,- F r e I d Group lArt Uni- 2763
For CONTINUATION or DIVISIONAL APPS only The entire diaciosure of the prier application from which an oath or declaration Is supplied
under Bex 4b Is considered a part of the diaclosure of the accompanying continuation or divisional application and Is hereby Incorporated by
reference The Incorporation gennly be reiled upon when a portion he. been Inadvertently omItted from the submttRd application parts

12CumnomerMA6mber or Bar Codle Labelj or E) Can*4Pa?d&wceaaoress bow
L__(_h0(C##m0 ror fANAMer * r"wq

Name Joathrif Pbrks

Address Kirkpatrick & Lockhart LLP
______ 1500 Oliver Building

CityPittsburgh I stte I PAIzIp code I 15222
Country USAI Telephoe (412) 355-6288 1Fam (412) 355-6501

Nam (Pfnr43E") jo n at h an C Parks Reglatreflon No(AWroeyAgaVf 40,120
ISgnatureo W v ' C~Dt

Burden Hour Statement Thtform Is estimated to take 0 2 hours to complete Time will vary depending upon the needs of the liwvdual case Any
comments on the amount of IEme you are required to complete this form should be sent to the Chief Information Officer Patent and Trademark Office± Washington DC 20231 DO NOT SEND FEES OR COMPLETED FOAMS TO THIS ADDRESS SEND TO Assistant Commissioner for Patents
Box Patent Application Washington DC 20231

QI

Mako   Exhibit 1002   Page  32



PTO/SW17 (2198)
Approved for use through 9130/2000 OMB 0851 0032

Patent and Trademark Offce U S DEPARTMENT OF COMMERCE
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

Complete IN Known

FEE TRANSMITTAL Applcation Number
Patent roes are subject to annual revision on October 1 Filing Date

These are the fees effective October 1 1997 First Named Inventor An th o-ay M DIGi1olIa
Small Entity payments Mita be supported by a small entity statement
otherwise large entity tees must be paid See Fonns PTOSMV9 12 Examiner Name

8ee 37 C FR §§ 127 and 128 Group / AtUnit

TOTAL AMOUNT OF PAYMENT1 ($) 1,95 62 0 0 Attorney Docket No 97012CIP

METHOD OF PAYMENT (check one) FEE CALCULATION (continued)

i[]The Commissioner Is hereby authorized to charge 3 A DIION L Eit
Indicated fees and credit any over payments to Fee Fee Fee Fee Fee Description Fee Paid

DepsitCode (S) Code ($)
Accunt 11 -1110 105 130 205 65 Surcharge late filing fee or oath

Number
~ K r ati k & L ckh j 127 50 227 25 Sucag ate provsionai filung fee or

Name LLr-
F Ctiarge Any Additional r Charge the Issue Fee Sel Inl 139 130 139 130 Non English specification

LHI. Fee Required Under L~ 37 C F R J5118 at the Maling 52 14220 Frflnareusforeaiatn
37 C F Rlif 1 8 and 1 17 d the NotlcesofAllowmnce 14725017 50Fofingarqetorexrrain

112 920 112 920 Requesting publication of SIR prior to
2 0 Pymen EncosedExaminer action

2: [M ametEc oe 1 84 1180Requesting publicaton of SIR after[Check [ Order [] Other 11Ex40 13 a 4 miner action
115 110 215 55 Extension for reply within first month

FEE CALCULATION 116 400 218 200 Extension for reply within second month
I BASIC FILING FEE 117 950 217 475 Extension for reply within third month

Large Entity Small Entity 118 1 510 218 755 Extension for reply withIn fourth month
Fee Fee Fee Fee Fee Description Fee Paid
Code ($) Code ($) 128 2 080 228 1030 Extension for reply within fifth month
101 790 201 395 Utility filing fee lu 119 310 219 155 Notice of Appeal

108 330 206 185 Design filing fee 120 310 220 155 Filing a brief in support of an appeal

107 540 207 270 Plant filing fee 121 270 221 135 Request for oral hearing

108 790 208 395 Reissue filing fee ______ 138 1 510 '138 1 610 Petition to Institutesa public use proceeding

114 150 214 75 Provisional fiig e 140 110 240 65 Petition to revive unavoidable

SUBTOTAL (1) [($) 7 9 0 J 141 1 320 241 880 Petition to revive unintentional

2 EXTRA CLAIM FEES 142 1 320 242 880 Utility Issue fee (or reissue)
Fee from 13402325 Dsg su e

Extra ClaIms1 below Fee Paid 1340 2325 Dsg su e
Totl-lams[[:22k' X 2 I 1 98,~ 144 870 244 335 Plant Issue fee

ndpdetClaims EUId 3-~ I x 18 274, 122 130 122 130 Petitions to the Commissioner
Multiple Dependent [1~ ~ 123 60 123 50 Petitions related to provisional applications

or number previously paid It greater For Reissues see below 126 240 128 240 Submission of Information Disclosure Stint
Large Entity Small Entity58 40 81 0
Fee Fee Fee Fee Fee Description58 40 81 0 Recording each patent assignment per
Code ($) Code ($) property (times number of properties)
103 22 203 11 Claims In excess of 20 148 790 246 395 Filing a submission after final rejection
102 82 202 41 Independent claims in ecs of 3 (37 CFR 1 129(a))

149 790 249 395 For each additional Invention to be
104 270 204 135 Multiple dependent claim if not paid examined (37 CFR I1 129(b))
109 82 209 41 Reissue Independent claims

over original patent Other fee (specify)
110 22 210 11 " Reissue claimsIn excess of20

and over original patent Other fee (specify) __________________

SUBTOTAL (2) ($)772 00 Reduced by Basic Filing Fee Paid SUBTOTAL (3) ($) ::0 -
SUBMITTED BY cmlt i lcbe

Tyedo Jonathan C Parks jReg Number 40,120

Signature Datel g Depcist Account

Burden Hour Staternerif this form is estimated to take 0 2 hours to complete Time will vary Asperibing upon the needs of the Indivdual case Any
comments on the ammWo of time you are required to complete this form should be sent to the Chief Information Officer Patent and Trademark Office
Washington DC 20231 DO NOT SEND FEES OR COMPLETED FORMS TO THIS ADDRESS SEND TO Assistant Commissioner for Patents
Washington DC 20231

II

II

ft

_______________ If

Mako   Exhibit 1002   Page  33



TITLE OF THE INVENTION

Computer-Assisted Surgery Planner and Intra-Operative

Guidance System

5 CROSS-REFERENCE TO RELATED APPLICATIONS

This application is a continuation-in-part application

of application Serial Number 08/803,993, filed February 21,

A a i f( *&,m(7 /0 670%polo974

10 STATEMENT REGARDING FEDERALLY SPONSORED

RESEARCH OR DEVELOPMENT

This work was supported in part by a National Challenge

grant from the National Science Foundation Award IRI 9422734

15 BACKGROUND OF THE INVENTION

The present invention is directed generally to the

implantation of artificial joint components osteochondral

grafts, and osteotomy and more particularly, to computer

20 assisted surgical implantation of artificial joint components

I-A during replacement and revision procedures, computer-assisted

Pi osteochondral grafts, and computer-assisted osteotomy

Total hip replacement (THR) or arthroplasty (THA)

operations have been performed since the early 1960s to

25 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

operations are performed annually in the United States alone,

of which approximately 40,000 are redo procedures, otherwise

30 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

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

PI 283676 01
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early problems associated with THR, because of the sudden

physical, and emotional, hardship brought on by the

dislocation The incidence of dislocation following the

primary THIR surgery is approximately 2-61 and the percentage

5 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

impingement of the femoral neck with either the rim of an

acetabular cup implant, or the soft tissue or bone

10 surrounding the implant 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

15 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

et al cited a comparison of THAs reported in the orthopaedic

literature that revealed a much higher incidence of

20 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

Orthopaedics and Related Research, Vql 261, p 159-170

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

25 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 cup was oriented

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

the body, when the patient stood up and the postoperative

30 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

surgical approach utilized and found that the cases falling

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

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

6t instability rate for the cases falling outside this zone

2
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Lewinnek 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

5 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

10 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",

15 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

20 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

to 25 implant impingement Krushell, R J , Burke D W , and Harris

W H , "Elevated-rim acetabular components 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

30 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 acetabular liner in total hip arthroplasty

Relationship to postoperative dislocation", Journal of Bone

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

35 The two-year probability of dislocation was 2 19% for the

elevated liner, compared with 3 85% for standard liner

3
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Initial studies by Maxian et a). 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

5 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, Georgia (February 19-22,

10 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, Georgia (February 19-22, 1996)

An equally important concern in evaluating the

15i 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

replacement components and surgical procedure to minimize the

dislocation propensity of the implant For example, the

20 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 cVitical positions during

activities of normal daily living (like bending over to tie

25 shoes or during normal gait) 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 significantly influence the measured amount

of motion permitted before impingement and dislocation

30 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

35 Currently, most planning for acetabular implant

placement and size selection is performed using acetate

4
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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

5 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

surgeons attempt to align the acetabuiar component with

10 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

:3 15 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

a wide discrepancy between the desired and actual implant

placement, possibly resulting in reduced range of motion,

20 impingement and subsequent dislocation

Several attempts have been made to more precisely

prepare the acetabular region for the implant components

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

establishing a reference plane through which the acetabulum

25 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

30 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

tomography (CT) scans that are concentrated near the superior

rim and other reference locations in the acetabular region

35 In the Woolson method, calculations are then performed

to determine a plane in which the rim of the acetabular cup

5
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should be positioned to allow for a predetermined rotation of

the femoral head in the cup The distances between the

points and the plarke are calculated and an orientation jig is

calibrated to define the plane when the jig is mounted on the

5 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

10 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

15 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

IfX4 ensure that the implant will be properly positioned, thereby

X 20 establishing a more lengthy and costly procedure with no

guarantees of better results These problems may be a reason

why the Woolson method has not gained widespread acceptance

in the medical community

In U S Patent Nos 5,251,127 and 5,305,203 issued to

00 25 Raab, a 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

30 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 Patent Nos 5,086,401 5,299 288 and

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

35 directed surgical robotic system for reaming a human femur to

accept a femoral stem and head implant using a robot cutter

6
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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 locating pins are performed During the

implanting procedure, the locating pins are identified on the

5 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

robot cutter coordinates, which are used to guide the robot

cutter during reaming operations

10 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

acetabular region to receive implant components, there remain

a number of difficulties with the procedures A significant

15 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 placement of the

~fl components in the joints has been determined and provided as

input to the methods and apparatuses that are used to prepare

20 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

In addition, both the Raab and Glassman methods and

apparatuses require that fiducial markers be attached to the

25 patient prior to performing tomography of the patients

Following the tomography, the markers must either remain

attached to the patient until the surgical procedure is

performed or the markers must be reattached at the precise

locations to allow the transformation of the tomographic data

30 to the robotic coordinate system, either of which is

undesirable and/or difficult in practice

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

35 joint components to provide an improved range of motion and

7
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usage of the joint following joint reconstruction,

replacement and revision surgery

5 BRIEF SUMMARY OF THE INVENTION

The present invention is directed to 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

10 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

The present invention provides the medical practitioner

15 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

rc lessen the possibility of subsequent dislocation

Z Accordingly, the present invention provides an effective

20 solution to problems heretofore encountered with precisely
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

co 25 invention These advantages and others will become apparent

from the following detailed description

BRIEF DESCRIPTION OF THE DRAWINGS

30 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 reference

numerals and wherein

Fig 1 is a system overview of a preferred embodiment of
35 the present invention

8
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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

5 Fig 3A is a diagram illustrating an embodiment of a

system which can be used to find the coordinates of points on

a bony surface,

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

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

10 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

C3 15 create the femur model (c),

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

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

Ph Fig 8 is a schematic drawing showing the range of

66 motion of a femoral shaft and the impingement (in dotted

lines) of a femoral shaft on an acet4bular cup,

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

25 biomechanical simulation of two respective acetabular cup

orient at ions

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

and femur

Figs 11 (a) and (b) show an image guided total knee

30 arthroplasty, and

Figs 12 (a-c) show the planning of a femoral osteotomy

DETAILED DESCRIPTION OF THE INVENTION

35 The apparatus 10 of the present invention will be

described generally with reference to the drawings for the

9
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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 Figure 1 and general

description of the method of the present invention is

5 presented in flow chart form in Figure 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 skeletal

structure data source 13 The pre-operative planner 12 is

10 interfaced with a pre-operative kinematic biomechanical

simulator 14 that simulates movement of the joint using the

geometric models for use in determining implant positions,

including angular orientations, for the components The

implant positions are used in conjunction with the geometric

15 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 kinematic biomechanical simulator 14 and the intra-
20 operative navigational software are implemented using a

computer system 20 having at least one display monitor 22 as

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

25 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 creating

and/or generating models in the pre-operative planner 12 and
30 displaying the results of the biomechanical simulator 14

The pre-operative stages of the method may be carried out on

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

35 of the objects being tracked with a tracking device 30 The

medical practitioner preferably can control the operation of

10
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the computer system 20 during the procedure such as 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

5 example, emitter/detector systems including optic, acoustic

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

10 optical tracking system that includes at least one camera 32

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

C; 15 equipment to provide precision tracking of the objects One

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

P-S, the tracking function is the OptotrakT" 3020 system from

Northern Digital Inc , Ontario, Canada, which is advertised

as capable of achieving accuracies of roughly 0 1 mm at

20 speeds of 100 measurements per second or higher

The apparatus 10 of Fig 1 is operated in accordance

with the method illustrated in Fig 2 The skeletal

i4 structure of the joint is determined at step 40 using

tomographic data (three dimensional) or computed tomographic
25 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 scanning

30 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

35 requirement that fiducial markers be attached to the patient

in the scanned region to provide a reference frame for

11
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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
5 from the skeletal geometric data using techniques, such as

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

10 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

components to be implanted into the joint are

15 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 of the
20 proper size of the artificial components to be implanted

In step 44, the geometric models of thej2oint and the

artificial components are used to perform biomechanical

&A simulations of the movement of the joint containing the
FU implanted artificial components The biomechanical

25 simulations are preferably performed at a number of test
positions to dynamically optimize the size, position and
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

30 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 that are performed by
individuals requiring different ranges of motion, as will be

35 discussed in further detail below

12
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The size and orientations of the implant component, and

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

5 automated so as to be more fully optimizable to a

predetermined range of motion, either generally, or for

predetermined activity However, because it is necessary

that medical practitioners be comfortable and develop

confidence in the system, manual control is provided over the

i0 selection of the implant components and the test positions in

the biomechanical simulator 14

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

ii 15 ranges of motion are compared to the predetermined range of

Z motion to select an implant position for the artificial

components A goal of the simulation process is to find the

implant position which optimizes the calculated range of

motion using the predetermined range of motion as a basis for

20 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 900) The determination of the

FJ implant position can be further influenced by others factors

25 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 the medical practitioner without a substantial

diminution in the range of motion of the joint

30 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

properly determined The remainder of the steps in Fig 2,

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

35 surgeon to realize the desired implant position in the

surgical theater 
1
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In step 52, the implant positions determined using

procedure 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

5 the artificial components can then be used in conjunction

with positional data obtained from the joint and the
artificial components during a surgical procedure to provide

intra-operative guidance for the implantation of the

artificial components

10 In step 54, the joint model based on the skeletal data

is aligned with the intra-operative position of the patient's

joint In a preferred embodiment step 54 is performed using

a technique known as three dimensional (3D) surface

registration In 3D surface registration, discrete

15 registration points are obtained from the joint skeletal

structure to define the intra-operative position of the
patient's joint The registration points are fitted to the
joint model of the skeletal structure to determine a

coordinate transformation that is used to align the joint
20 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 clan be tracked

using the joint model by obtaining p6sitional data from a

point on the joint that provides spatial correspondence

25 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
Hebert, and T Kanade, "Real-time 3-D Pose Estimation Using a
High-Speed Range Sensor", Carnegie Mellon University,

30 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
Image Guided Surgery 1(l) 17-29, (April 1995), and D A
Simon et al , "Accuracy validation in image-guided

35 orthopaedic surgery" Proc 2nd Int'l Symp MRCAS Baltimore
(Nov 1995), which are incorporated herein by reference

14
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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

5 with the registration points For example, it is desirable

to obtain positional data from the joint that will maximize

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

10 discussed above in the Simon et al references The goal of

the registration process is to determine a "registration

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

fi 15 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

20 As illustrated in Figure 3A, the coordinates of the

points on the bony surface can be found using 4 sensing

device 300 such as, for example, a pointing probe, an

ultrasound probe a fluoroscopic imaging device, an optical

range sensor, or a mechanical arm The sensing device 300 is

25 used to measure the positions of discrete points on the bony

surface relative to the sensing device 300 The position of

the sensing device 300 is tracked using the tracking device

30 Thus, the position of the discrete points on the bony

surface can be expressed relative to the tracking device 30

30 and then registered with the pre-operative plan The

position of a surgical tool 302 can also be tracked

intraoperatively by the tracking device 30

Alternatively step 54 can be implemented using

registration systems that employ fiducial markers, to align

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

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

15
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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

5 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

addition, step 54 can be implemented using other registration

10 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

15 step, the tracking device 30 provides the positional data

representative 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

20 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

in the operating room, such as surgical instruments

25 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 nd CAOS Symposium, Bern, Switzerland, 1996 , which is

30 incorporated herein by reference

The pre-operative procedure 50 and the alignment step 54

provide a way to define the space within which surgical tools

can be moved safely If a surgical tool is attached to a

robotic arm and is tracked at step 56, the robotic arm can

35 limit movement of the tool to staying within the defined

16
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space Thus, surgical cuts can be made freely but within

precise spatial constraints

The operation of the apparatus 10 will now be discussed

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

5 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
10 8G (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 liner 72 in the acetabular cup 70

15 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 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

- 20 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 acetajoular cup 70 and

an femoral implant 78, shown in Figures 6 and 7,
25 respectively, 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 the size of the acetabulum 74 determined from the
30 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

of the femoral implant 78 can be customized to fit the femur
35 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

17
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appreciate that the computer system 20 in performing step 42

can be programmed using separate or combined software

routines to create the geometric surface models of the

patient's anatomy and the implant components

5 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

femoral implant 78 to perform simulated biomechanical testing

of the acetabular cup 70 and the femoral implant 78 implanted

10 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, shown in

Figure 8, the important parameters in evaluating the

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

15 of the femoral implant 78, the position, including angular

orientation, of the acetabular cup 70 and the relative

L= position of the femoral implant 78 with respect to the cup

70

While the present invention is applicable to non-

20 axisymmetric 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

to ease the explanation of the concepts If the center of

25 rotation in the acetabular cup 70 coincides with the center

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

8, the angle E 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

30 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 be evaluated by observing its intersection with a plane P

35 placed at an arbitrary distance normal to the Z axis The

cross section of the cone defines the impingement circle (if,

18
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as stated above, both the liner 72 and the neck 82 are

axisymnmetric), and the path of the axis of the femoral neck

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

5 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

(and expressed as a function of) the physiological movement

of the leg, described in terms of combined flexion,

10 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

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

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

15 (1I) 100 extension (D) + maximum external rotation (E) As a

result of reorienting the cup from 450 abduction + 150

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

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

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

20 external rotation at the impingement point E is increased

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

step 48, the implant position is determined by comparison of

the calculated range of motion of the femoral implant 78 in

the acetabular cup 70 with the predetermined range of motion

25 See "Simulation of Implant Impingement and Dislocation in

Total Hip Replacement", Jaramaz et al , Computer Assisted

Radiology, loth International Symposium and Exhibition,. Paris,

June, 1996, which is incorporated herein by reference

In the execution of the intra-operative procedure 60,

30 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 Figure 3 Preferably, the target

35 34 is attached in close proximity to the acetabulum 74 to

provide data as close to the area of interest as possible

19
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without becoming an impediment to the surgical procedure
The close proximate placement of the target 34 provides an
additional benefit of minimizing the extent to which the

pelvis must be exposed during the procedure Positional data
5 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 10(a) and (b), to align the models with the intra-operative

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

15 pelvic target position data is used in combination with the
transformation developed using the registration data provide
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

20 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

25 tool 98, as shown in Figure 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

30 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
35 provided by the navigational software 16 in the computer 20

which displays on the monitor 22 near real time position

20
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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

5 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
10 experimental parameters, such as neck size and the

orientation of the fomeral neck axis, necessary to evaluate

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

HipNaVTM system Details of the testing are presented in

15 Jaramaz et al, "Range of Motion After Total Hip
Arthroplasty Experimental Verification of the Analytical
Simulator", Carnegie Mellon University, Robotics Institute

_ Technical Report CMU-RI-TR-97-09 (Feb 1997) and Jaramaz et
al, "Simulation of Implant Impingement and Dislocation in

20 Total Hip Replacement", Computer Assisted Radiology, loth

International Symposium and Exhibition, Paris, June, 1996,

both of which are incorporated herein by reference
Imi Figs 11(a) and (b) show an image guided total knee

ru arthroplasty In Fig 11(a) it can be seen that the targets
25 34 are attached to a guide 200, a tool 202, and the bones of

interest 204 After registration, the position of the guide
200, the tool 202, the bones 204, and any other instruments
are continuously tracked in space As shown in Fig 11 (b),
the position of the guide 200 and the tool 202 are

30 continuously tracked and guided using the display monitor 22
according to the preoperative plan, which is developed as
described hereinabove

Figs 12 Ca-c) show the planning of a femoral osteotomy
Fig 12(a) illustrates how the bone cutting planes are pre-

35 operatively positioned and rotated interactively using the
techniques of the present invention Fig 12(b) illustrates

21.

Mako   Exhibit 1002   Page  54



the process of the pre-operative kinematic biomechanical

simulator 14, which calculates the range of motion for
selected test motions Fig 12(c) illustrates how the bone
fragments and tools are tracked and bone segments are

5 repositioned intraoperatively using the techniques of the

present invention

Although the present invention has been described

hereinabove with specific eXamples directed to hip
replacement and revision, knee arthroplasty, and femoral

10 osteotomy, the methods and apparatuses may be employed in a
variety of procedures including joint replacement with

artificial implants, osteochondral grafts (from a cadaver or
tissue engineered), and osteotomy The methods and
apparatuses may be used in hand and wrist joint replacements

15 and revisions such as replacement and arthroplasty of the
proximal interphalangeal joint, replacement and arthroplasty
of the metacarpophalangeal joint, replacement and

9 arthroplasty of the thumb axis, and replacement and

arthroplasty of the wrist The procedures and apparatuses
20 are also applicable to elbow joint replacements and revisions

such as resurfacing elbow replacement, and shoulder joint
replacements and revisions such as shoulder arthroplasty
Also, the hip replacement and revision procedures to which

ru the techniques and apparatuses of the present invention may
.D 25 be applied include total hip replacement and arthroplasty,

revision total hip replacement and arthroplasty, acetabular
and pelvic osteotomies, proximal femoral osteotomy,
arthrodesis, and joint resurfacing with osteochondral grafts
and cartilage transplant procedures The methods and

30 apparatuses of the present invention may also be used in knee
joint replacement and revision procedures such as total knee
replacement and arthroplasty, revision total knee replacement
and arthroplasty, unicompartmental total knee replacement and
arthroplasty, tibial osteotomy, anterior cruciate ligament

35 reconstruction, posterior cruciate ligament reconstruction,
and osteochondral resurfacing and cartilage transplant
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procedures The procedures and apparatuses of the present

invention are applicable to foot and ankle joint replacement

and revision procedures such as ankle replacement

arthroplasty, ankle arthrodesis, midfoot reconstruction,

5 arthroplasty of the great toe, and arthroplasty of lesser

toes The techniques and apparatuses of the present

invention are applicable to spine procedures such as nucleus

pulposus disc replacements

The procedures and apparatuses can also be employed in

10 minimally invasive procedures, where the surgical incision

and exposure are smaller and there is less soft tissue

disruption than in conventional surgical procedures Using

the teachings of the present invention, a surgeon can

navigate in the operative space despite the small surgical

15 exposure

The skilled artisan will 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

20 modifications and variations are intended to be covered by

the foregoing specification and the following claims

Mako   Exhibit 1002   Page  56



CLAIMS

What is claimed is

1 An apparatus for facili ating the implantation of an

artificial component in one of a hip joint, a knee joint, a

5 hand and wrist joint, an elb joint, a shoulder joint, and a

foot and ankle Doint, compr sing

a pre-operative geom ric planner, and

a pre-operative kin matic biomechanical simulator in

communication with sai pre-operative geometric planner

10 2 The apparatus of claim 1, further comprising an

intra-operative navigational module in communication with

said pre-operative kinematic biomechanical simulator

3 The apparatus of claim 2, further comprising a

_ tracking device in communication with said intra-operative

15 navigational module

4 The apparatus of claim 1, wherein said pre-operative

geometric planner is responsive to a skeletal data sourceru
P0 5 The apparatus of claim 4, wherein said skeletal data

source includes geometric data

2 6 The apparatus of c im 4, wherein said pre-operative

geometric planner outputs t. least one geometric model of

the component and the 3o n

7 The apparatus of claim 6, wherein said pre-operative

kinematic biomechanical simulator is responsive to said

25 geometric model and outputs an implant position

8 The apparatus of claim 7, wherein said implant

position includes an angular orientation of the component
24
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9 The apparatus of claim 3, 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,

5 electro-magnetic tracking system and radio frequency tracking

system

10 A system for facilit ing an implant position for

at least one artificial compo ent in one of a hip joint, a

knee joint, a hand and wris joint, an elbow joint, a

10 shoulder joint, and a foot and ankle joint, comprising

a computer system i cluding

a pre-operati e geometric planner, and

a pre-opera ive kinematic biomechanical simulator

in communicati with said pre-operative geometric

15 planner, and

a tracking vice in communication with said computer

system

11 The system of claim 10, further comprising at least

one display monitor in communication with said computer

20 system

12 The system of claim 10, further comprising at least

one controller in communication with said computer system

13 The system of claim 10, wherein said tracking

device includes at least one camera

25 14 The system of claim 10, wherein said tracking

device includes at least one target

mmmmmmwmmmm
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15 The system of claim 10, wherein said computer

system further includes an intra-operative navigational

module in communication with said pre-operative kinematic

biomechanical simulator

5 16 The system of claim 10, further comprising

a robotic device in communication with said computer

system, and

a surgical tool connected to said robotic device

17 A computer-assisted met od, comprising determining

( 10 an implant position of an artifi ial 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, by

utilizing a predetermined ran e of motion and a calculated

range of motion determined am a simulated movement of said

15 joint and component models from a test position

18 A method f or de ermining an implant position for at

least one artificial com onent in one of a hip joint, a knee

joint, a hand and wrist joinn elbow joint, a shoulder

joint, and a foot and nkle joint, comprising

20 creating at lea one model of the joint and at least

one model of the ar ificial component,

calculating a ange of motion based on a simulated

movement of the j nt with the artificial component in a test

position, and

25 determinin the implant position based on said

calculated ran of motion and a predetermined range of

motion

- -. '26
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19 The method of claim 18 furthe comprising

simulating movement of the joint with he artificial

component in a test position using sa d models

20 A method for facilitating n implant position for

5 at least one artificial component i one of a hip joint, a

knee joint, a hand and wrist join , an elbow joint, a

shoulder joint, and a foot and a le joint, comprising

creating at least one mode of the joint and at least

one model of the artificial co onent,

10 calculating a range of m tion based on a simulated

movement of the joint with t e artificial component in a test

position,

determining the impla t position based on said

calculated range of motio and a predetermined range of

15 motion,6K

aligning said mode of the joint with the joint and said

LAI model of the artificia component with the artificial

component, and

tracking the ar if icial component and the joint

20 21 The metho of claim 20 further comprising

simulating movemen of the joint with the artificial

component in a te t position using said models

22 The me hod of claim 20 wherein aligning said model

of the joint wi h the joint and said model of the artificial

25 component with the artificial component includes aligning

said model of the joint with the joint and said model of the

artificial c ponent with the artificial component based on
27
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positional tracking data representative of he position of

the joint and the artificial component

23 The method of claim 20 wherein racking the

artificial component and the joint incldes tracking the

5 artificial component and the joint to aintain alignment of

the joint model with the joint and to determine the

artificial component position relati e to the implant

position in the joint

24 A system for determining an implant position of at

10 least one artificial component in one of a hip joint, a knee

joint, a hand and wrist joint, a elbow joint, a shoulder

joint, and a foot and ankle joi t, comprising

means for creating a joi model of the joint,

means for creating a co onent model of the component,

15 means for simulating m vement of the joint with the

component in a test positi n using the component model and

the joint model,CA

means for calculati g a range of motion of the joint at

the test position based on the simulated movement, and

20 means for determi ing an implant position for the

component based on a edetermined range of motion and the

calculated range of m tion

25 An apparat s for facilitating the implantation of

an artificial compo ent in one of a hip joint, a knee joint,

25 a hand and wrist 3jint, an elbow joint, a shoulder joint, and

a foot and ankle j int, comprising

28

Mako   Exhibit 1002   Page  61



a tracking device, and

a system comprising,

means for creating a joint mod 1 of the joint,

means for creating a componen model of the component,

5 means for simulating movemen of the joint with the

artificial component in a test p sition using the component

model and the joint model,

means for calculating a r nge of motion of the 391nt

for said test position based n the simulated movement,

10 means for determining a implant position of the

component based on a predet rmined range of motion and the

calculated range of motion

means for identifyin the determined implant position

in the joint model, and

15 means for aligning the 62 -ht model with the joint and

the artificial compone t model with the component based on

said positional track ng data

26 The apparatus of claim 24, wherein said system

further comprises

20 means for calcul ting the position of the component

relative to the impl nt position' and,

a display in c mmunication with said system

27 A comput r readable medium having stored thereon

instructions whic , when executed by a processor, cause the

25 processor to per arm the steps of

creating a oint model of one of a hip joint, a knee

joint, a hand d wrist joint, an elbow joint, a shoulder
29
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joint, and a foot and ankle joint into ich an artificial

component is to be implanted,

creating a component model of t e component,

simulating movement of the jo nt with the component in a

5 test position using the componen model and the joint model,

calculating a range of mo on of the joint for at least

one test position based on th simulated movement, and

determining an implant osition for the component based

on a predetermined range motion and the calculated range

10 of motion

28 A computer r adable medium having stored thereon

instructions which, hen executed by a processor, cause said

processor to perfo m the step of determining an implant

position in onef a hip joint, a knee joint, a hand and

15 wrist joint, a elbow joint, a should joint, and a foot and

ankle joint y utilizing a predetermined range of motion and

a calculatd range of motion determined from a simulated

movement f said joint and component models from a test

positio

20 f A computerized method of facilitating the

implantation of an artificial implant 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, comprising

creating a three dimensional bone model based on

25 skeletal geometric data of a bone and a bony cavity into

which the artificial implant is to be implanted,
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creating a three dimensional component model of the

artificial implant,

simulating movement of the joint with the artificial

implant in a test position,

5 calculating a range of motion of the artificial implant

and the bones comprising the joint for the test position

based on the simulated movement,

determining an implant position based on a predetermined

range of motion and the calculated range of motion,

10 identifying the implant position in the bone model,

aligning the bone model with the patient's bone and

placing the implant based on positional tracking data

providing the position of the implant and the bone, and

tracking the implant and the bone to maintain alignment

15 of the bone model and to determine the position of the

implant relative to the bone

31
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OC[i _), 1 )
ABSTRACT OF THE DISCLOSURE

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

5 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

32
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~u~-~etalstructure geometric data of/

a joint in a patient

Create computational models of the skeletal 42

structure using the skeletal geometric data and/

computational models of the implant componet

Perform biomechanical simulations of the movement

of the joint at test positions using the models

Calculate a range of motion of the 4

components based on the calculated range of motion

Identify the implant position in the joint model K/

Align the models of the skeletal

structure with the patient's joint 0

Track the position of the patient's

joint, and the implant components

using the_ aligned models
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Obtain skeletal structure geometric data of/

a joint in a patient

Create computational models of the skeletal 42

structure using the skeletal geometric data and/

computational models of the implant components

Perform biomechanical simulations of the movementK

of the joint at test positions using the models

Calculate a range of motion of the 4

joint based on the simulated movement

Determine an implant position for the implant

components based on the calculated range of motion

4. 52
Identify the implant position in the joint model V

Align the models of the skeletal 54
structure with the patient's joint

56
Track the position of the patient's K
joint, and the implant components

using the aligned modelsI
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HipNav. Pre-operative Planning and Intra-operative
Navigational Guidance for Acetabular Implant Placement

in Total Hip Replacement Surgery

A M DiG ioia M D 12, D A Simoni 2, B Jaramazl 2, M Blackwe112, F Morgan2

R V 0 Toold3, B Colgan I, E Kischell2

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

Abstract

The Hip Navigation or HipNav system allows a surgeon to determine optimal patient specific acetabular
implant placement and accurately achieve the desired acelabular implant placement during surgery Hip
Nay 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
follovw ing total hip replacement due to acetabular malposition 2) determine and potentially increase the

safe 'range of motion and 3) track tin 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 used intra operatively to permit surgeons to re examine commonl) held
assumptions concerning bone and implant motion, range of motion testing and the 'optimal" alignment
of acetabular cups

Keywords computer-assisted surgery total hip replacement navigational guidance

1 Introduction
The incidence of dislocation following pnmary total hip replacement (THR) surgery is between 2-6% and
even higher following revisions 15)1t4] 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
nim resulting in polyethylene wear debris shown to accelerate loosening of implant bone interfaces The
position at which impingement occurs is determined 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 commnon cause of both impinge-
ment and dislocation is malposition of the acetabular component [5]

A system has been developed to permiut 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

CAOS '96 -Ber5 Switzerland
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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
predetermined 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 risk 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
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Figure 3 MipNav system overview

to determine the approximate size of the acetabular component, but there is little effort to accurately de
termune 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 wide discrepancy between the desired and actual 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 9can 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 interrnal/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 ki
nematic 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 permiuts 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 "Optotrale" optical tracking
camera (Northern Digital Inc , Ontario 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 traclung Optotrak can achieve accuracies of roughly 0 1 mm 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 (Zimmner, 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 IH acetabular cup holder and positioner (Zimmer, 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 linrutation 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 registration [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 [1] 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 trans for-

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

mnation" which best aligns the discrete points with the surface model An initial estimate of this transfor
mation is first determiuned using manually specified anatomical landmarks to perform corresponding point
registration [2] Once this initial estimate is determuned, 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
ulumn in the position determiuned by the pre operative plan, the cross hairs representing the tip of the 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 eliminates 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 cnitically 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 anteversion)

The HipNav system holds the promise of reducing dislocation rates in primary 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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Range of Motion in Contemporary Total
Hip Arthroplasty

The Impact of Modular Head-Neck Components

Robert J Krushell NID * Dennis W Burke NID t and
William H Hams MVDJ

Abstract Tht. iprosthit.ii ramL cor motion (PROM) of mo~( mod,1.lar toial hip
artihrop last% (TH \)M5%sLii%ma ni.1ont. oldu tit)timoduilar tompari soii S~%LIII WaS
LValUatLLl TII Lat.-nrit.1%iLt)onL r%of Ilu.imotfulars%5tciLmsrLbUlWdIIn a ,Ialkr
PROPYIt thin tli. nonmodu Ia r~SSIMri Lnir hcad-nc.. ooj)iL tit% umnonlv
had. flant,,% %111.11Ch aUS(Al OIk L ta UIL11-110IonIn PRONI This LffLu iulrntm.
mnort. 111 01101.1LL1.1a, ILI4 Id %IAtlLdCLZISW X10,11.1lr 1hLAd-nmCk LOIIIjOILcII(S cffr(
mti.tnm/Ld btndaiu,bUt can Lt.a%%O,IaLLd mili notabk $111,11ILr RONI andi in
crL,3',Lt risk of prusLixt,iIIIIImI-.LIL. it TIIL buri..on !,hould bt. a%varL that In
mnodtrLm%s%miis PRON I ((r.ZILS %III I L(k %%mIttl 1 nLmca%(AlIMormmu rInI
ci,,Ls or pro-sthc.cinl%abilm L 11I.L01il rolt. Of tht.flJli%,L Of a modhilarhLuakl
!JIOLld bibc1LValI1(iL(lL thotl-, %art. Wt.,L-SILlfor miaminvint.. PROM INtLII(AllV
throut.1iprLOj1(.r3t I%,(nlanninti. oiLUjit.Ljfiiora1l1ItAk_rj%(.tIII 31a1dIn11111V
utilvation Key words modular knioral l1MsLL1x%is rantt. Of mntio01

Ran6L. of motion (ROPA) is a critical fcaturc in thiL
design or total hip arthroplastic5 (TH-A) (1 2) Cun
ceptuall in the abs(.nce of undue boft tissue laxit%
the motion between LhL fermoral and accEabular corn
ponents will continue frecly until either prosthetic
or bone impingement occurs Motion belond this
point of impingement will cause progressi% e sublux
ation until dislocation occurs Prosthttic impinge
ment can also lead to increased wear di-bris and in
creased stress and micromotion at thL. implant-
cemen -bone or bone-metal interfaces of the hip ar

Froonlthe Department ol Orrhoptiedt's Br,iham and i. ntenr s Hos
ptal Boton %assachuserts and tDeparrment f Crth raedt s Wkas
sadirusettsGCeneral Hc spual 8 sort Wassathusostas

Rt.print rqutms Dr Wiliain H Harris BiomuL.hamits Libo
raurvJacsun 1126 M1a)aLhuwmts GtmLral HoNpital Bon
MA 02114

throplast% ProsthLUiC impingement and ROM a e
markcdlx influenCLd by the configuration of the
ht,ad-nckL region Of the fLmoral component (1 21
Most contemporan~ THA svstems have incorporated
into the geometry of the femoral neck two features
not found in previous designs (1) a Mvorse taper
which coms eN s the major advantage of allowing the
use of modular femoral head components of % arving
neck lengths and (2) a flange or skirt on man% mod
ular femoral head components with longer neck
ILngths (Fig 1)

These changes in contemporary implant geometrv
can Mcasurably affect the prosthetic range Of MOtIon
(PROM) yet the magnitude of these effects has not
prLviouslv been studied In this paper we report on
ROM and impinsement. in two conttemporar-% mod
ular hip designs in comparison with a traditional
nonmodular control Methods to optimize ROM
usin6, contemporary modular systems are discissed
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Fig 1 Femoral components tested shown toiether wvith
their modular 26 mmh#iad components (from left to
right) PCA H-GP and nonmodular HD 2 A flani~e or

skint is prLSLnt oilnianv lonitr nLCk modular hL2d
compoinu, This flant i rits ovr tI 0-d Of tit. NorSL
tapir Of thL rLmoral componLnt and in LfftA %IdLns (II
neck of the fem'oral component

with SPLCial fixture.),low held thL implants allo%% n
tests of the iSOlaELd PRONI (Fig 2)

Two contemporary modular THA svstems %%ere
studiLd (ZIMMUr HGP and Howmedica PCA) as %%ell
as an older nonmodular design for historical corn
parison (HOWMLdica HD 2) (Fig 1) Each femoral
component was tested with its correspondini, ace
tabular component and all aLetabular components
were of comparable geometrv For each modular s%,s
tern the ROM using 26 mm head components was
mcasured In addition hLad sizes of 22 mm and 32
mmn were tested using the HGP system

Each acctabular component was inserted in 30' of
abduction and 20* of forward flexion Femoral corn
ponents were inserted in 15* of ante% ersion V-ith a
femoral anatomic axis of 8* All implants were tested
in four positions in neutral abduction maximum
flemion in neutral rotation (FLEX) ma%imium evin
sion in neutral rotation (EXT) ma%.imum inte nal
rotEation in 90 flLXion (IRF) and maxcimum exic nal
rotation in 0* extension (ERE) AS thf. implants %%ir
1CStLd in i.:i(h of thLs(. four positions a rLLord %%is
madL Of 1.11 point at whILh prosthLUi111Ji11,in 1n.unn
and sublu.aLion first occurred

Materials and Methods
Results

An apparatus was constructed to incorporate a
thrLt. dimensional protractor that allowed THAs to
bc inSLrtLd in consistent alignment and simulated a
comprcssi% c force across thLn hip joint RONI4and sta
bilitv were tested with anatomic bone models and

We defincd the total flcxion arc as thL RONI in
degrees measured with thi- hip in ntutral rotation
and abduction from full fl(.xfon to full extmnsion b(..

fore prosthetic impingement-subluxation occu rrLd

Fig 2 Test apparatus sho%n
I with bone modd ixurers to

secure the components can bL.
substituted for te!ains., isolated
prosthetic ROM'
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-Table 1 Effect of Head Size c osthetic ROM
HG? %j Fexon - Ma E i s an HGP Max Ilntern I R oatt is (90 Fie

Head Ste 3 11 i6 ns 321 H JISZ 21 it I S6 I
Flange 106 1It- 34 Fats,. -,14

Moil. Mu ik.1
No Flnjcv 25 iir7 ISO 4 1 Fan 9 14
Wecd) (Xi d I

The HG? with mm 6 tnt and 32 #tint hLal i f m111UU111 ( t fl ian t idI t%.
Ifango nc,-k lcnvh

The largest flexion arc measured was that of the non
modular HD 2 and was [52" Among the modular
components without a flange on the head- neck pitce
the total fle,.ion arc for the PCA (neck length -r-0)
was 1 34" and for the HGP (mediumn neck) was 1370
In contrast among the longer neck compoiLnts with
flanges the ROM was considerably reduced The
total arc from maximum flLxion to maximum ex
tension was 113* for thc PCA (4+ 5 neck lirgth) and
117 dL.grees for the HGP (long neck length)

Notable differences were also prLSLnt whL11 intLr
nal rotation in 90* flexion was evaluated (nLasurLd
with thL hip in 90* flL,,ion and nt.utral abdULtIon
as tht. numnbLr of dL%,rLLS from nLutral rot-ition to
maximum 111tLrnal rotation bLforL pro5thwt.tri
pingernLnit-subluxai.ion) TI notimodular HD 2
had 27" of intLrnal rotation Among modular sv%tLms
without flang(.s the PCA (+0 nLCk lkngth) had 15"
of intLrnal rotation and tht. HGP (mLdium nLck) had
[80 Svstcnis with lonier n(.ck IL11thS With 11-alliLS
had noUiCLabl-vkISS 111ILrnal rotltion T11L PCA (- 5
n(k) had 0* of intLrnal rotation and L11L. HGP (inL
dium nL(.k) 2* of intLrnal rotation bLforL proWhLUL.
imptn6,LMLn-subluxation

ThL effLct of head size on prosthectic. ranit,. of mro
tion is shown in TablL 1 Tht, 22 mim ht.ad corm
ponent in the long nect, 517L. which has anfanio-. had
thL SMOULst ROPY rLc(.rLiLd a total it,-on irL. of 106"
and internal rotation of - 5" In contrast a 32 nm
headpiece without a flalltL had thc lar6L!)L PRONI
recordLd among thL modular componrinms with a
total flexion arc of 1 50" dL6rCLS andi intLrnal rotation
of 270

Discussion

The abilitv to interchange head-neck PILCCeS in
modular total hip replacement desit&ns has well rec
ognized benefits It offLrs tht, potential for reduced
femoral implant im~entory and the possibility of
changing nLCk ILngth after the fLmoral component
has beLn inserted eithL.r at thL timL of original im

plantation or durir vision \ hat mav be lebs i%el
reco,iized is the nel,ati e impact Ltse de s~n
chanl,es ha% e had upon implant gcometn~ and pros
thetic range of motion There is a marked dIffC LI1CC
bCtwVeLn thL neck geometrn of the modular femoral
COMPOnI1ES tested and that of Elhe nonmodular lHD
2 This is particularly true of the anterior-posterior
dimensions of the neck a region that has a significant
impact on ROM (Figs 3 and 4)

The nL.ck Of thL HD 2 is flat along its anterior and
posterior surface whereas the Mvorse taper s sterrs
ha% e round netks More important the flange of the
longer head-neck components in both S,,SteMS sub
stantialk~ widens the neck Of the femoral component
and decreases the head-neck ratio Ehereb%, ad%,ersel%
affecting ROMI

This obSLrvation raises a theoretical concern re
garding adverSL. effects from increased impingement
such as wtar dL.bris or implant microMOEIon asso
ciaiLd %with thL use of head-neck components %ith
flani,es ThL data sugt,esE that impingement and
SlUIL subILIXatIon1of heads WIth flan6es during daily
aLtivitILS mr,tnot bL.unusual ImplantS with
flam,(.s %%ould also appLar to allow the surgeon a
narro%%Lr tolLraI1LC for positioning the implantS SO
as to a% oid wublu%atton or dislocation These figures
for PROMI rLI)rLSL.nt a thLorcuiLal maximum that may
bL aL1110,L.d With thL. Implant aliLned as noted Soft
tMSULs niiht Of LOurSL incrLase the influence of non
prosthL.KIII1pIIhLnLnt on RON1 and stability

It 1VIs wi o,,1I7Ld that if thL ROLM of a non
moduilar THA IShInIIII.d bv boI1L impingement this
may bL inmpro%,Ld durimi, stir cry by using a longe,-
niLck componL.nt Ho%VLver wvith modular systems it
is, thLorLtIL.aIlV poss,ble for range Of Motion actually

Fig 3 Head-neck geometry in modular vs nonmodular
THAs tested frutht to left) HD 2 HGP PCA Note the in
creased neck diameter in the modular systems associated
with c%lindriol nveLks and rmt notablyv %IEh flanges on
somc head components

-
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Fig 4 The impact of contemporary debib,n on the geometr of the femoral neck and ROMI (A) The neck of the HD 2
has a flattened anternor and posterior surface whch allows greater ROIv here illustrated in flexion (8) The modular
systems (example shown FCA) haVL. cylindrical necks as well as flang~es on longer head-neck pieces which notabil decreiSL.
probthL.tic ROM

to decrease if a shorter hLad-neck COMPOIlnt with
out a flani,,L is rL.plaLLd b% a longer hLad-n1Lk Corn1
ponL.nt with a flaI9t.

Previous authlors haVL. dLmonstratcd that Larc
neck diaaMLter decrl-3SL.S PROM"V and in contrast
larger head S17L inCrLases PROM (1) In th1L modular
Systems teStL.d incrL.asing 1.1LhLad Sl7c did In fact
COMPLnsatc for thL. dLcrL.aSLd PROM assnciatlLd with
a flange The USL. of a larqL.r hL.ad SIZL carrLtS %vith it
othLr fcaturL.S 1th1tmust bL W.nsidL.rLd IllanyV glVLn
case but if PROM is) hinuLd by a flan,,L a larger hL.ad
SIZL rcprLSL.nts 01nL.aalLtrnativ(. for addrL.S5119 this
problem

We feel that thL important advanEa6es of[L.rcd by
modular femoral designs can be retained %%hilL rc
ducing the potential for negative effects This can be
achieved b optimiizing both implant dL.sii,n and sur
gical planning Hip s-vsEcms vary in EhL. numbL.r of
head-neck componLnts thLY haVL with flan ,es in
the design of femoral components if thL nL.Ck ILn6th
is maximized WIthin the limits of the prosthU.IC ma
terial the number 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 ROM provision
all%, have the sainL neck diameter as the cormtspond
Ing real component Only then can ROM bL. assessed
accurately prior to inserting the definiti%e implant
Preoperative and intraoperaEtive plannin , should
provide for a femoral neck resection le% el that %vill
allow the use of a head-neck component without a
flange whenever possible Some sistems ha,.ean ad
ditional femoral component available with an extra

long
nLLtd
casL.s

or lateralized neck that
for a flalgLd t.ad-nLLtK
(Fi, 5)

nia% elimin,t1L thI
compumntnti I50111Lt

A U 6 U
Fig 5 The idtntical femoral neck ltn%th can be achie%ed
with eiihe (A) a standard femoral component toge,her
with a lon , head-nLCk component that has a flan6e or (13
an extra lon6, nLCk femoral component used to ether
with a m,.dium neck componLnt ihereb% eliminati%~ the
need for a flans~L (E xamplL-diai.ramma tic outline of
ZIMMLr Precoat standard and extra lont, neck femoral
components )
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Finally when an unstable hiit--"ncounte-ed dur
ing surgery the possibilitv of prostiieuc Impingement
should be investi6ated and if presen~t 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 repositioning use of a longer
neck femoral component in combination with a
shorter head-neck componenE without a flange or
If the size of the acetabulum is sufficiently large use
of a larger sized femoral head
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Dislocations after Total
Hip-Replacement Arthroplasties*

BY GEORGE E LEWUNNEK M D t JACK L LEWIS PirD t RICHARD TARR M S5+r CLINTON L COMPRE, MD

AND JERALD R ZIMMERMAN 8 S + CHICAGO ILLINOIS

From the Norshwestern Memorial Hospital Chicago

ABs,rRACr In a series of 300 total hip replace-
mnents, nine (3 per cent) dislocated Precise measure-
ments of the orientation of the acetabular cup were
made and it was found that anterior dislocations were
associated with Increased acetabular component an-
teversion There m~as 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 t 10 degrees
was 1 5 per cent, while outside this "safe" range the
dislocation rate m~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 m hips that have had prior
surgery)

Between January 1972 and June 1975 300 total hip
replacement procedures were performed by five surgeons

Material and Methods

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
derailed 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 femoral prostheses three cup arthroplasties
three osteotomnies and one fracture nailing) The other
diagnoses 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 posterolaterally through a modification

LBLE I

PATiENTs wtTH DtMLocAmhz TOTAL Hip REPLAcLmETs1

Tune to Direction of
Case Age Se-, Diagnosiso Dislocation Angle 8 Angle a Dislocation

(Yrs ) (Deg) (Deg)

1 71 F RS 20 days 54 25 An(
2) 70 F RS 23 days 54 43 Ant
3 55 M FA 30Odays 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 51idays 36 26 Post
7 35 M RA 110 days 48 9 Post
8 72 F RS 311, years 36 15 Post
9 88 F OA 6 days 60 13 1

FA fractured wcetabulum OA osteoarthntis RA= rheumatoid anbratis 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 twvo had significant car
diopulmonary complications The incidence of dislocation
was 3 per cent %%hich is within the range reported from
other centers (I to 3 per cent) -S in 15 ir I In order to un
dersiand this complication better we undertook a study of
our 300 cases

This work %.ai supported by Grant SRS '3 P 55898 from the
Rch3bilitation ServiLes Administration

233 East Erie Stecct Chicago Illinois 60611
t 345 E,3st Supcnor Sireet Room 144i Chicago Illinois 60611

of itite Gibson incision The trochanter and gluteus medius
muscle insertion were 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 Aufranc 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 Charaley Mueller prostheses and did
not rcgularly reattach the external rotators

The orientation of the radiolucent cup was determined
from the elliptical appearance of the circular marker wire
on prccisely oriented anteroposterior postoperative roent

VOL 60 A NO "'%13RCH 1978i
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Fic, I A

Fic 2 A

FiG I B
Figs I A and I B Anterior dislocation of a total hip replacement

,enogrrams (Fic 3) The lateral opening angle 0 was
measured dire, lv The anteversion angile a was calcu
13(Ld from the ratio between the lengths of the minor and
Major axes of i-e ellipse

To determ ne %%h,tiher the acetabular component was
anie%erted or r-trovertL.d tht ellipse was, clotely scruti
nized anie%c ton was diagynosed if the lateral arc of the
r-Ilipsec was more sharpl-v defined than the media[ and vice
%.trsk

A dL%'I - ktih ihrl.L l..' and a bubble le, el was used
to position ih DIVI', pir tlI to the film The patient %xis

P )sIII0IIL.d supi ,-i% tor iroutinL. rOLnl2r-noeram and the
0i - t,)I i- dt.% t.t. %%,~rL dirLtcl% and fi nily pre!,sed

FiG 2B8

Figs " A and 2 B Posterior dislocation of a total hip replacement

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 v.ra-v beam

A correCLtion factor for distortion caused b% the diver
gent x ray beam was ne--bsarN 9 Preliminar% studies on a
laborator) skeleton demonstrated that :) degreeb added to
the apparent anOL cr % telIded the truL a and that 80%,as cor
rLct as measured

The roenML~nograplpi t--hniqu,- %kas usL.d on most of
ilt- 113 patients for tkho-i d-. - art. pro-Nented For patients
on %khom it A a-, not pcis "I ito u%Lt.hL. technique the av

- i ii 1s01'-SURGERY
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FIG 3
In order to measure the orientation ot the acetabular component those

portions of the wire marker that are obscured by the femoral component
are drawn in with the aid of a drafisman s French curve Measurement of
D, and D permi calculation of a Angle 8 is measured directly

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

The anteversion angle a corresponds to rotation
around an artifictal 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 12 The
amount of rotation in this sense may be called angle 0 In
contrast the Charnley Mueller positioner is designed to
control angle cc " Angle 0 may be calculated from the re
lationship tancr= tan(b cosO Angle (b is 3 to 6 degrees
larger than the anteversion angle ac for the usually recoin
mended cup orientations

In addition to the measurements on all nine of the dis
locations adequae data were available on 113 of the 291
hips that remained stable 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 to 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 th averaeaae of the nine patients with
dislocations was 66 4 years which is not significantly dif
ferent A significantly larger purcentage of 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 significant at the I per
cent level (Fisher exact test)

When dislocation oc d it tended (0 be early in the
convalescent period Six ot tne 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 during other normal activities Two dislocations
were caused by falls outside the hospital and these oc
curtred 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 ±L 8 5 degrees for the
study group The increased angle is significantly different
from that of the stable group at the I 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 grolip 44 4
±t 7 5 degrees The five posterior dislocations (Cases 4
through 9) had an average a of 19 2 degrees and an aver
age 6 of 44 4 degrees Neither of these values were stg
nificantly different from the corresponding angles in the
control group

so~

0

20
w

z
10

a

20 30 40 so
8 ANGLE (degrees)

Fic; 4

60 70

A scatter-di2gram summary of ihe onentaiion of the acetabular corn
ponents

When all nine dislocations were considered together
there seemed to be a tendency for the dislocations to be as
socialed with large deviations from the average angles
This suggests that there is a relatively safe range of orien
tat ions for the cup A number of such ranges were investi
gated and the range of O= 40 ±- 10 degrees and a= 15 -4

10 degrees proved most satisfactory This range is a prac
tical one because it is sufficiently large to allow the sur
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geon reasonable leeway in the placement of the acetabular
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< 4 5 per cent) A projection of the data from
the study group to the entire group of 300 patients showvs
that the predicted dislocation rate will be 1 5 per cent when
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 the 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
sociated 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 W'e there
fore infer that while excessive retroversion mav lead to
posterior dislocation safe orientation of the acetabular
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 with a
New Experimental Apparatus

HARLAN C AMSTUTZ, M D ,* R M LODWIG,

D i SCHUYRMAN, 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 of motion
(ROM) should also orovide long-term joint
stability The ROM following THR depends
on three factors (1) the etiology of the
hip disecise, the related seventy and type of
capsular scirring, 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-
cessimi socket inclination or femoral toin-
ponent anteversion are factors which con
tribute to increased probability of iepeated
neck-socket impingement

R~eceived October 14 1974
* Professor of Surgery Chief, Division of

Orthopaedic Surgery, School of Medicine 76-11.5
Health Sciences Universit) of California Los
Angeles Los Angeles California 90024

A three dimensional protractor was con-
structed at UCLA to assess in vitro ROM
of various THR components and the un-
oortance of componeat xientation Analy-
sis of factors involved may decrease the
incidence of early postoperative and late
dislocation and develop guidelines tor future
THR designs

METHODS AND MATERIALS

Prior to this study, we measured ROM on
a protractor similar to that described by
Charnley3~ The precision of these measure
menits 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 ±t 10 in each angular setting
or measurement Stimulated range of motion
studies were performed using ' tyoes -Nith
various head and neck diameters (Table 1)
Components were inserted n the pelvis and
femur and mounted in the ROM apparatus

The pelvis was mounted in the apparatus
with the anterior superior spines and ohe pubts
in a vertical plane To permit a direct com
parison of the data the socket of each pros
thesis was placed in the same position of 42*
lateral, opening from the horizontal plane with
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September 1~7S Motion Studies foi otat Hip Replacements 125

1 ROM appa

the patient upright and 200 of anteversion
The Charnley was also evaluated in 00 of
anteversion The degree of version was de
termined by inserting a pin into the dicondy
lar axis at the junction of the upper and
middle thirds of the femur using Lhe posterior
surfaces of the condyles as 0* 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 Diameters
Diameter (Neck Diamrr, Ratio

Type of Prosthesis (mm)

Charnley (Standard Thackray) 22 1 74

Bechtol 254 195
( 1 / inch neck regular 3A inch width stem Richards)

Harris (Long neck Howmedica) 26 2 03

Trapezoidal 28 (Standard Zimmer)
Short neck 28 201f to 3 24
Medium neck 28 197 to 2 97
Long neck 28 197 to 297
Extra long neck 28 17) to 300

Aufranc Turner (Regular, Howmedica) 32 2 00 to 2 32

Mueller (Standard neck Standard stem Zimmer) 32 1 98

McKee Farrar (15/a inch Stand'ird Howmedica) 41 1 77

Fla
ratus

Mofion Sfudies foi ofal Hip Replacemenfs 125Sopfomber 1975
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Motion btudies tor otal Hip Replac ements

TABLE 3 Maximum Flexion and Abduction of Trapezoidal-28
as a Function of S6cket Position*

Flexion (degrees) Abduction (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

*Lang neck large stem prosthesis with medium socket, and femoral anteversion held at 0 degrees

127

-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 in-
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-
Charnley) 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 00 for the Charnley and 20 for
the Bechtol up to 360 for the Trapezoid-
al-28 Abduction in extension varied from
420 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 8' of additional flexion (Table 3)
Between 100 and 30, 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 Prosthegis Orientation Antever-
sion of the femoral neck will increase flex-
ion For prosthesis such as the Mueller
which have a circular neck cross section, the
increase is approximately 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 100 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 170 angle from the

Number II I
September 197S
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160
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140

130
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verticals as determined by Rydell, when
the socket was oriented in the standard posi-
tion of 42" lateral opening and 20* ante-
version in the pelvis

There was 190 less flexion with the Trape-
zoidal-28 4 mm deepened socket, and a 23*
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 dislocation with opposite position

MU EL LERI

I I6

FiG 2 Relationship
Flo 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 Aufranc-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 mm beyond the ball radius to
increase the stability with a loss of approxi-
mately 100 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 run due to impingement may
facilitate dislocation by reducing the con-
tainment of the femoral component (Pigs
I~A and B)

With the Trapezoidal-28, the increased
flexion for a change in external rotation is
slightly less than the gains for the Mueller
or the McKee-Farrar This occurs because
the impingement of the socket rim with the
flat side of the trapezoidal neck is near the

Mako   Exhibit 1002   Page  121



Motion Studios for total Hip Replacements

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 externial rotation are
greater than the flexion values of the other
prostheses

Johnston and Smidt' observed in their
electrogoniometry study of normal subjects
that an average of 1040 of flexion was re-
quired for sitting, 1120 to rise from sitting
to standing, 1140 to squat, and 1250 to
stoop to pick up an object from the floor
It is apparent that most total hip units
would rot permit these functions without
subluxation, pelvic flexion, abduction or ex-
ternal rotation of the limb, or combinations
of all these motions

Preliminary data fronN~ our laboratory
studies on normal, standing persons indicate
that the orientation of the iliac spines-

pubis plane varies from 40 to 15* in ante-
flexion (pubis anterior 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 externally
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 Charnley

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 iotation in if 16 28 83 15

extension (degrees)
Loss of internal rotation in 5 19 30 --

fexion (degrees)

*Wear simulated by deepening ihe socket at angle of 17 , to simulate the re5ultant angle determined
by Rydell Socket is oriented open 42 laterally and 20 anteverted

Number II I
September 197S

Fio 4
component
on ROM

Effects of
orientation

129

Change in Component Flexion Internal External Abduction
Orientation Rotation Rotation in

in in Extension
Flexion Extension

Socket anteversion

Femoral anteversion

t ocket 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
m 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 muscul-'r 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 prommnences

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

REFERENCES

I Amstutz, H C and Markolf, K Design
features in total hip replacement Sched
uled for publitation in The Hip St Louis,
C V Mosby 1975

2 Backman, S The proximal end of the
femur Acta Radiol Supplement 146,
1957

3 Charnley J Factors in the design of an
artificial hip joint, Proc Instn Mech Eng
181 3 104, 1966-7

4 Johnston, R C and Smidtf, G L Hip
motion measurement for selected activities
of daily living Chin Orthop 72 205,
1970

5 Rydell N W Forces acting on the fem
oral head prosthesis Acta Orthop Scand
37 Suppi 88, 1966

Mako   Exhibit 1002   Page  123



( PVr1.ht IM h,iv n 11 1/ I nit I J It ItIt I%a I I' I Ja

The Elevated-Rim Acetabular Liner
in Total Hip Arthroplasty

Relationship to Postoperative Dislocation*
BY T K COBB 'MD t 0 F MORREY MD t AND D N1 ILSTRLP M S t ROCHESTER MINNEsOTA

In vestil ation perfo)rmed ati theVisoClum. Rut./ho er

ABSTRAcr Although an acetabular component with
an elevated rim is thought to improve the postoperative
stability of a total hip prosthesis, the actual clinical value
has not yet been demonstrated TO address this ques
lion we reviewed the results of 5i67 total hip arthro
plasties that hid 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 probabilitv
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 hips that had
the elevated rim acetabW2ar liner dislocated within two
years, compared vnth 101 of the 2698 hips that had
the standard acetabular liner The two year 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 (p = 0 001) A similar trend was seen
at five Years 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 rim liner when the hips were analyzed accord
ing to the operative approuth, 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 study to clarify its
effect on wear and loosening

An elevated rim acetabular liner is used as a poten
tial means of improving stabilitv after total hip arthro
plastv An elevated rim on a high density 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 a!,vm

*No be~ntfits in anv form have bLe~n rCLLived or will be roceived
from a tommLrcIi partv mliasd dirLIV or indirtttiv to thL subLct
ot thi4 artaiLt-No fund.% wtmrLrLULved in.%upport of tib ~study

tM'avo ChInIL 21X) Fr%tStt:te S W Rtxh,-bter NhnnisojS5A)5

SO

metrical build up ot these components is thought to
provide additional support in regions of compromised
stability' The orientation of the augmented rm can
be individualized depending on the unique anatomy ot
each patient with the built up region placed where it is
most needed (usually posteriorly and supenrivl)

Although the theoretical attractions of the elevated
rim are obvious and have been widely accepted the
clinical advantaees have not been demonstrated to our
knowledge To address this issue we retrospe:ctively
reviewed the cumulative probabilitv of dislocation in
5167 total hip replacements inserted at the Nlayo Clinic
from 198b through 1991 Our purpose was to determine
the effect of an augmented acetabular component on
the cumulative probability of dislocation after total hip
arthroplastv

Mater3als and Methods

The results of all total hip arthroplasties performed
at the Ivayo Clinic from April 1 1985 through Decem
ber 31 1991 were reviewed Of 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 rim elevated 1:) or 20 degrees as well
as those performed for reconstruction after resection of
a tumor were excluded from the review With use of
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 1985
to more than 80 per cent in 1991 The critical variables
relating to stabilitv of the hip have been prospectively
gathered and recorded in the Total Joint Registry Dis
location treated with reduction by 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 acetabular cup Follow up data were obtained by
physical examination for 2739 hips (53 per cent) ques
tionnaire for 1808 (35 per cent) and a telephone survev
for 620 (12 per cent) Dislocation can bL adLqUattLIV
ZSSCSSL.d by any ot thes4. modes ot evaluation' Only

THE JOUJRN \L OF BONE AND JOINT SURGERY
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TABLE
DI%L(( I WN %T Two YE- R-,AL( ORDIN(i TO TIE Di si(

OF ric AtCTWBUL%R CLI NO THE OPEi~t,vc AiPROVII

Rim ol Aixtabular Cup
Standard Elevated P Value

Anhs.rior ipproJLh (Pto) 2.320) 1919

Probjbtitv ol diIIiont 3 47 209 001
(per cnt)

Pobterior Ippr0aLh Ozo) 243 454
DICIL3tions (no ) 11 12
Probibilitv at dislocation 462 i s- 0
(pr ctti)

Transtrachanteric 120 91
approach (no )

Dislocations (no) 9 1
Probabilitv of disiocationt 7 63 114 0 0.j

(per cent)

The approach was not known tar twentv hips
MTe probability of dislocation two years aiter total hip arthro

plastv as shown by Kaplan Nicier 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 analvsis. 1324
(96 per cent) were followed for at least five years.

Results

Instabiliv
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 Forty eight of the 2469 hips with the elevated rim
ace tabular 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 Meier probability 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 sig-nificant (log rank test p = 0 001)

A similar trend was seen at five years however the
difference was not significant The subgroup analyzed at
five years conbisted 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 year Kaplan Mcier probability of dislocation was
2 97 per cent in the group with the elevated rim acetab
ular liner and 4 46 per cent in the group with the stan
dard liner (p = 0.34) (Fig 1-B)

Prunarv Total Hp Arthroplastv

Of the 1949 primary total hip arthroplasties in which
the elevated rim aCLtabular liner was used twenty five
were complicated by a dislocation compared with fifty
of thL 2168 primary total hip arthroplasties in which the

bt ind ird lini-r wat d (Fig 2 A) ThIILUIIUIJtIVI probi
ability of dislocation was 2 3.) pLr cnt for IIL hip', With
the standard lintr and 1 43 per cent for thusL. with thL
elLvato-d rim linLr (p = 0 04)

Rei, i Total Hip Arthrophistv

ThLre were twenty thrL.e dibloMationb. within two
years atter the arthroplastv in thL 320 hips that had had
a revision with the elevated rim aLetabular component
atter a previous total hip arthroplastv and tiftyv ont. dis
ILJi.tions 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 significantly lower (p = 0 003)
in the hips with the elevated rim liner (5 02 per cent)
compared with that in the hips with the standard liner
(10 03 per cent)

Operatti 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) TIs difference was signifi

15

=

10
*0

SE~ 5

0
1 2

Years from THA

FIG 2 A
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10
CL-
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0
21

Years from THA
Fic 2 B

F36s. 2 A and 2 B kipi in Mw.Lr Lumulitivi. probibiiv of du,10,-
lion for thLi. iLviltd rim and bt inda~rd auwLtbulir cumpo)n%nt:,.ifttr
prim.iry total hip irtrplastv (Fi6, 2 A) and JiftLr MLvimion tot iA hip
arthropla:,tv (r'6, 2 B) TIHA = tot.if hip arthropixtav
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FIG 3 A

FIG 3 B
Figs..) A and.3 B Photographs of high-densitv polvcthvlene neu

tral (Fieaj A) and 10-degree elevated nrn (Fig j B) acetabular liners
for modular implants.

of instability Olerud and Karlstrom 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'""'

Mlyore recently various elevated liners have been in
corporated into many svstems of total hip arthroplasty
(Figs 3 A and 3 B) For example of the implants used
commonly at our institution one has for manv 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 that the aug
mented seg,ment 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)"

An additional limitation of the elevated rim design
is that several biomechanical studies have shown that
it is associated with a decreibLd arc of motion (Fig 5) 14
Krushell et al demonstrated that the stable arc of
motion was not increasLd but rather reorient4-d with
thL usL. of an Levated rim When the elevated rim wj%

PIJLLd posit-rior, abiltyv was inLri.Jbed with thL hip
in flt.%ioni and in flexion with intern il rotation with b0ML
desigins and only in intirnal rotation in flexion with
other designs. Extension and external rotation in exten
sion were decrLabL.d by elevated rim liners Therefort.
thL range of motion was inLreastd in home directions
and decreaSLd in COMPILmentarv dirLctions The results
of their study are supported by our clinical findings A
greater percentagL ot dislocations occurred anteriorly
in the hips that had the elevated liner (eleven at thirty

svn30 per cent) compared with the percentage in the
hips that had the standard liner (twelve of seventy tour
[6 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

Dvalorientation of one or both components has
been shown to be the cause of approximately one
half of dislocations after total hip arthroplastV4 The
instability caused by malorientation is theoretically
overcome bv 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 stability observed be
tween these two designs of component

Charnlev reported erosion of his elevated nim corn
ponents This womsome complication was confirmed
in a recent study by Murray who found severe erosion
of four of ten elevated rnm acetabular liners obtained
at the time of revision Similar problems with wear have
been observed by the senior one of us (B F I&M) Defor
mation and wear of the polyethylene liner is not only of
concern from the standpoint of loss of mechanical sup

-MAY

FicN - -4

Ilutrto dmnsrtni tertia epaato o'o1%ai
it senaLdbvtethie imdsgn7eposh-s smi
tane wtinth jtbuarLU urngexrmo o mtondiLLt
awv rm hs ltatdpotinof. rmHwvr(h'.[nL
potono teLU rv. t nfesett.m metar ndturot
th-trsoa fr,s nte m iin oe nefat I h/M mn
ofIL tnir itradM h mmnto h, haldrm/it
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Abstract

Validating the accuracy of image guided surgical systems 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 byftxturing intra operative data noise, registra
tion errors and inaccuracies in surgical tools and action.s 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 intro opera
tive data is offered Finally the need for better accurac) met
rics in image guided surgery is noted and shortcomings of
metrics which are commonb) used in the literature are illus
trated

Kewod image guided surgery accurac) validation surface
based registration accuracy meincs 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, MR1 or X Ray
images Using this data a surgeon may develop a pre opera
tive plan which specifies how one or more tasks axe to be per
formed during surgery The plan is constructed in a
coordintate 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

This work was supported in part by a National Challenge grant from
the National Science Foundation (award ECS 9422734)

2 Center 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 this paper, we focus on the accuracy validation of
pre-operative data and plans registration methods and stirgi
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
lem requiring localization of complex patient anatomy with
sub millimeter accuracy

In the literature there has been little discussion 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 OvervAew
Figure 1 outlines the steps in a typical image guided surgical
system using total hip replacement as the example 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 bavred registration technlq4~e [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 I
are performedf First the relevant patient anatomy is either
1) rigidly fixturod to,prevent motion as-in [24], or 2) affixed
with a tracking device that will allow the system to comnpen
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-opbrative surface data (in the coordinate system
of the intra operative sensor) Once this key transformation
has been determined the pre-operative plin 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 know]
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 Proplang

Surface Modelling1
FIducial Identification

B -- -

~Fixturing or
Tracking

Intra op
Data Acquisition

Registration

a Motion PlanningInr pG Idac

Intra operative Action

Figure 1 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 1, 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 fixtuning

" 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 chini
cal CT imager (0 29mm 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 mp~ny 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 determin
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

Phscauf lye
ChsTa Generation Surface

Object MthdModel

Figure 2 Schematic of surface model validation

3 3 Errors Introduced by fixturing

Fixturing to patient anatomy establishes a fixed transforTna
tion between a patient attached coordinate system and that of
computer assisted tools and sensors Rtigid fixtuning 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 fikation 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 submllimeter accuracy IS
required such deformations can impact the overall accuracy
of the procedure since pre-operative surface models will no
longer accurately represent the anatomy

3 4 Intra.operatlve 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 acquiring intra
operative registration data Research groups have reported on
the use of X Ray imagers [ 14] ultrasonic sensors [I ] optical
digitizers [4][15][21][22] mechanical digitizers [10] optical
range imagers [6][20](221, 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 al 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 tipt 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 appr9ach 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
eral reasons, this condtion 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 Cr', 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 stirface 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 oh
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 5 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
al 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][7][8][l11] 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

huIntial poseestimates 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]

" Careful selection of intra-operative 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

" 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 122]

" On line per use verification checks of registration
are highly desirable For ex=mple, 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
peatablity 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 s6me 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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Figure 3 Validating Registration Accuracy

a material wich avoids the imaging artifacts of harder mate
rials (e g steel) while being more rigid and stable than softer
materials (e g plastics) Aluminum 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 difficult 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 (wich 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 outperformn cones and cylinders Esti
mating sphere centroids from both CT and intra operative
data 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 voluming effects Furthermore

spheres are much easier than cones or cylinders to localize in-
tra-operatively, as described in Section 4 3

Fiducial Description A CT image of our final fiduicial 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 volurrung and beam hardening / pluming
The Delrin mount provides a standoff between bone and alu-
miunumn thus simplifying the Cr segmentation task The
mounts have small holes which allow water to enter the hol
low cylindrical mounts Thus, the spheres can be almost com
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 I0jOgm Inter sphere distances averaged 49 6mm with
a maximum of 63 6mm After CT scanning the phantom at
I1mm 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 11 mm, while the RMS residu4l error was 0 08mm
This sub voxel accuracy was sufficient for our application
and verifies the strength of the fiducial design and localiza
tion method

Nolte et al [17] have proposed an optinuzati6n 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 cylndical probe t4p 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 Ceutrold 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 whie the maimxum distance error was
0 05mm Using the fiducial based registration method the
maximum residual error was 0 03mm while 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 RMS 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 error 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 determune the proper position of the implant with respect
to the femur in the CT coordinate system The plan is con
structed manually via a graphucal user interface which over
lays a model of the unplant upon the CT data

Figure 6 Pre-Operative Plan

As mentioned in the introduction, we believe that all accuracy
results and requirements should be specified using metrics
which have direct physical meaning to the task being per
formed To demonstrate this 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 intra
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
istration 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 1 summarizes the results of this experiment 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 is 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
suit is presented in the next paragraph The important point is
that each of the results in Table I 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 telected coordinate system, the accuracy of our surface
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Table 1 Registration Errors 71rawlation / Rotation

Coordinate System JIT11 (mm) HRIJ (deg)

1 - Head Centroid 025 097

2 - Implant Centroid 031 097

3 Implant Distal Tip 0 17 097

4 CT 177 097

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 1
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 I and explains the difference in transla
tion magnitudes as a function of coordinate system

2 2

a a4

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 mis
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 s 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)

Table 2 Registration Errors Point Displacement

Point Number QD11 (mm)

I Head Centroid 0 25

2 Implant Centroid 031

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 deterimning 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 4long it) The extremum 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

~-Screw Axis

______________ Extremuin

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 accuracy requirements for image guided surgical ap
plications Fundamental questions remain to be answered

" What are the best clinically meaningful measures of
accuracy for a given task'?

" How should accuracy specifications / tolerances for
a given task and a given metric be determined)

" Are additional analysis tools required to allow clini
cians to analyze task accuracy requirementsO If so
what form should these tools take9

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-

Mako   Exhibit 1002   Page  134



tive sensors and tools longer times spent in surgery acquiring
data, etc ) Given the current economic climate in medicine
we can not afford to waste limited resources on unnecessary
accuracy
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An Image-Directed Robotic System
for Precise Orthopedic Surgery
Russell H Taylor, Fellow IEEE Brent D Mittelstadt Howard A Paul,

William Hanson, Peter Kazanizides, Member IEEE Joel F Zuhars, Member IEEE
Bill Williamson, Bela L Musits Edward Glassman, and Wiliam L Bargar

Abstract -We have developed an Inlage-directed 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
ait 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 INTRODUCniON AND BACKGROUND

A Augmentation of Human Skill in Surgery

T HE RESEARCH reported in this paper represents a step
in an evolving p4rtnership 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 (Cr 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 Typically 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
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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 mn the use of general purpose robots
for surgery was that of Kwoh et al [I]I who used a 'six axis
mndustrial 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 %as
Cr scanned and a desired placement for a biopsy needle probe
was determuned 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 positioning
possible with the robot compared to the use of a stereotactic
frame A number of similar systems have been developed
subsequently The most successful to date is that of Lavallee
et al ([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 et 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 in 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 et al have developed a spc
cialized robotic device to assist in laparoscopic prostatectomnies
[8] which has been used clinically A number of groups (e g
[9]-[12]) have developed a variety of other telerobotic devices
for endoscopic and laparoscopic surgery McEwen et at have
developed and marketed a clinically qualified voice controlled
limb positioning system for orthopaedics [13] Several groups
(e g [14] [15]) have demonstrated in wiro robotic systems for
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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 Pi ecise Q0)ithopaedir Sut qer3

Orthopaedic applications represent a particularly promsing
domain for the integration of image and model based presur
gical planning CAD/CAM technolog) and precise robotic
execution For examplej about half of the 300 000 total hip
replacement operations performed each year use cemnentless
implants In these procedures accurate preparation of the
femoral cavity to match the iplant shape and accurate place
merit of the cavity relative to the femur can significantly affect
stress transfer implant stability and restoration of proper
biomechanics which in turn are important factors affecting
efficacy For example Sandborn el t al 16] have reported that
the size of gaps between bone and implant significantly affects
bone ingrowth Furthermorej the preseni manual broaching
method' for preparing the femoral cavity leaves considerable
room for impro- ernent In one recent stud) Paul Hayes et al
[ 17] found that only about 20% of the implant actually touches
bone when it is inserted into a manually broached hole The
average gap bet%%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 ca%ity
relative to the bone (which affects restoration of biomechanics)
depends on the surgeon s ability to line up the broach manually
and to dri%e it the right distance into the femur Driving the
broach too far can split the femur

These considerations have led us to expore the use of
robotic machining to prepare the femoral cavity for the im
plant Initial feasibilit) studies by Paul Mittelstadt et at (181
demonstrated that a robot could successfully machine shapes
in human cadaver bones and that preoperatively implanted
calibration pins could be v§ed to accurately register CT image
and robot coordinates for a femur

Follo%k ing these studies we developed a complete planning
and execution system suitable for use in an actual operating
room In imno 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 velennary clinical trial on dogs needing
hip replacement surgery This experience provided the basis
for development of a second generation system that is nowb in
human clinical trials 119)-[221

Stibsequent sections of this paper will summarize the presur
gical planning and surgical procedure folloNked for robotic

'Fig I ;ho%ks a qipcal cemcnilesi implaint and the corrc%ponding broach
used to make the holL for it Fig I sho%k, the uNe of ai broach on a human
patient The procedure in a dog ir eireniakiI the ,ame

Fig I T)pical cementless hip implant and instrumentation Thi
shoubs a typical cemendest. hip impiant together uttih the bro.11A u
produce a corresponding hole in the patientis, thigh in com~entional n
surger) Proper placement of the implant socket relati%c to the firnt
accurate reproduction of the socket shape are %er) impoirtant Ito a ure%t1
uniform stres-; trautsfer and iresioration of the proper biomectw.nic,.

Fig 2 Manual broachine procedure Tht figure shout sib,~. 1 1h11
a human cementless. hip replacement The procedure in 3 dOL.1i 111% 111
same One -.tud% found that onl% about -Vrt of thc implant .a tu I It UL
bone %then it is insered into a manuall% broached hol Th i ' i
bet%%een the implant and the bone %k, commonl) 1-4 mm indJ ihLi%cr.311
hole size -Aas 36%~ larger than the broach

hip replacement surgery and .%ill discuss tht, r iirenien%
for robotic systems intended to augment hun pr k 1i1i11
in surgery After prov iding a brief o%er%ie' i]I I i
architeciurt we will provide a fuller disc I SO.1
key aspects of the systemn including the im i rLu
gical planning geometric calibration shape %tiuton in I ,tIdy
checking mechanism-, Finally \kev%ill discus e\r I I e of
the system in actual clinical use (on dogs) and v ldiscu s
some of the lessons learned

11 SL%ItAR) OF PROCEDLRE

Before surgery three titanium pins are implanted mirouef
small skin incisions into the greater trochainter arld -on~d)le
of the patient s femur A CT %can is made of the 1, Th,
presurgical planning s)stem automaticilh~ locales 11 pin
relati\e to the coordinate s)stem of the CT inives T11Lsur
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Fig 4 Operating room system architeciure The operating room system
safei) inerlocks 2) a fixator to hold the bone securely to the robot 3) a
optical trackingesystem and bone mouion4detector and 4) a human machine
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 roattachment of the end
effector and other critical components should be easy and
suitable sterile drapes must be developed for the manipulator
arm and other structural components that cannot be easily
sterilized

E Safer% EEi or Recoi er) 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 acquracy The sy4tem 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 an~y reason le~ is especially important
that systematic shifts (such as might arise 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 misplaqing the entire cavity

consists of 1) a surgical robot with its associated controller tooling and
redundant motion monitoning subsystem consisting of a checking computer
interface with an online display display computer and a hand held terminal

IV S'iSTEM ARCHITECTURE

The system (Fig 3) consists of a presurgical planning
component and an intraoperative (surgical) component These
components are 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 pro% ides 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 manipulate 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

3 In the future we anticipate the use of computer optimization techniques
to assist the surgeon in determining the best implani placement and also in
the design of custom implants

r am
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IMPLNTED BONE

IMPLANTED BONE

Fig 3 Architecture of hip replacement surgery system The system consists
of a presurgical planning component and a surgical component In the system
used for the veterinary clinical trial the motion monitoring and robot control
functions are subsumed within the robot controller

geon interactively selects an implant model and determines its
desired placement relative to CT coordinates This information
is written to a diskette for use in surgery

Key steps of the intraoperative procedure are shown in Fig
5 for an in w ro test on a cadaver femur Fig 6 shows the
operating room scene during the first canine clinical trial in
May 1990 Bniefly the procedure is as follows

1) The robot is brought into the operating room and pow
ered up A sterile cutting tool is attached to a tool
interface just below the force sensor and the robot is
covered with a sterile drape The patient data diskette is
loaded into the robot controller and the robot is placed
in a standby mode

2) The patient is prepared and draped in the normal manner
Surgery proceeds normally until the acetabular compo-
nent of the implant is implanted and the ball of the femur
is removed

3) The robot is brought up to the operating table and
the femur is rigidly attached to the robot base using
a specially designed fixator The three titanium pins are
exposed manually

4) A ball probe cutter bit is inserted into the collet of the
cutting tool The top center of each pin is then located
by a combination of manual guiding and autonomous
tactile search by the robot Although several modes of
manual guiding are available the most commonly used
is force compliance The surgeon simply pulls on the
shaft of the cutter the robot controller senses the forces
exerted on the tool and moves the robot in the indicated
direction

OPAMDIC SURGERY 263

5) The robot controller uses the pin location information to
compute an appropriate transformation from CT coordi
nates to robot coordinates The ball probe is replaced by
a standard cutting bit and the robot cuts out the desired
implant shape at the planned position and orientation
relative to the pins The 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 unclamped 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

131 REQUIREENTS AMD ISSUES

A Human Machine Interaction in a Surgical Situation

Our goal is not to replace the surgeon Instead we are
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
than any computer s and he or she is responsible for what
goes on in the operating room Suitable interfaces must be
provided to allow the surgeon to monitor the robot s actions
to pause execution at any time initiate error recovery actions
and provide positional guidance to the robot There is also the
related problem of human computer interaction in presurgical
planning Convenient and naturally understood interfaces must
be provided to allow the surgeon to specify what implant shape
is to be cut and where it is to go Furthermore the interfaces
used intraoperatively to report progress of the surgery should
be as consistent as possible with those used to plan it

B Registration of Plan Data with Intrapperativ'e Reaht)

The surgical plan is based on anatomical information de
rived from CT images taken prior to surgery Reliable and
accurate methods to locate the corresponding anatomical struc
tures relative to the robot are essential if the plan is to be
executed successfully

C Verification

It is very important to venify that the greater potential
geometric accuracy offered by the use of a robotic surgical
system is in fact achieved in practical use Suitable methods
must be developed for verifying the performance of individual
system components and of the system as a whole

D Operating Room Compatibilitry and Sterility

It must be easy to incorporate the robot into a hospital s
normal routine It may be difficult for a hospital to dedicate
an operating room to robotic surgery and even if it does so
it is important that maintenance not be disruptive 2 Gener

2nhese considerations led us to rule out some configurations (such as a
Cartesian manipulator suspended from dhe ceiling) that might other% ise ha% c
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Fig 5 Surgical procedure for hip surger) (a) Fixated cadaver bone (b)I
Cutting the shape (e) Online displa) (f) Final result

B Opei atnn q Room Si stem

The operating room system (illustrated in Fig 4) consists
of several components The five axis iohot is an IBM 7576
SCARA manipulator %ith an added pitch axts 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 by a sterile drape the cutting tool is separatel) steril
ized A sterilefitaboi rigidly attached to the robot s base holds
the bone during the robotic part of the procedure The robot
controller provides ser%ocontrof lo%k le%el monitoring sensor
interfaces and higher le%,el application functions implemented
in the AMI-12 language During surger\ the force sensor is

Manual guiding to approximate pin position 1ci Tactilc scarLh for 4 pin td

used to support redundant safety checking tactile w.ar-h to
find dhe locator pins and compliant motion guiding b,. the
surgeon

The redundawt monon nionamintg subswsein?[241 is, im
plemnented on an IBM PC/AT w&ith specialized 10 hardssare
It relies on independent sensing to track the posmlon and
orientation of the robot end effector during the cultirte pha-,e
of the surger) and checks to %erif% that the cutte ippprte%cr
stra)s more than a prespecified amount outside of thte defied
implant %olume It also monitors strain gaug,e% ihit can deuLct
possible shifts of the bone relati%e to the fi\ahion de\rice If
either condition is detected a freeze motion signaul t ,Ln
to the robot Lontroller After motion iN stopped appl1b, wton

ppp,-
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code in the robot controller queries the motion monitoring
sy)stern for more information and then enters an appropriate
error recovern procedure under the surgeon s supervision

The human mach/inze; intefore includes an onhine displa)
system that combines data generated in presurgical plan
ning %% it data transmitted from the robot controller to show
progress of the cutting procedure superimposed on the CT
deri%ed image %ieN%% used in planning A gas sterilized hand
held tinu mnal allo%%s the~ surgeon to interact %%ith the system
during the course of t 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 motion or to turn off manipulator and cutter power in
response to recognized exception conditions If this happens
the surgeon must explicill) re enable motion from the hand
held terminal

V PRESL RGICAL PLA%NING SYSTEM

A Inno iiPot t isinqc

One mundane but ne\entheless essential task is to load
the imiage data into the computer The CT scanner used for
the \eierinar\ clinical trial of this sy stem produced images on
magnetic tape in GE 9800 format The %oxel size for typical
scans v\ds 0 39 x 0 19 mm x 1 5 mm thick Multiple cross
sectional imae'.s,paced A mm apartis\%ere taken throughout
the proxinial femur In the wiinit) of the locator pins the

ILJeS s\ere spaced onl\ 1 5 mm apart (i e they were
conli-uou,o) The input soft\kare includes facilities for tape
reading pre\ jc%\ ing image slices selecting a region of interest
to reduce the size of data sets maintaining patient information
etc I

B Pin Lot aniIi /AlkiiinT

A ke) problem is determining the location of the top
center point of eich locdtor pin relative to CT coordinates
This is b) no means trivial Although the density of the
pins is much higher than that of bone simple segmentation
based on thresholding is complicated b\ blooming and other'
artifacts; asNot.iated \kith the image formation process so that
the imaces are rather nois) In particular edge information is
ver) unreliable ' The pini are not nicel) aligned with the CT
slices and the CT \oxels 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 anal)ze To overcome these
problems a robust three phase method has been developed

In the fir%t phase simple densit) thresholding is used to
distinguish the MetllIL pin \oxel-; from surrounding tissue

-sE%pcrnmLni,. b\ ont ot theitihors, 1181 1 51 ui(h '%arious matenals
shom.'ed thit minium ind cerimic pelided the be%.i contra%t %kithout exces;nc.
bloomnin Ho%%o\'er th r.ultimne imipes %k'cre stlut far tram clean Titanium
%hut Lho Ln ior rc.a%on of biot.ompatibilit) and be dU%C it i% more commont)
U%ed in onth,%ptdi iniplaINtin t titinium

Fig 6 Operating room scene from first canine clinical tial4 in kla .'40
The surgeon is Dr Paul The patient %sas a famil% pei ricedinr hip rep) ni
surgery

voxels Unfortunately blooming causes man) tissue % \eis
to be mislabeled pin giving the pins a ragged stai it
appearance T"hese artifacts are cleaned up by first dihitin ind
then eroding the binary thresholded image with stand it 3D
morphology filters using spherical structural elenient%. This
process also smooths out the scre%% threads and h1l in the
drive socket of the pin Image

In the next phase the approximate position and onei ition
of the pin are determined by calculating the first and ond
moments of the binary pin image

in, - E, P

and

where the p are the coordinates of all voxels .j cIa iit-Ld
pin Since the pin is cylindrically symmetric t".o W the

eigenvectors Of M2 will be practically equal Th,- other
eigenvector a represents the principal axis of the pin '

sThis method would not -Aork if the length of the pin -.haft %%, i h th i
all three eigen%ectors had the same length tn ihi% ca%e it %kould Ix. n air%
to use higher order moment'N to diqambiguale the axe% Ho%kc%.cr ou:tatr
pin design pre ludes thi% po%subiit%
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Fig 7 Robot s -A nst during shape cutting experiment The LED) beacon
plates used b) the motion monitoring system are clearly visible The force
sensor is just visible behind the top of the plates

M2 ellipse

Fig 9 Presurgical planning display

~ELI~
Projected Geometry

(a)

MI
Density Profile

(b)

Fig 8 Projected pin profile (a) Projected Scornetr (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
m,1 + da (Fig 8) The intercept do of the leading edge of
the pin profile is computed and the top center point ptc. of the
pin is then readily computed from

pi.= n, + doa

C Iniearmie Dorking Subs) sien

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 perspecti%e
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 repre-;enting
the bone are shown together with a simple graphic view
sho%% ing 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 dlSpla%Ld
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 (tortical bone trabecular bone etc ) which are
presently computed by relatively simple intensit) thresholding
techniques 6Surface 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%k s
through the CT data

In use the surgeon typically selects boundar) 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 a%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 vie% s are specified relative to one of the three
2D views Thus complex 6D reorientations are accomplished
by breaking them dow~n into a sequence of simpler transfor

6 The threshold %alues used to distinguish between different bone ca~
were qualitahivel) determined b) the co author who is a surgeon (Dr N~ub
and reflect his best judgement as to what i-. useful AnN %uch di--i,nction are
to some extent arbitrar)

-L-Nd-I I

I
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mnations Whewithe surgeon is satisfied the coordinates of each
locator pin the iplant specifi4~tion, and the desired implant
position and onenitatioO relative to CT' Coordinates are written
toIa file

In the future, WO expect th~at the computer will assist the
surgeon~ by computing and displaying appropriate goodness
of fit mteasures and eventually propositig optimized positions
and custom implant designs Even in its present state of
developmnent howeveri this systcmx-has proved to be veiy
effective and quitc--casy to use The 21) cross sectional dis
plays are inutivelyattractive to and easily learned by the
orthopiedic surgoonse who are the targeted end users The
restrction to one 2D rot4tion oTithwnslation at a time bas
similarly proved,to b6incoasequential since ouriusers tend to
think of rotationjs,and ranalations that are easily perceivable
in a single ldsplay,- -narnely the onts' that the system allows
on a single wterAction

VI GWoMrMC CALIBRAnION

Geometric calibration (o g 126J-428)) is a crucial comnpo
nent of any practical robotic application, especially one in
which geomeitrically accurate paths are an important factor
7his 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 [ 9] 4 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 z, are then taken
in the reverse direction and the forces fi along the motion
direction are measured at each point The apparent compliance
is estimated by a straight line approximation

ft=K(z. - zo)

The, point xO 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 lim 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) carres a

six degree of freedomn force sensor and a high speed revolute
surgical cutter The nominal kinematics are given by

pt,= p,,,.t + R(z, 04 )R(YPO6sVe

where R(a, 8) is a rotation by angle 0 about axis a and

IRW1131 = R(Z, 81) (11Z + R(Z, 02)12z) + 03Z

11= length of first link
12 = length of second link

61= first joint rotation

02= second joint rotation
03 = sliding joint displacement

64 = roll joint rotation
95=pitch joint rotation
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 and 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)

Ptool = pa-tl + R(z, 64 + A04) 0 (aX + Vd,stal)

where

Vdistal. = R(z 3 (R(y 05 + A05) (vc + Avc)
A0 4 = rotational misalignment of joint 4 with joint 5

a = displacement of pitch axis from roll axis
(3 = pitch axis tilt error term

A05 = combined pitch offset & shaft alignment error

Ac= cutter shaft displacement vector uncertaint)

Tool orientation is relatively less important and no special
efforts were required to calibrate it aside from determining
the angular offsets A0 4 and A85

C Parameter Estimatin

Our present calibration method uses a single vertical post
rigidly mounted to robot s base Essentially the calibration
works by repeatedly executing the find pin routine to mea
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 Av, may be found by least squares regression

7
nhe specified repeatabil ry of the robot we used is ± 0 05 mm in the N\)

plane and ± 0 02 nun in Z The robot s specified X I region accurac) is
0 2 mm over a 250 mm square Over the rather shorter distances invoived in
rmachining a canine implant the accuracy rapidly approaches the repeatability
which in our experience was actually better thani the specified value
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on the linearized relation

Ppost 9 p.,..t + 14 * Rs 9 (vc + Avc)

" A0 4 R 4 (z x R5 *vj
" A0 5 (y x (14 9*Rs*evc)) + azR4z

where

R 4 = R(z, 64)

As =R (y,,0.5)

Our experience with this calibration procedure has been
quite good A typical calibration run consisted of 28 poses.
with roll angles varying through 190* and pitch angles varying
from 2* to 60' After reduction of the data, the average residual
variation in the apparent position of pp..t was typically about
o 1 nun Over a series of 9 calibration runs made during the
canine clinical trial the average residuial variation ranged from
0 08 mm to 0 12 mm and the maximum residual magnitude
ranged from 0 16mrn 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 wnst calibration error simply causes the position of
the hole to be shifted slightly in the patient s femur and does
not affect the actual shape being cut

VII SHAPE CuTTnNo

At present we use a constant orientation cutting strategy
The shape is cut as follows

I) 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) axe 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 stir 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 6h of any scallop
will be given by

bh :-- ?'utter - Tcutter 2

where rcutter is the cutter radius and d is the distance
between cuts Solving for d gives

d = VTutrh-26)

25 2 vrrt-.,bhifor small 6h

Thus rcutter "' 5 mm and bh = 0 05 mm would require
the finishing cuts to be I mrm 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 cormers of the implant hole Ob
taing proper clearance for these cuts requires the
cutter orientation to be changed slightly Changes in
the implant designs during vetennary clinical testing
rendered this step unnecessary

One advantage of a constant orientation cutting strategy
is that it substantially eliminates the effect of unmodeled
kinematic errors in the distall parts of the robot on the shape
of the hole being cut, although they do still affect the location
of the hole relative to the bone Since the shape dimensional
tolerantes are in fact somewhat tighter than the positioning
tolerances maintaining a constant orientation is indeed valu
able More complex implant shapes of course will require
full five axis trajectories

VIII INTRAOPEMMTIE DISPLAY

The presurgical 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 senal
communication line and rechristened the real time monitor
Three orthogonal cross sections through the 3D CT 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 successive cutting stroke is
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 CHECXING SUBSYSTEMS

A Requirements

Safety was a pnmary consideration in designing the system
The pnincipal requirements were defined by the co-authors of
this paper who are surgeons (Dr Paul and Dr Bargar) These
included

I) The robot must never run aAay 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 excessiveforce on the patient
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 prespecid po
sitional envelope relative to the volume being cut For
hip replacement surgery the main goal is to prevent
a systematic shift in the placement or shape of the
hole a single gouge is generally reparable although
undesirable Of course other surgical procedures (like
brain surgery) may be less forgiving

4) The surgeon must be in charge at all times 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
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about its status and the surgeon must be able to pause
motion at, ny 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 slargery 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 mronitoring 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 mrasfernng control
to application software recovery procedures A safety time
out monitor turns off arm power if the controller does not
affirmatively verify system integrity every 18 ms

Many conditions (externally signalled consistency checks
force thresholds pushbutton closures etc ) interrupt the ap-
plicotion program pause motion or drop power under certain
conditions The surgeon can then use the hand held termidnal
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 sample surgeon irutiated pause
to allow the surgical team to perform sonic housekeeping
function like replacing 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 curter tip If any
tip force component greater than approximately 1 5 kgf is
detected the controller as 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 cheks "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 implant shape
and an approach region The checking system is implemented
on a separate PCAT computer from the robot controller an
order to minimize 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 mm could be detected
However experiments with the fixator indicated that even

rather large forces (5 kgf) produced only negligible (16 pim)
motion and the bone motion monitor was not used in any
clinical tests

To verify end effector motion we used a Northern Digital
OptotrakM 3D digitizer which is capable of tracking light
emitting diodes to an accuracy of better than 0 1 mm 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 Fag 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 measurod The Optotrak measures the positions b., of
these beacons mn space and computes a best estimate of the
plate position Fi, by regression from the relationship

bo t.F,p*abp

The robot to-OptotTak and plate to-cutter transformations T,.
and Tpc 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 F,., relative to the
robot may be obtained from the relationship

FrC =T,-O*Fp *Tp

Constructive solid geometry (CSG) tree check volumes
corresponding to implant and cutter selection were constructed
from primitives bounded by quadric surfaces

, T * , e + q, epc + d, :5 0

located one millimeter outside the furthest nominal excursions
of the cutter when the shape is cut Intraoiperative checking
is performed by reading the beacon plate coordinates from
the OptotTak 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 information through a serial communications
line

To verify the performance of this system we deliberateIN
moved the cutter mn a succession of very small steps through
the boundary of the checking volume We found that the
system could detect %0en a motion crossed a threshold to
approximately 0 2 mm precision with constant orientation
and approximately 0 4 mm with Cutter reorientation Checking
rates of approximately 3-4 Hz were obtained using a slow (6
MHz '286) PC/AT 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 venfy basic
system accuracy and to gain confidence an overall system
behavior [25] Fig I11shoAhs typical cross sections produced
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Fig 10 Cutting force,. on Cddj%er dog bone Thi figure shok a plot of
cut,. In thi% plot 40 force unit,, coffe;pond to one pound (04S kgf)

by manual broaching and robotic machining In one bottom
line experiment three pins were implanted ito a test fixture
and located on CT images of the fixture A nUMDer of foam
blocks \here then successi%ely (and repeatabl)) clamped into
a socket in the test hixture %khich\kas placed at %arious poses
within the workspace of the robot Test shapes wkere 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 mleasured on a coordinate measuring machine with an
accuracy of approximately 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/right leg and 0
degrees/I5 degrees fixator pitch) for each of three separate
CT scans for a total of 3 x 4 x 3 = 36 blocks The total
placement error of the test shapes v%as found to be 0 5 mm for
a test fixture Aith pins placed at the distances they would be
on a human Similarly the dimensions of test shapes machined
in cadaver bone were measured %with calipers 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 cada%er bones and an implant was then inserted
into the hole wkere also conducted Although a dimensional
studN similar to 11 7) was not performed the fit achieved was
qualitati%el) very good The implant slipped into the hole wkith
little effort and fit snugl) No gaps could be seen if the foam
block wAas split longitudinally after insertion of the implant

Cutting forces for bone machining were also measured
Typical results are shoN&n in Fig 10 The greatest force %khich

the magnitude of the forLe-. on the cutter tip for fi%e i%pi il ro e'-iu( i1 1

seldom exceeded 0OS kef t) picall) %was enLounl.t. Ld %%hen the
cutter moved from the center plunge positon to the first
corner of a rectangular section of bonL beine rcl 11% L, Forte,,
%%ould then drop off subbtantially as the cuittr bNLin inoin.-l~

along edges of the section building Up to %OML%%hat bmaJlhr
local maxima (about 0 3-0 4 kgf) a's successi% e tomer,.,ol the
shape were reached

Except for bone motion detection the redundant Lheckine
mechanisms discussed abo%e %were all integritied into the
prototype surgical s%stem and u%ed in in iMo1( testin-. on
cadaver bones The most common error condition dLte ted
during these tests %as excessi%e cutting force wkhen ihL s-titter
plunged into unubuall) hard bone w%hich caused the controlhr
to pause robot motion Continuation from this condition %%aN
easily achieved by bdcking up the cutter 1-2 mm and rLstartine
the current cut

Both the real time monitor and the motion trackin- %% stern
proved to be surprisingIN useful in application dehuveinv
Even though the displa) wads essentiill) an animiation it
provided useful information about exact]% w%here the robot
should be and w%hat the controller thouoht it "sas doinc, Tht.
motion tracker pros%ided a useful consistenc% chtck to th..
calibration procedures It also caught a real bug in the %hipL
cutting code that might otherwise hj% e been %L-%hard to hnd

B /i Vho

A clinical trial on 26 does needing hip rmplacemirnt %ur-L-r%
wkas condULted from \1 is 19901 throueh September 19111 All
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Fie I I Cornpiraii~c crti i-ection This figure iho-As sections of human
cAid ix t.r bon%. iiop) pr,.pired %kith a manual broach and (bottom) machined
%% ith ia robot The m awtred midline dimensions of the machined sections are
%% ihino0(1s,I'.1 01 Im n nminji Somec surface irregulanities are seen where
ih nij hin d urf ite inter cc( chancellous bone other chipping arises from
th boine.ii-inLff PrOC I,

proLedur,.-,were !,ULLe%,,ful with no intraciperatie complica
lion% or intLctions, There were no intraciperative or postopera
tie crai.k% or fractures and (in the opinion of the surgeon) the
implants %were easily inserted and provided more mechanical
stabilit\ than w&ould normally be experienced with manual
broichino of the femur In contrast cracking was experienced
in S out of 15S cases in a manually broached control group and
the implant placement was not as good Radiographs were
used to compare placement of the implant in the femur for 15
cases in wkhich the robot was used to prepare the femur with
15 cases in %khich con\,entional manual broaching was done It
wkas found that for the Techmedica cemnentless canine implants
used in the stud\ con% enional broachins! often resulted in the
proximnal end of the implant was often tilted more toward
the miedIwl direction of the femur (i e more in a varus
orientation i than the surgeon judged to be optimal Because of
this possibilmt the surVeon tended to select a slightly smaller
implant desi-n th in he otherA ise would have In contrast
roboi, nathAning consistently matched the implant axis with

Fi\,.d h\ %kriappin LLrLilaL -Aire iround ihe affecied bone

the axis of the proximal femur enabling the %urgLt "eklC
the implant size that best matched the patient '- 1iLI A bone
geometry

In surgery the system worked very %%ell Ali' i-.h nc
systematic effort was made to compare surgic il cLuIiwi
times the total time of surgery %as roughNiC(ccI,r jble tc
that for manual broaching Anecdotall) it %ki,, ol ed that
the time required for robot machining %4j,, morL tinNioient
from case to case than the time required for manui.111 r iI
There were very few glitche,, and that there %h .a, I .1clual
use of any of the error recovery capabiliti. s of Ili NN stern
This is as it should be The force monitor OCLJ I % fTOZL
motion when the culter encountered an unu,.uill% i -eLtior

of cortical bone at the proximal end of thL ILI) li Ih,.,,i
cases the surgeon simpl) restarted motion %% ih 0tin~d ht III
terminal On two other occasions %%here th.- t nionitoi
stopped motion (once %khen the cutter becami~. J11LIed in
some suture material and once when it got 1) in in
assistant s glove) it was necessary for tht. rob( %% ithdra%k
from the bone The surgical team cleared tL n-iilement
and resumed the procedure %with onl% a fexw 4 moi ion
being repeated

The veterinary surgeon (Dr Paul) relied t d uim1g
monitor to pro% ide positional status informi onjulit
tion with his other senses B) listening to thi. hL 'Coult,
tell when the cutter was in contact v% ith hati1 1 \ lit. n ht
heard a change in pitch he %ould look at %. to %%.l%t
that %what he %was hearing %as consi-;tent %w0Ith h't1111.roboo
was cutting One interesting possibilit% for IL rl, %%oul(
be to automate such muliisensorN CrO-.- LhL,.

The separate motion checking %%%temn %k Li d t)
ino for dogs The surgical field Is rather Lit inLL
technicjan must constantly irrigate tht. bone x%l In robo
is cutting it It proved to be very diffiLul to pl L isioo
s3stem sensors in the veterinarian S opr-ratin ,%) th I
the)y%%ould alway s have a clear % iem of the c7i t, io 0nt
possibility would ha%e been to mount the cam) 1%. Id
Another would have been to use the %,%st~iLm . it 11.
spot' checkv of the robot Howe%er on,. con f l ilt
confidence gained from the inM 110tef-Stkd, II tirtil

concluded that the additional redunddnc% L i I %k I no
worth the added complexit) for %eterinar% c I hlt.r n
sensing solution altogether based on monitormi rt d I I
joint encoders was consequently adopted tit ',u' 11
human qualified second generation s-% stem I)-l'

XI CO%~CLLSIO\S
The system described in this paper dLn 'it., li

sibility of adapting a general purpowe m inipul itor o'
a precise surgical tool We were been IbIL t$ dLI 141; 11 1
order of magnitude improN ement in ihe prn. it in% i II
surgeon can execute a critical step in hip rL 1 II ILi I I

Beyond this it may be %korthA~hilt. It I- Ip ' III
system has addressed the general req~uirt.11 Il I thU L. 1
the beginning of the paper NNe found Iliait %L'i% 11III
human machine interaction technoloc% , Ii h . 1 , 11
effecti% e although further impro% t. nit. InirtuLdL I t itI Ii
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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 information 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-denved 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 regard experimental measurement of individual error
sources and the bottom line experiments described above went
hand in hand Similarl) the optical endpoint check though
ultimately not used in the operating room proved ver) useful
in debugging the shape cutting software

The related issue of safety was also paramount The fact
that our application required a robot to move a tool in
contact %jith a patient motivated us to implement a number
of redundant consistency checking mechanisms which proved
quite valuable both in application debugging and in actual
surgcr)

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 crowded 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
operating room complexity involved 9 In other applications
where an optical s)stem 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 eeneration robot 1211 incorporates an
additional independent %ei of encoder% to pro% ide further redundancv

surgery augmentation system that we have described The
experience gained with veterinary patients pro%jided the basis
for development of a second generation system 1191-12 I1J for
use on humans
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Laboratory Investigations

Techniques for Fast and Accurate Intrasurgical
Registration

David A. Simon, Martial Hebert, and Takeo Kanade
Robotics Institute, Carnegie Mellon Universty, Pittsburgh, Pennyivania

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 techniques 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 V~ 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 mmuwnze the amount of data acqired while ensuring regis-
tration accuracy We synthesize near-optimal intrasurgical 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 J Image Guid Surg 1 17-29 (1995)
01995 Wiley Liss Inc

Key words 3-D registration, pose estimation,
based data selection

rNTRODUCTION

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 i1130 guiding or constraining a surgeon s tool

moeets 1 11111superimposing graphical overlays
of internal anatomy upon a surgeon s view of the pa
tient 6 or guiding the position of radiosurgical equip
ment 16

Current approaches to 3 D registration in medi
cine require manual specification of corresponding

lugh-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 17 ridge lines to ridge lines,8 surfaces to sur
faces 12 and discrete points to surfaces 6I16.22,2

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 Carnegie Mellon University Pittsburgh
PA 15213 e mail address das@'n cmu edu
01995 Wiley Liss Inc
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ever, a recent trend in medical technology is to re
duce the need for invasive and uncomfortable
fixtuning 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 5-10
iterations/sec Although other researchers have ad
dressed this problem,' 3i 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 I
and orientation) of human faces Though we have 5
not yet applied the technique to a clinical prob I
lem we believe that there is great potential for this t
method in medical applications Three require C
ments for the use of this method are 1) the ability I
to construct a polygonal mesh representation of
the bounding surface of the relevant anatomy from
presurgical data 2) the ability to acquire at high I
speed, 3 D data of the bounding surface of the I
anatomy during surgery, and 3) the ability to de-
termine an approximate pose estimate for initial C
ization We have demonstrated the technique with I
a prototype high speed VLSI range sensor devel I
oped at Carnegie Mellon University (CMU) 7As t
other high speed 3 D sensors capable of t
intrasurgical use become available (e g , General
Electric s interventional magnetic resonance im
ager high speed radiographic imagers, real time I
range from focus sensors"1), it should be possible I
to adapt our technique to such sensorsI

The second topic addressed in this paper is I
the selection and acquisition of intrasurgical data
used in 3 D registration Sensors that have been used
for intrasurgical data acquisition include coordinate
measuring devices 11,

2 2 1' and radiographic imagers 17
These sensors vary in the costs associated with the I
acquisition of new data Each additional unit of data I
acquired (i e 3 D data point radiographic view) I
expends time and, in the case of radiographs in
creases the radiation to which the patient is exposed
Therefore, minimizing the amount of intrasurgical
data required to perform 3-D registration without
sacrificing accuracy of the resulting pose estimate I
is desirableI

To achieQ this goal we have developed a tech
nique for analyzing the geometric constraint between
two data sets (Ve have demonstrated that there is a I
strong corr J dtion between this geometiric constraint i
and the accuracy that results from registering the data
sets To generate automatically data sets that result I

Pr*4uwgkaluiSrfama
hrm CT or MI Appnsinioua
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Fig 1 Surface based registration

in good registration accuracy, we have developed a
synthesis technique, which maximizes a measure bf
geometric constraint We have empirically shown that
the registration accuracy resulting from synthesized
data sets is comparable to that resulting from the best
manually 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 techniques similar to that described in this
paper In particular, they register 3 D surfaces ex
tracted from presurgcal 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 companing 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 I The goal is to deter
mine the best possible alignment between a surface
extracted from presurgical volumetric data and a set
of data collected during surgery The intrasurgical
data considered in the following discussion are dis
crete 3-1) points, such as those collected by a coor-
dinate measuning 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 surgeiy via coarse
anatomical landmark correspondence This estimate
is used as a starting point in the registration process
Thus, we refer to the mechanism for performing reg-
istration as pose refinement

Mako   Exhibit 1002   Page  152



Snmmn et al Fast,A"cwrate lInwwd AlRegsaamn 19

Most approaches to geometric pose refine
ment attempt to minimize a least square error met-
ric such as

rmn 11M, -(RD, + T)j'(1

where D, represent points in the data set, M, represent
points in the model set, and R and T are a rotation and
translation respectively, which mu=nze the expres
sion In this paper the D, 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,, M) 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
(DgM) 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 I Below is an overview of the iterative closest
point (ICP) algorithm presented in that paper

1) For each point D, in the data set, compute
the closest point (Euclidean distance) M,
lying on the surface of the model set.

2) Using the correspondences from step 1,
find R and T, which nmnmze Equation I
via the method described by Faugeras and
Hebert 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 approxiate pose estimate is available for
initialization In general, there is no guarantee that 1CP
will converge to the global mniumn, however, we
have found convergence to be very good in practice
Techniques exist for finding the global minimum when
rionglobal convergence is a problem 2 When outliers
are present in the data (i e points mn the data set for
which there is no correspondence in the model) addi
tional processing may be necessary 11-1 We have em
ployed outlier detection similar to that described by
Zhang"2 for our high speed registration work.

The ICP algorithm has a basic pose refinement
capability which we have used in our work on high
speed registration as well as in the validation of our
mtrasurgical data selection techniques One benefit
of the 1CP 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
ie straightforward to modify our implementation 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 ICP algorithm it is
well suited to high speed implementation In particu
tar, unlike the case with some other pose refinement
methods,10 time-consuming gradient calculations are
not required For this reason, we have been able to
use ICP 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
eral if there are ND points in the data set and N.
geometric entities (I e, points, lines, mrangles) 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 2 and demonstrated by Zhang 32,
this complexity can be reduced to O(NDlogN,.) by
the use of a k-dimensional binary tree, or simply
kcd tree ' The use of kd trees for closest point corn
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 have
implemented a closest point algorithm based on the
kcd tree ' As demonstrated below, the useof kd trees
was the most significant factor in improving the
speed of ICP execution

Closest Point Cachmng
A second small speed improvement was realized by
caching closest points Refemrng to the model set as
M and the data set as D, points in M -and 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 Dj[k] 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 Dj(k + 1] s likely to be close to the
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0 Dl

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 varia
tion on this test can also deteirmine whether the cos
est point at iteration k + I s 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 similar caching technique can be applied to
spatially (rather than temporally) adjacent points If
two data points D,[Ik] and D, I,[k] 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 tni
angle In our experience, we found that we can ig
nore such cases ) In order to find M, 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 tni
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 D, 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 square er
ror and the magnitude of the incremental transfor
mations at the previous three iterations

Besl and McKay' calculate a single accelera
tion scale factor for both translation and rotation We
achieved better results by decoupling the accelera
tion of translation and rotation There are two rea

Load Prmcomputed Object
Model UMfrom disk M J

Initlahze Counter J = I

Acqmmr Sensor Dama D[Ol

M D[0 } Calculateltincree MU TD uoer]Esuma vICP TD [il

Fig 3 Tracking algorithu
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Fig. 4 Pose tracking apparatus

Table 1 Enhancement CoMRarnsons*
Ty~pe Tune %Time lterations Rot Acc Tranis ACC
None 9088 1000 122 0 0
a 2612 287 35 11 11
kd 622 68 122 0 0
kdIa 180 20 35 11 11
kd/a/d 131 14 25 13 7
kd/a/d/c 119 13 25 13 7
kdta/dtc/2d 83 09 25 13 7
Olypi indicates the enhancements used none no speed enhancemenus a

woupled accelerauion kd kd ufte based closest pointcomputnton d, demopWe
accelematon c closest point caching 2d fast surface point computation Tme
is the totalICP execution tme mn seconds %Mime is the perentage of tame
relauive to the slowest time Iterationa is the number of ICP iterations Rot Acc
and Trans Acc are the number of iherat ons for which rotation and twaslation
have been accelerated, 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-
nion 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) which 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

ENHANCEMIENT RESULTS
Four speed enhancements have been described, cos
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, D was 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, e, was
small (The magnitude of e determines the amount
of fine tuning" performed by the ICP algorithm
Smaller values of e result in pose estimates closer to
the local minima )

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 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, since 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 TRACE1NG ALGORITHM
An outline of the tracking algorithm is shown in Fig
ure 3 Each box in the diagram represents a process
tig 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 triangu
lar mesh model, M, is loaded into memory and a kd
tree is built from M After a range image D[01 is
acquired from the sensor, an initial transformation
between the model and the initial object pose can be
calculated This transformation, mTD[Ol, can be found
in several seconds using the ICP 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
lem discussed by Besl and McKay 2) In practice us
mng the face data discussed below we have found
that initial pose errors as large as 150 of rotation about
each axis and 50%b of the surface size in translation
will typically converge to the global minimumn Once
mT[O) has been calculated it is used to transform
the model to the initial object position Thus, all fu
ture pose estimates are measured with respect to this
iaitial 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 iterationsi andj Ilis
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 40 Thus, since the ICP algorithm uses '"TDDI

1] as the starting point when finding mTD[DI 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,'TDUJ.- I] 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,
improved 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 mTD[D 11, the cycle time is reduced

Fig 5 Surface mesh of the first author s face

TRACING RESULTS
The primary hardware component of the pose tracker
is the CMU high speed VLSI range sensor 7 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 I misec Range data
are acquired at 10 bits of resolution and are accurate
to 0 1% along the directiorn of range measurement
As currently configured the 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 transIa
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
tracker2" 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 minI
sec and 22*/sec were reliably tracked with repeat
ability of roughly 1P in rotation and 1 mm in trans
lation Additional system performance results were
given by Simon et al 28

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 finder2l
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
lugh-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
such 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
in 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

Thp 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

I

Mako   Exhibit 1002   Page  157



24 Smwon et al Fas4~ Acwwe IntramrgvWI Reguwafton

cl C2 CC311

Fig 7 Localixation 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
MOTIVAT7ING EXAMPLES
To gain a better appreciation for the role of geomet
nc 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 shaped 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
Tin 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
C1 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
irutial 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
1 , normalized for the number of points, and plotted
relative to the error for configuration C1 As might
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 9 LAcalization 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 position9

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"9

VF(x)

where F(x) = 0 is the implicit equation of the sur-
face IIVF(x )II 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
tion to the true point-to surface distance
Assume that there exists a point, x., which lies on
the surface Thus point can be perturbed with respect

269
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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 homno
geneous transformation, which is a function of six
parameters (tX1 tt, ro. o) o )where (6),, o)te od
are rotations about the X, Y,'and Z axes respectively
and (t ,t)? t:) are translations along the newly rotated
X, Y andi axes, respectively Define

as the 6 vector of parameters As a first step in the
analysis consider the gradient of D with respect to
each of the parameters oftI It can be shown that the
resulting 6 vector V(x,) is defined as

V(X" -VD(T( [X]T n (4)

where n is the unit normal to the surface evaluated at
the pointx, V(Y,) relates a small transformnation speci
fied by a vector di to a corresponding change in dis
tance between the point and the surface In other
words

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,))=dtT V (X,)VT(X )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, ))dtT[XM(x,)dl

where W,,Ris the sum of the M(x,) matrices evaluated
at each point in the region R The matrix 'PR 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
sisI , is 1 transformed mnto an expression that is more
easily interpreted

ER,(T(x,)) =dtTQAQTdt

6

= 1:;L (di Tq, )2

where ER is the least square error over the region R
A is a diagonal 6 x 6 matrix containing the eigenval
ues of T.~, Q is a 6 x 6 matrix whose columns are the
eigenvectors of T. , ,;t A, 2 ;L3 ZtA' 4ZtA 5ZtA 6are
the eigenvalues of 'P and q, are the corresponding
eigenvectors; Each eigepvector 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
vector q, corresponding to the largest eigenvolue
represents the direction of maximum constraint Per
turbing the points in the region R in the direction of
q, il result in the largest possible change in E. from
among all possible directions of perturbation Simi
larly the differential transformation represented 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 ER induced by a differential
transformation in the direction q,

A special situation occurs when some of the
A tare 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 ER Clearly, such
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Fig 10 Accuracy vs ninimum eigenvalue cube
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Al 'k2;L3 A~4 A~5 ;[6
Al 2 +A3 + 4 + 5 + 6

(9)

and the following measure suggested by NahV, 21

Bottom View

Side ViewURA

Fig I I Synthesized data set for femur

singularnties 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 (C I
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 minimum
eigenvalue result in better pose refinement accuracies
This agrees with the intuition suggested by Equation
8 for data configurations with small nmnmal eigen
values there are perturbations about the global muni
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 minimum
eigenvalue can be thought of as a criterion measure
that evaluates the goodness of a particular samn
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

(10)

A discussion of the implications of criterion mea
sure selection for a related problem can be found in
Kim and Khiosla 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
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020'L
00 20 40 60 s0

MaWntude of Mmnimum EiVenvalue
l00

Fig 12 Accuracy vs minimum eigenvalue femur

TVSynthesiedSet

tv Next Best Set
,* (Surgeon Selected)

060. 1 1 1 1

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 result
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 I11 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
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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 150 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 1 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 minimal eigenvalues all have small errors This
suggests a relation between the magnitude of the
minimumn 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 0 4 min in translation and 0 2* in rotation
Third note that calculating the magnitude of the
minimal eigenvalue is a very fast operation (roughly
1 ms on a Sparc 10), whereas calculating the aver
age pose refinement error is much slower (about 5
min 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 11 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 experiment described
above on a few other surfaces with similar 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
tribution 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
termine 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
method 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 available for several years
the resulting models are typically used for visualiza
tion applications in which model accuracy is not cru
cial We are currently investigating accuracy issues in
surface model generation by analytically comparing
generated surface models to a known ground truth 11
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 Geometric 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 constraifit 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 hugh
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
nmnmze the amount of data acquired for pose fe
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
eral 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 300-50' 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, -a hich can be used with any TIHA system

Despite many recent advances in total hip
arthroplasty (THA), dislckzation 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
penience many series still report a dislocation
incidence of 3%-5% i" 19 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 dislocation in patients who had
THAs with a posterolateral approach in the
lateral position than in patients who had
THAs with anterior and transtrochanteric
approaches in the supine position (Table 1)

Many orthopedists believe the advantages
of the posterior approach, which include a
shorter operating time, diminished blood
loss, and decreased morbidity, outweigh the
disadvantages of hip dislocation When T HA
is done with the patient in the supine position
through the anterohiteral oi the transtro-
chanteric approach, both anterior superior
spines are available for orientation of the ace-
tal?ulum 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 hon-
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
po%ition 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 roentgenograrn is compared with
the lumbosacral dngle on the operating table
with the patient in the lateral position the
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TABLE I Comparison of THA Approach and Rate of H-ip Dislocation

Sudi Year Approach Dislocan:on

Supine Position
McKer'O 1969 Anterolateral 200%
Charnley' 1971 Transtrochanteric 0 80%
Eftekhar' 1972 Transtrochanteric 0 50%
Pell ici et all' 1979 Transtrochantenic 047%
Woo & Morrey"2  1982 Anterolateral 2 30%
Vicar & Coleman"' 1984 Anterior and Transtrochanteric 2 20%

Lateral Position
Coventry' 1974 Transtrochanteric 3 00%
Fackler & Poss" 1980 Posterolateral 240%
Robinson el al 2 1980 Posterior 7 50%
,,Woo & Morrey32  1982 Posterior 5 80%
Vicar & Coleman"' 1984 Posterior 9 50%

pelvis is flexed 30 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' 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*-1 50 This retro-
version, combined with detachment of the
short external rotators tends to promote pos-
terior dislocation when the hip is flexed In
addition if the prosthetic cup is not flexed
sufficiently with the patient in the upright 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 anteroposterior
(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 10' to 15* If the

cup was placed in a position of45 * of horizon-
tal abduction to the table with the pelvis in an
adducted 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 made more difficult
because the opposite anterior superior spine
was not available for orientation, and the sur-
geon, assuming that the pelvis was perpendic-
ular to the operating table, must orient the
cup in -elationship to the table

TISSUE TENSION

Charnley3 believed that restoration of tis-
sue tension was the most important consider-
ation for preventing dislocation after THA
He routinely advanced the greater trochanter
I 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 1 cm, if necessary,
to restore proper tissue tension Fackler and
Poss'" found that 75% of their patients with
recurrent dislocations had severe medical or
neurologic problems that esulted in poor tis-
sue tension They also found in their series of
1443 TI-I6.s 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 Charniley 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,11
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 el al 11 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 meca
sure preoperative leg length by placing a Stein
mann s pin in the ilium abo we the acetabulumn and
a drill bit in the greater trochanter before the head
is resected During the nal reduction the dnll bit
is replaced in the same dnll hole in the greater
trochanter Fhe preoperative amount of shorten
ing is added to the initial measurement between
the pins to restore leg length and tissue tension

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 200, comparing the Charnley with
a head-to-neck ratio of 1 74 1, impingement
occurred at 800 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 114* 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 femioral
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 femoral component to 0' or more
may cause posterior dislocation when the hip
ts internally rotated Orientation of the femo
ral component is much less complex than ori-
entation of the acetabulurn The femoral
component in the normal hip can be oriented
to biseat the neck of the femur, and antever-
sion can be checked easily by comparing the
angle of the femoial 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 acetabular 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-

etabulum 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'-45 * abduction relative to the hon-
zontal plane and in 1 5*-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 35* is added,
which should place the acetabulum 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-
nor spine and the anterior superior spine var-
ied from - 12' to +40* It was not a reliable
bony landmark for positioning the acetabu-
lum (Fig 3)

Sellergren, in Turner and Arnold3 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 posterior superior and anterior
superior spine in 100 patients varied from -40* to
+ 12' (B) A line drawn between the sciatic notch
and the anterior supernor spine ranged from 00 to
F~400

the prosthetic acetabulum, ifthe bony acetabu
lum was not distorted by osteophytes, was not
dysplastic, or had not been deformed by
previous surgery Nordin and J'rdnk%. %i~
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 "6 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 Bobyn' recommended plac-
ing the cup in slightly greater anteversion and
abduction than the anatomic acetabular rim
A thorough search of the hterature revealed no
biomechanical study that demonstrated the
position of the prosthetic acetabulum as the
most stable throughout a physiologic range of
motion (ROM) i"2,3,52

TECHNIQUE OF CUP POSITIONING
Before 1984, the anterolateral approach

described by Muller22was 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
positjon, 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 0* to +400
Subsequently, with the patient in the lateral
recumbent position after the incision was
made one finger was placed in the sciatic
notch and one finger on 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 200 If
the line measured 10*, one line was drawn
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FIGs 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 20* 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 upnight position to place the cup at approximately 30*-40* of abduction The long
handle was perpendicular tothe line on the drapes and the sbort handle was parallel After the prosthesis
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 occumng

terided to sublux out of the acetabulum by
climbing the wall " The safe range for ab-

duction of the cup in 300 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 A biomechanical study was, done to de-
termine the safe range for cup abduction and
cup flexion The results of this study showed
that the ,safe range for cup abduction that
would allow physiologic ROM without im-
pingement was 300-50* abduction when the
cup was in 300 flexion It was also found that

the safe range for cup flexion that 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 rerorited that the
true lateral or cross-table lateral ,oentgeno-
gram for measuring flexion of the acetabu-
lum is not accurate 1611-1432 It was found
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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FIG 4 Sketch of how the angle of the line be
tween the sciatic notch and the anterior superior
spine is determined for orientation of the acetabu
lum 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 10* The cup was
oriented to the second line, which would
place it in 20' to the hori7ontal with the pa-
tient in the standing position (Fig 5) After a
biomechanical study, cup flexion increased
to 300

In the above technique, the McKm"~ cup
positioner was used which has 300 abduc-
tion and neutral flexion With the short arm
of the McKee cup positioner in the vertcal
position and the short handle aligned with
the 20* line on the drapes, the face of the
acetabulum should approximate 30* abduc-
tion and 20* 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 f'emoral 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-
rior supenior 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
-120 to +40'0

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 positioned 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
antenior superior spine

When the cup was positioned in 200 flex-
ion impingement was occasionally noticed
with the hip flexed to 900 and internally ro-
tated to 90" To eliminate impingement of
the prosthetic neck against the prosthetic
cup, flexion was increased to 30* This posi-
tion of 45* abduction and 30' flexion al-
lowed flexion of the hip to 900 and inlernal
rotation to 900 without impingement The
hips remained stable in full extension and Px-
ternal iotation with the cup in this position
(Fig 5)

When the cup was abducted below 300,
impingement occuried in flexion When the
cup -%as abducted more than 50*, the head
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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 nr 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 Flexion of the cup was
measured by taking a true lateral roentgeno-
gram of the postoperative hip with the pa

Clinical Orthopeedics
mWd Related Research
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FIGs 7A AND 7B With the acetabulum fixed in
300 flexion the amount of abduction is varied (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
50* dislocation occurred by climbing the wall
When the cup was abducted less than 30* im
pingement occurred in flexion and abduction The
safe range for abduction of the cup in 30* flexion
was 30*-50*

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 20* Variation in the standing
true lateral roentgenogram was within 10"
each time In the 100 patients who had both
cross-table and standing true lateral roent-
genograms flexion in the standing roentgen
ogram was 15*-20* greater than in the re
cumbent roentgenogram (Table 2)

FIG 6 A biomechanical study was done mea
suring the safe range for cup abduction when the
cup wis fixed in 30 flexion A similar study was
done measuing the safe range for cup flexion with
the cup fixed in 30* abduction

RESUL rS
From 1984 to 1989, 441 THAs were per

formed through the posterior approach using
the techtiique of positioning the cup by bony
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FIGs 8A AND 813 With the acetabulum fixed in
300 abduction the amount of flexion 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 the safe range for cup flexion with the
cup fixed in 300 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 tiv 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 dislocations
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

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
300 fiexion 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-
perfiexed 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 dislocatid 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' 400 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 occurred

After a biomechanical study indicated that
the safe range of flexion of the cup was be-
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FIG 9 Sketch of postoperative cup flexion evalu
ated by a standing lateral roentgenogram The pa
lient stands on the operated hip and the unin
volved hip is flexed to 900 The X ray tube is an
gled upward 300 and the beam is centered on the
acetabulum The patient stands against a standard
wall mounted Bucky diaphragm
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TABLE 2 Postoperative Cup Position in 100 Patients

Position Degrees n Position Degrees n

Flexion (max) 50 00 1 Abduction 5500 2
Flexion (mi) 20 0'0 6 Abduction 3000 1
Safe range 2000-4000 93 Safe range 3000-5000 97
Mean 3000 52 Mean 4200 37
SD 5 50 SD 440

SD standard deviation

tween 20' and 400, which allowed physio-
logic ROM without dislocation, it was de-
cided to increase flexion to 300 Since that
time, of 130 THAs done in 1989, no disloca
tions Lave occurred

DISCUSSION

Dislocation after THA is painful, prolongs
hospital stay, and rtquires bracing and, fre-
quently, a second operative procedure The
increasing use of porous ingrowth cups
makes revision for malposition extremely
difficult

Based on experience with the anterior ap-
proach, it is believed that the major cause of
dislocation is malposition of the acetabular
component When the patient is in the lateral
position, the pelvis is flexed, if the cup is oni-
ented in only 200 flexion to the longitudinal
axis of the patient, when the patient stands,
the lumbar lordosis recurs, the pelvis is ex-
tended, and the acetabulum may well be ret-
roverted in the standing position The hip
dislocates in flexion as the neck impinges on
the anterior nm

Also, it must be remembered that with the
patient in the lateral position, the operative
side of the pelvis is tilted toward the foot of
the table, and the cup should be abducted less
than is apparent when the cup is oriented to
the horizontal Otherwise, if the cup is ab-
ducted 450 relative to the floor or the table,
when, the patient stands, abduction will
approach 550 to 600, which approaches
an unstable positton of abduction for the ace-
tabulum

Other unpublished data collected by
McCollum and coworkers do not support the
concept that the stable position for the cup
should be 15 *-20* flexion The present study
indicates that the most stable range of posi-
tion for the cup is 30'-50" abduction and
20*-40* flexion,. In this pobition, the hip re-
mains stable while allowing a physiologic
ROM In this safe range, anterior disloca-
tions did not occur, even when the anterior
hip capsule was released When using the pos-
terior approach without a trochantenic osteot-
omy, no late subluxations or dislocations
were noted during a six-year follow-up pe-
nod

TABLE 3 Dislocations in 441 Hips 1984-1989 (1 14%)'

Patient Date of Surgeri Post operai, e Dislocation Cup Position (ABDIFLX)

11986 3 weeks 350/-400
2 1987 6 months 350/3500
3 1987 3 weeks 550/2000
4 1988 2 weeks 500/2000
5 1988 4 months 550/20 00

*All of these patients had a posterior approach TI-A in the lateral position
ABD abduction FLX 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 30 flexion and 45* 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 rim Dorr
el a16 stated that osteophytes seldom involve
the anterior nm of the acetabulum and that
the acetabulum can be oriented accurately in
line with the old acetabulum by positioning
the anterior nim of the prosthetic acetabulum
in line with the bony anterior rim of the ace-
tabulum The anterior rim 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 weeRs, stability may be
attained by capsular healing However, Cov-
entry'se 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 TH-A
deforms the normal acetabulum, making ori-
entation of the prosthetic acetabulumn and
alignment with the bony acetabulum unreli-
able In a study by Fackler and Poss"1 of hips
that had had a previous THA, 20 8% dislo-
cated after a second surgery Eighty percent
of the dislocations in Evanski et a!l'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 1mm 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 in 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 diccurate 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 Typically, 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 correspondence 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 algorithm) 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

I
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2

2.0 Registration

The registration algorithm used in this system is strongly motivated by the work of Besl and
McKay [21 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
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

nun IIM, - (RD,+ T)j112

RT

where R is a 3x3 rotation matrix, T is a 3x1 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 [4] 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
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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 procesg 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 7)j

[equation (1)]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, e, 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 minima 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 findling 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 discrepancie s 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 (NDJNM) However, as suggested in [2] and demonstrated in [14], this complexity can be
reduced to 0 %NlogNm) by the use of a k-dimensional binary tree, or simply kd-tree [1]
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,[ik], we can find n closest
points in M and cache these points together with the point D,[k] 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,[jk+1] is likely to be close to the point D,[k], 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+1 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 DJ[k] and D,+I[k] are proximal, then it is likely that their corre-
sponding closest points MJk] 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 M, 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 belongs' In order to find M,, D, is

I 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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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 1CP
ternunation threshold, e, was small

Tvrpe Time %T Iter R-Acc T-Acc
none 9088 1000 122 0 0
a 2612 287 35 11 11
kd 622 68 122 0 0
kd/a 180 2 0 35 11 11
kd/a/d 13 1 14 25 13 7
kd/a/d/c 119 13 25 13 7
kd/a/d/c/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 processing 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] This 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 imitial
object pose D[0], 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 e determines the amount of 'fine tuning performed by the 1CP algorithm Small
er values of a 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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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-JD Thus, during initialization each must
triangle be saved in both its 2-D and 3-D representations

V D

Figure 3 Closest Facet Point Computation

2 24 Acceleration

A final speed improvement was realized using a modified version of the accelerated ICP al-
gonthm described in [2] The accelerated ICP algorithm adds the following step to the basic
algorithm (after step 2)

2b If the incremental transformations (R, 7) at times k 1, 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 incremental 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 Besl'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 containmng 2432 points and

-MMMMEMEM
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M, D[O]ll
mT [ user ]I

Load Precomnputed Object
Model, M from disk,

Initialize Counter k = I

Acquire Sensor Data

Calculate Initial Pose
Estimate via ICP

Acquire Sensor Data

MT[k-1
Calculate Incremental
Pose Estimate via ICP

K- D[k]

HMT[k

k=k+ 1

Figurm 4 Tracking Algorithm

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 minimum
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 acquired
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 in

VD[O]

MT[o
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object position at time k and time 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 MTD[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 16x 16, is less than the full sensor resolution of 32x02 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 mTD [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 [6] 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- 10 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
pyramiud 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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5 1 Static Accuracy Results
The graphs in Figure 7 demonstrate the absolute accuracy of the system when the object is
assumed to be stationary To collect this 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 tis line can be interpreted as error
The object trajectory for these expeniments consisted of coupled translations 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

Mako   Exhibit 1002   Page  187



M r -'W /'"TAWL

Positioning Device Light-stripe Generator

I Figure 5 System Components J
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 characteniz-
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

I
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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 tho Microbot 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 performn 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 (10OHz) 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-
gonthm, 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 10H1z The approach utilizes a high speed VLSI
range sensor capable of acquiring 32x32 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 (RCI), 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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Computer-Assisted Knee Anterior Cruciate Ligrament
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 anisometric 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
anisometric sites The system uses a workstation and a three-dimensional optical localizer to create
images that represent knee kinematics The surgeon uses these images to guide the surgery Thus
technique has been validated on eight cadavers and 12 patients J7 Image Guiad Siurg 1 59-64 (1995)
0199S 11"1L% Liss Inc

Key u ords knee reconstruction, cruciate ligament, anterior cruciate ligament, patellar tendon graft

IN~TRODUCTION

The tre ItMLnt of an injur) to the anterior CrUC1atL
ligament (ACL) is difficult To replace a severed liga
ment the surgeon creates two tunnels one in thle
femoral notch and one in the tibia and inserts and
attaches a graft inside these tunnels The prOLedure
of choice is the patellar tendon graft (Fie I)

This sur,ical prOLcedure can be perfornlLd in
a classical open surgery or under arthroscopy ThL
success of the reconstruction depends on both the
selection of thL intraarticular graft position and the
initial graft tension If the insertion sites initial ten
sion geometry and nMLLhanical properties of thL
normal ACL can be restored during reconstructi%L
surgery the long tL.M complications of an ACL in
jury can be greatly reduced To determine the opti
mal placement of an ACL graft thle concept of
isometry has been ad,,ocated by many authors

This is a controversial approach but in our opin
ion using, this criterion is a good start towards a
rational and optimal surgery

The gyraft is att ICIlLd at tiko points F and T on
thle femur and tht. tibii rL%pecti% ely A perfect isom

etrv implies that there are no changes in the distanLe
betwveen F and T during, flex ion and extension of the
knee (Fig! 2) Conversely an anisometry is said to
exist wvhen there is a change in thL distanLe durn!
knee flemion evtension With weak anisometry thle
graft is subjLcted to nearly constant tensile forces
Thercfore thle risk of rupture because of excessi%e
tensile tore in e\tension or in flexion is reduced
and knee stabilmt is impro%ed In reality the graft
is not of uniform diameter it approximates the Form
of a cvlinder that widens at its extremities However
it the centers of the femoral and tibial attachment
SItM are nearly isometmu thLn at least the central
part of the graft is subjected to constant forces There
tore in our model our optimal criterion corresponds
to the minimal anisometry betwveen the centers ol
the ends ot the tunnels created by the surgLon on thL.
femoral notch and thL tibia

There is a W~at deal ot Lontrover%y o%er thL
emplovment ot ditferent surgical techniques tor po
sitioning Many of thLse technques strive to obt-iin
near isometriL graft placements To our know ledge
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there is no easy fast and accurate technique to find
the least antsometric insertion sites T and F For
instance in the well known technique of
Rosenberg 7 the surgeon places a thin wire at some
point F that appears to be the most isometric By
measurngo the length variation of the candidate wire
using a standard mechanical isometer the surgeon
then selects another attachment point This proce
dure is repeated until the anisometry is below a
given threshold (typically +/ 1 mm) or until the least
anisometric point is found We propose a system
that interactivelv predicts in real time the anisometry
and the profile of the length variation ot the graft
as a function of flexion angles tor any~ point on the
femoral notch surface

MATERIALS AN]) METHODS
The system we propose uses only intraoperative com
ponents Radiographs computed tomographv and
magnetic resonance imaging are not required The
entire system is installed on a cart and includes a
workstation (DEC 5000 running Unix) and a three
dimensional (3 D) optical localizer (Optotrak North
ern Digital Fig 3)

The optical localizer consists of three linear
charge Loupled deN ice (CCD) cameras that detect the
position of infrared emitting diodes with an accu
racy of +/ 0 3 mm The local izer can compute in real
time the position and orientation of rigid bodies made
of six diodes The four rigid bodies are waterproof
and can be sterilized with ethylLnL oxide plasma or
liquid sterilization chLMICalS (Fig 4)

In the current version of the system thle sur
geon drills the tibial tunnel without using the com
puter system (see below) ThL system is used to
optimize the 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 flexion extension of the
knee the variation of the di,,Iance between F and TO Tj i%
called anisometry If the trajettor-, of T belongs to a sphere
centered in F the graft is perfectls isometric

The method can be divided into four steps as de

tailed below

Step 1 Passive Fie-cion-Extension

At the beginning ot the surgical procedure the bur
-eon tirmly tixes two optical rigid bodies to the
temur and the tibia These rigid bodies are used as
referenLe coordinates systems namely RF tor the
femur and RT for the tibia A passive flexion ex
tension is then applied to the knce by the surgeon
(Fig 5) For about 20-0 knee positions ranging
trom maximal extension to maximal flexion the
surgeon presses a foot switch and the location of
the coordinate SYStcm RT with respect to RF is
computed and stored This gives a set ot matrices
RTj (Q = I M) ordered by the knee flexion
angle (Figc 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 pILing thee pointer tip at a fixed
location (with 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 (with a least squares approxi
mation) With this 3 D optical pointcr the surgeon
collects seseral data points b) placing the tip in con
tact with the surface and pressinga foot SWItch for
etich point (Fig 7)
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Tibial Attachmnent Point
Once the tibial tunnel has been developed the center
of its intraarnicular extremity T d is digitized with
the pointer An adjusted sharp rod is inserted into the
tunnel to provide an accurate central point to digitize

Femoral Notch?Stirface
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
20-100Opoints P =~v z) I=1 N is acquired
in less than 2 mim

Step 3 Anisometry maps computatnon

At this stage all the data necessary to meet our crite
non 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

Reconstruction ofthye 3-D t7ajectoyy of T
Step I above gives a set of positions RTj of the
coordinate system RT in the femur coordinate sys
tern RF Step 2 above gives the coordinates of
the tibial attachment point Tiril 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,, lis ouhlM
portion of a circle This a posteriori computation
makes it possible to perform step I and step 2 in
any order

Sphnc Inte? polation of the Fewimoal Notchi
Siface
The set of femoral surface points P = (ti I z) is
interpolated by a bicubic spline surfaceI To repre
sent the surface we ha%e chosen a parametric repre
sentation of the type z= f (% N ) where f is a
spline function We initially compute the least
squares plane fitting the set of points P so that two
vectors % and i belonging to that plane dLfine a
new intrinsic surfacec(oordinate system (t i' z )
We call (H] the corresponding 3 x 4 coordinate trans
formation matrix between (-c v z) and (,c I - ) All
the points P are first transformed in the intninsic co
ordinate sN stem before all the resulting points P are
interpolated by a spline f

This pararnL(Lrization is simple and rcLiable
since the surfaLe is digitized in a small arLa in WhILh
only one spline patch of the torm, =f (t is
neLLs%anx to rLprLSent th(, whole surfaCL

Couttation ofAnusometry Maps
For each point For the interpolated femoral spi ne
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)
MIN,~ 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 ANI
as a function of x and )

ANI(v v ) =

MAX Jdistance ([H] (t

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 image A different color is a%SOLiated
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 femoral surface using any standard surgical
tool equipped with a fourth rigid body For instance
if weequip adrill it is calibrated easily and quickly
by repeatingathe pivot calibration technique de
scnbed 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 iterativek~ searches for the coordinates t.
and i such that the distance between the point (r
i f (r i~ )) and the drill axis line given at a
time t is zero T4~e point I is displayed on thL
anisometrv map d1id the anisometry value ANY()
is displayed in millimeters The anisometry profile
which is the curve of lengyth variation along, the flex
ion angles 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 ot the anisometry
map and then drill a 2 nm temoral tunnel at that
point The surgeon always has the system predic
tion available in real time in case the drill slips

q

V T)i
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Fig 3 Workstation and 3 D IOLdlizer installed on a c.art

sligyhtlv on the surface Such an error can be cor
rected when using larger drill diameters (the final
tunnel is about 10 mm in diaMLter) It is also pos
sible to equip a standard guidinig system n which
the drill is introduced (Fig 9)

CLENICAL VUIAM LTON

Validation on Eigrht Cada,. er Knees

The system has bLen successtuliN tested on eight
caida%eric specimens In all cases anisometry was
less than 2 mm Anatomical results were detailed by
La\ allee et al During this study we compared the
PdSSI\e fleyion/e\vension motions of the knee before
anN, intervention and after cutting the lig-ament Both
trajectories \kere almost identical for all cases with
ditferences less than I mm Therefore for patients
with fresh ruptures of the ACL it is reasonabit, to
assume that a passn~e fle\ion/L\tension of the knee
performed at the beginning of the operation repre
sents the kinematics of thL normal knee

Validation in 12 Patients

ThL system has been successfully tested with 12 pa
tients in OpLn surger% for thrC patients and under
arthroscopv for nine patients (Fig 10) For the first
patients w e used a consc-rkati\e appro ich in which
the surgeon emplo\ed standard technique namcly
thle method of Mlorg.an et al ' M1hiL thL SyVtLM WaS
used simpl\ to Me I-Aire ind studv the rLsidu-il
anisoonr obtaillLd For ethic il reasons we did not

use thL technique directly without preliminary vahi
dation The position of the femoral SHLc was acquired
with the optical pointer with anisonittry ranging
from 1 5 to 6 8 mm and aMan value of 3 0 mm and
standard dLVIation of 1 7 min From these prelimi
nary results we conclude that the technique we used
provides good anisometry on a% erage but pLements
with large anisometry still occur in some patients
Insofar as standard devices are not adapted to each
individual patient these results were not unexpeLted
Our results reintorce 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 study can dehi
nitely demonstrate that this new technique is better
than previous ones Howe% er cost and expected ben
efit can be analyzed

Geyze7 al Cost
Time is a critical factor in ACL reconstruction 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
tor preparation before surgery

The system adds cumbersome new equipment
in the operating room and it may be difficult to use
initially Ho%%e% er the w hole system is contained in
a cart that is easil% brought into or renioNed trom the
operating room The cart can be moved at any time
without affectrno accuracv because all Loordinates
are acquired in relatiNe coordinate systems The sys

H'g 4 Optical rt,id bodies each made of six intrared
dbodL% Tuo n-id bodies are It-,ed on the tibia and fernur one
ri_Ltd body is a pointer to coluLt 3 D daita points and -inothtr
one locate-, an% existing %urgILal dnil or IuidL

-- -- -vi
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Fig 5 Two optical rigid bodies eath with six infrared
diodLs arL jitachLd to the femur (RF) and the tibia (RT) A
passi%e nmotion trom flLxion to extension is applied to (hL
knLe ThL svstem records the positions of the coordin Htc
sN%stem,. durin, that motion

tLM is also stronglN interactive and easy to under
stand The acquisitions with the optical localizer must
be pLrtormLd %khLn the field betmeen the cameras
ind thL ricrid bodies is tree but that constraint has to

bL m-et for only a te%k seconds Importantly thL. sur
geon Lan Lontinue with the standard technique and
material and use the new system as an additional aid

,\dding any equipment in the orthopedics sur
21c il room inc-rca'cS tht. risks of infection SPLLIal
care must be taken reg irding sterilization techniques,

In tLrms of cost the ne%k method requires only
standard COMPUILr and a 3 D optical localizer Thc

haird%%.are Lompontrnts of these systems are now in
expensi\e O\er time Cost efficacy will impro\e as
thL prILL ot the surpLcal dL\ ice decreaScS

Expected Beimfit
For each patient the sN stem helps in obtaining an
optimal pla.emient ot the graft Unlike man) currentl)
used techniques the s5 stem is not operator depen

Fig 7 The iurpeon uses a 3 D pointer fixed to in optical
rigid bodN This allo%%s collection of toordinates of specific
points or surface points in RF or in RT

dent Outcome depends more on the characteristici
of the knee than on the quality of the surgery Obvi
ousiv the new system does not remove the need for
surg-,ical expertise but it is an additional tool that pro
motes minimal graft anisometrv We assume that this
will improve the stabilitv of the knee while increas
inu the lifetime of the cyraft Our system should help
surgeons to acquirL experience and knowledgIL rap
idly to perform SUccessful ACL reconstrUction

Optimization of the Tibial Axtachment Point

The significance of the position of the tibia! tunnL
vs the temoral point in ansonmLtrv is debated 5SW
haNe found that changing the ILcaion Of tlIL tibia!

4 1

0 00

P~if, 6 Tht- sur.,.eon p I'LLS tht. poiniLr tip at a ll\L.d IcOL 1n1
and rotaiLs tILk polniLr around that ll-,Ld point

Fit, 8 T% PIcaI anisometn nmap A pscudoLolor pre%lltation
o1IthL predILtLdjanisomeirN on thi- kLmoral surtacc is dihpla% Ld
as in tmj-,- An interaLtil, 3 D %ie%% allows ob',Lr% ition of
th. tibial point trIjLLtor\ the splim-ntLoth %urIa,.c id thc-
ani%onietr% map on tht. kitti-rsur,IL For in\ candiditL point
F IIIL USLr int,crl Icc prtsen[s thL prLdICILd anISOInUrN %JIULS
and proFiIL%
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Fig 9 Any surgical tool can be equipped with an optical
rigid body so that the po%ition of the toot is di%played in real
time on the anisomeiry 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 tibia] 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 SLngrle-Tunnel Techmque

The single tunnel technique advocated by some au
thors is difficult to perform The technique we pro
pose make the single tunnel technique easv tast and
accurate A user interface is being de% eloped 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 recon%truction is a WLactL ta%k tor whILh many
tChniques have been advocated The sy%tem we pro
po%e IS aLcurate is not opel ator depLndLnt and opti
miLe% a defined cnitenon It is based on affordable tech
nology that does not require radiographs or
preoperative imaging Thc Surgery is based on images
that are created intraoperativelv to represent complex
dynamic data in a sit-plc. 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
licyaments for which tsometr) is desired

To facilitate further de%elopment a realistic
model of the ACL is needed This would allow the
use ofcriteria more exacting than the relatively simple
central isometry criterion Therefore we are de

veloping an elastic modLI of the ACL as a part of a
more complex model of the %% hole knee
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Abstract In Computed integrated Surgery (CIS) the registration be-
tween pre- or intra operative images, anatomical models and guiding sys-
tems such as robots or passive systems is a crucial step In our methodol
ogy rigid or elastic transformations are estimated using non linear least
squares minimization of euclidean distances computed on data that can
be 3D surfaces or 2D projections This paper shows the variety of results
that is achieved 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

- Pre operative data medical images such as CT, MRI, 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 electra-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 with a
3D passive or active manipulator during surger) [LST+941 In most of Aian
dard registration techniques used in CIS, material structures such as reference
pins or halls have to be fixed to the patient For several years, our group has
been -vorking on the concept of anatomy based registration according to which
some reference anatomical structures of the patient provide sufficient features
for registration See [Lav95, LSB95] for a description of our methodology

sary to precomput(
~'model S This dis
Sminimum signed et

q inside a boundin
Spositive for a point
Sinside it Therefore

representation of S
of 3-D points lyinE

.. which is a 3D adap
near the surface, se

W. Rigid 3D 3Di
S In most of appl
cedure applied to I
ca cbe represented
of a second series c
surface points (e g

Ssegmentation, or th
In this case we

6 components vecto
Sthe surface S -know

(we make the assur
look for the parame

Ssquares of distances
by T(p) in the 3D r

where d(T(p) q, IS)
the data point q, tr
variance of the noise
function is performe(
bust estimation is a]
given threshold and

Ragid 3D 2Dri
Sensor data maN

registered with a 3D
the first step is to u
the projection lines
contour of the projec

e

I

pE(p

Mako   Exhibit 1002   Page  199



213

ri 2 Registration method

ery In this section, we briefly present the algorithms that enable us to register a 3D
All surface model S with various sensor data For all these algorithms, it is neces-

ISOi2  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 d to the 3D surface model S from any point
q inside a bounding volume V that encloses S This signed distance function is

ie France 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

h Lab representation of S The distance map that we use is built from just a collection
1139 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
istration be- near the surface, see [LSB91] for more details
gm&dng sys-

ar methiodol Rbgid 3D-3D registration algorithm
linear least In most of applications, the 3D model is the result of a segmentation pro-

ata that can cedure applied to MI or CT images of a reference structure and sensor data
ety of results can be represented by a collection of 3D points obtained through segmentation
Ihcations of a second series of 3D images (CT, MR1, ), 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
whole information 6 components vector p (3 translation components and 3 Euler angles), between
See [Lav95] for a the surface S known in Ref3D and a set of Mp points q, known in Refie...,

to be registered- (we make the assumption that most of the points q, match to the surface) We
EP, SPCT, orlook for the parameters p that minimiuze an error function given by the sum of
Equar, SfdsanePECTnte,ufceSadth oresrpinstanfre

iria systmsningays by T(p) in the 3D reference system The criterion to minimize is

formation provided AMP u
ectro-magnetic 3D E()=Z~,p ~ [d(T(p) q,S)]' 1
can be passive 3D a 11 3=

he images on which where j(T(p) %,,S) is the minimum signed distance between the surface S and
that purpose, the the data point q, transformed by T(p) in the 3D reference System a2 is the
operative sensors, variance of the noise of the measurement e,(p) The minimization of the error

y hae tobe rgis-function is performed using the Levenberg-Marquardt algorithm [PFTV92] Ro-
uphave thoelgs bust estimation is also performed by simply removing the outliers exceeding a

updae te moelsgiven threshold and starting again new series of iterations
CT images with a.
1In most of stan-

s such as reference
ars, our group has
according to which

-2 sufficient features
methodology

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 [LS95] To perform such 3P-2D registration
the first step is to use the result of sensor calibration to calculate in Ref..,.~r
the projection 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
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formulation similar to the previous one, except that the criterion (1) is now
replaced by M

E(p) [d-l (I[t,((p), S)l2  (2)

where di(Q(p), S) is the minimum, along the projection line Q,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
Ref,3D and Ref,-nwor 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-spline built on the 3 D data
points The xyz coordinates of all these vectors constitute the parameters we are
looking for For any point q, In Refeens,ors the transformed point r, = T(q,,p)
is computed in Rtef3D 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) = (d(r,, S)]' +R'm (p), (3)

where d(r,, S) = d(T(q,, p) S) is the minimum Euclidean distance from the
point r, to the model surface S 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
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In this application the scalp surface of a patient has been segmented on both
MI 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
resliced CT image is computed and superimposed as we can see on Fig 1

The application of the same algorithm for SPECT/MRI 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 opetation 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 Refsenvor, arranged in pieces
of planar curves The whole system that encompasses the ultrasound image dig-
itization and segmentation is named 2 5D ultrasound pomnter Such data can be
regfistered 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 Skull

surfaces interactively segmented on a pair of calibrated X rays and sernt automatically
segmented on CT data Independant error measurements were obtained for both
,-ases 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 twi 0different sets of

range data acquired w th 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
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the two data sets (georgel), and the smaller of the two data sets is deformed
(he3Ad.) 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 quicly, 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

4 Conclusions

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

Fig 2 Rigid
acquired imaw
vertebra segmn

Fig 3 Itigid
with a 2 5D ul
bone segmientc

iii-
Fig 1 superimposition of MRI and reshiced CT images after rigid 3D 3D registration
using the scalp surface The result is visually perfect
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ABSTRACT The paper discusses aspects of the concept of
a computer integrated coupling of planning and execution in
orthopedic hurgery 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 workstratecy defined in the preoperative phase of
surgical planning After the general feasibility has been
demonstrated in some exemplary applications a detailed ana
lysis of specific clusters of potential applications must be
performed This is an essential base for the ergonomic
system design and synthesis of standardized solutions with
practical relevance within chinical routine General aspects as
well as experiences concerning two exemiplary in vitro and in
vivo applications are discussed

I RqTRODUCTION

There are many technologies in civil industrial environment
which would be useful as tools within the surgical
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 safety and scnsor 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 complext
work-process 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 forc es ) 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 aum a target point like a cystic cavity (defined entry
pomt and trajectory)

to omit sensitive structures lhke nerves or vessels
to circumscribe relevant stuctures like marrow cavities or

tumors
to reconstruct opurmal biomechanical conditions (cg 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 (eg hip
TEP) or fraoments of bone (c g craniofacial
surgery)

The complexity concerning planning and execution for each
of these criterias differs very much and depends on the
requirements of each specific applhcation
The need for a better technical support results in the goals to
rench

higher precision accuracy and eff iciancy
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 operauve

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 rem=i
If we want to profit from the possibility anrig 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 way 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 intmaoperative work
on bone anytime All effects of a technical solution must be
compared with each of the goals mentioned above Higher
precision should not necessarily result e g in a higher
intmaoperative workload We have to investigate how and in
which sequences and applications advanced technical means
could improve surgical therapy Generally holds that a
simple awd robust (not necessarily computerbased) solution
providing an optimal therapeutical result is the best one

II THE PRINCIPLE OF INDIVIDUAL TEMPLATES

The intraoperative workprocess should not be loaded
additionally by time consuming interactions with complex
technical system components Starting with this preliminary
essence of our ergronomic worksystemn analysis we developed
the concept of individual templates replacing the intra
opetative robot by 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 inith'operaively in a very simple and even
familiar manner 0
In orthopedic surgery standard templates and toolgaides exist
mainly for intervenuions in the area of extremities But their
positioning and orientation in spatial relation to bone is not
exactly defined and reproducable according to the preoperative
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 phvsiolog7ical biomechantcal conditions this seems
to be really suboptimal For pathologically deformed bone

A s
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structures and for many interventions in the area of spine or
pelvis (mainly implant independent interventions) no
toolguides are pvailable
But templates are familiar tools in orthopedic surgery In
principle the only missing information is the exact
correlation between the referenCL systems of the bone
structure the surgical planning and the tootguides
Additionally individual geometries tike backside contours or
other 3D structures defined by the individual surgical
planning should be reproducable (for example for limiting
cutting 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
0"ww"w

Fig I The concept of computer assisted orthopedic surgery
by means of indiN idual templates

Individual templates are generated on the base of 3D
reconstructions of the bone structures extracted from CT
image data and depending on the individual preoperative
surg ical planning Negatw'e 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" are milled in small semi
finished plastic blocs ot PfvlvA or PC adapted to the
standard size of the surgical portal dcpLinn on the kind of
intervention Apart from these contactfaces already simple

toolguides like jig bushes sawguides and even 3D-copying
devices can be adapted or fixed in or onto this basic body of
the individual template Intraoperauively the spatial relation
of bores cuts or milling to the bonestructure defined by the
preoperative planning can be reproduced sunply by putting
template formclosed 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 f//

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
intrzoperattvel 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 POTENTIAL APPLICATIONS

For our initial experiments with anatomical preparations we
choose the example of a transpedtcular drilling in a vertebra
necessary for the fixation of pedicle screws e g in the course
of scohiosis therapy Conventionally drilling is piloted by
first introducing a thin metal probe into the estimated bone
channel The positionrung is controlled by intraoperative
biplanar x ray imaging The fixation of the screws in
cortical 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 nsc

FRg 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
consideraton of the mentioned medical boundary conditions
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we defined an individual template with contactfaces reflecunga
segments of the bone surface normally preperated in the
course of conventionals~cohiosis surgery
Jig bushes integrated into this individual template defined
exactly position orieniation 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 trjectory
between an entry and a target point As a second potential
application we simulatd-d the punction and refilling of a
cystic cavity in femnoral 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 osteotomies can be
reproduced according to the surgical planning

Fig 3 a) The principle of a punction of a cystic cavity in
femoral bone combined with repositionning
ostcotomies b) CAD simulation M7

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 defined by a sawguide fixed
onto the basic body of template
The individual template with its contactfaces is adapted to
the sur gical portal as well as to the specific medical and
technical boundary conditions (e a concerning the
importance of the axis of bone)
Additionally a 2D copying device limits cutting depth
accordingy to the backside contour of the tibial bone A
known geometry and kinematic of the saw (eg a TUKE
saw) as well as a calibrated copying cam have to be assumed
Whereas thi conventional templates working on the base of
intramediulare nails are suiiable in the case of undeformed
bone this new iechniquc is useful especially in the case ot
pathologically detormned bone structures

Fig 4 Individual template for the total knee arthroplasty

But this technique also opens new doors towards new
concepts and strategies in therapy For example we investi-
gated the possibility to perform the correction of a scohiosis
up to 450 COBB angle by means of repositionning
osteotomnies of the vertebral bodies without a lasting
stiffening of spine Individual templates would be necessary
to reproduce intraoperatively the position orientation and
depth of the osteotomnies as well as of the transpedicular
bores which have to be performed uniquely through a ventral
portal [lj

al Correction of scollosis through a ventral portal
by means of Individual templates

Figa 5 a) The principle. of a scohiosis therapy by means of
repositionning osteotomies [7/
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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 cavitv in femoral bone

Last but not least individual templates can be used for the
the intraoperative 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 implants
shaft) is rigidly 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 definied spatial
relation of this individual template to bone the surgeon is
guided according to his preoperati,,e planning by simply
moving the copying cam (Logether with the milling tool)
within this copying pot

In the following we want to point out some more general
aspects W(. discuss two VL.rv diffcrent but nevertheless very
typical examples for the analysis of potential applications
being an essential part of our recent,%ork

IV GENERAL ASPECTS AND ANALYSIS OF
POTENTIAL APPLICATIONS TWO EXAMPLES

To bt. of some relevance and benefit for the clinical routine
punctual technical solutions are of limited value only But
the problems to solve for getting standardized solutions with
necessary and sufficient functionalities practicable within
clinical routine are highly interdependent and complex Task
allocation (man/man as well as man/machine) information
flow user interaction quality assurance manufacturing
devices and infrastructures are only some aspects of an
ergonomic system design The exact analysis of potential
applications and related worksystems as an essentia base of
an ergonomic design approach is one main subject of our
ongoing research /9/
Starting with analysis of complication reports intraoperative
work-processes 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
logy material and relating toolguides In consequence the
related chain of imaje (geometrie ) acquisition surgical
planning and finally the design and manufacturing of the in
dividual templates as well as the related manufacturing
devices semifinished material and infrastructures can 'be
standadize.
Concerrivic for example the standardisation of surgical
planning and computer assisted design of individual
templates for specific interventions we investigated the
example 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 /M as well as the design and
preparation of the NC program 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
concerTnng the required,esult
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 each 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-plattforin for the evaluation and selection of
concepts and solutions by mean!, of in vitro and in vivo
investigrations

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 man/machine one aim is to reach an optimal level of
automation and to standardize as well as to inteate as far as
possible (and reasonable) technical CAD/CAM features
within the planning system

We want to present two typical examples for our actual in
vestigations

a) Thipleosteotomy of pelvic bone by means ot individual
templates

The first surgical intervention with individually designed
and manufactured templates has been a tripleosteotomy for
repositionning glenoid cavity of the hip joint It already
confirmed the concept /7/ (Fig 8) We used three
independent templates for the three osteotomies and one
bare The intervention was planned by the surgeon with
DISOS and the data was transmitted to the CAD/CAM
device The inraoperative 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 standa.rdisation of this intervention CT
scan is already today a standard imaging modality to perform
surgical planning It can b(. standardized by means of
anatomical landmarks concerning-7ROI limitation and
standard bone ima Ye reconstruction algorithms with low
mAs products To minimize radiation we are investigating
the use of largler slice distances up to 8 mm Three cuts (os
pubis os i11iacus os ischiaticus) and one bore (to fix a

handle for maniputating the isolated fragment of glenoid
cavity) have to bf- performed The pubis cut is not critical
and can be carrILd out freehand The intraoperative
threedimensional rcproduction of the other cuts and the bare
is much more difficult because of the very small independent
surgical porials theC COMPILX geometn-e of pelvic bone and
the necessity to omit sensitiv structures like the glenoid
cavity and obturatorius nerves Conventionally this is
performed 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

Fie 8 Tripelosteotomv of pelvic bane by means of
W~ividual templates a) the principle b) the
templates c d) intmaoperative use and x ray control
on os ischiauicus (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 i1liac bone
Thus design 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 concerhiing manufacturing modalities for
individual templatts also included methods like
stereo h thog raphy or %olid modelling But these methods do
not seem to be adequate solutions concerning a rational
accurate and economic manufacturing

Finally the individual templates are sterilized and transmitted
to the operating room together with the conventional
sur ' ical instruments The reproduction of the preoperative
planning is performed by putting templates formaclosed on
bone X rav imaging normally is only necessary for a single
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Final check and for docUMmanttion

b) Decompression in cervicdl spine

The second very different exampl( is a decomprLssion in
cervical SPHIiL This intervention is muLh morL dLIIC3[C
concerning the .rgonomic design of the flecMssarva~nd bulfi
cient functionalhtiies and tools for IhL preoperative planning
as well as the intraoperjtlVL. exccution Mainiv die JSpLCI Of
quality assurance 47eis much more important 2D and 3D
copying devices must be provided for limiting7 cutting depth
The required accuracy is at the limit of CT image re!.oluuii
Intraoperative control ot the work on bone is much more
difficult The performance of decompression procedures r.Lies
on CT scan and MRI imaging techniques However after
diagnobis staging of 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

imayeacquLsition (CT)
evaluat ion of degree of stenosis (DISOS)
planning of the amount of decompression
necessary dorsally or ventrally (DISOS)
precisin~ details of drilling and cutting (DISOS)
(fig 9)

exemplary design of templates (CAD) (fig 9)
manutactung( of inchvididual templates (CAMI)
intraoperative recalibration of the milling tool
simulation at an intervention with application of
templates reducing freehand work to minimum
(OR ) (figQ 9)

evaluation of accuracy delimitation of points to
optimize and at necebsarv functionalimes
concerning CT DISOS CAD/CA?M and OR

The techniques'qf 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
copying faces are manufactured of PC (Polycarbonate) thus
being suitable to be sterilized by conventional steam A
circular jig plate (fig 7) aids the surgeon to maintain a
perpendicular mode of cutting A small copying cam is fixed
onto the mill (fig 7) After assembly the template finds its
position on the surface of the cervical spine
An initial bore %xas used to check and recalibrate the length
of the milling tool in relation to the copying caim This bore
was guided already by the individual template but the milling
head was advanced very carefully until the vertebral lamina
was slidely perforalLd %xithiout an injuring of the dur-a

Fig 9 a) e% aluation of degree of stenosis (DISOS)
b) Planning of an opendoor larninectomy with
DISOS (C3-C6 from dorsal)
c) CAD simulation demonstrating the principle of
3D-dLpth limitation
d) jemplate for an intervention through a dorsal
portal after assembly e) intmaoperative application
f) intraoperative application of a template for a
transcorporal decompression through a ventral
portal

The length of the milling tool and the position of the
copying cam on thL copNing 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 subsequently removed to less than I mm on the left
and about I mm on the nght (leaving the anterior cortical
layer intact) accordtqg to the preoperative planning The
millin ' tool perforated at two points of the planned path
(without damaging dura) on the left lamnina
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 %,Calibration (final check) of the milling tool
durin 1 intervention have to be performed After this
fundamental work has been done this category of
intervention should 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 intraoperalive execution in
orthopedic surgery based onl the procedure of individual
templates has beLn successtully 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 amm to integrate solutions into the related work processes
require a fundamental ergonomic system design approach An
exact analysis modelling and simulation ot delimited
applications the related work processes and systems
combined with the evaluation of exemplary solutions 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 other 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 standardization and rational
integration of system components In this sense the detailed
analysis of the medical and technical boundary conditions
procedures and iechnical 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 intra-operative use of image
intensifiers However, because there is no direct link
between the image 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
intra-operative procedures have been developed
The basic principles of stereotaxis have already been
introduced early tis 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 apphied effectively to
clinical problems Since 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 spinal 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 spinal 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 limits anchoring potential, but might endanger the
integrity of the surrounding 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 aim of the present study is to
introduce a new system for pre-operative plannig and
simulation and for intra-operative guidance during spinal
surgery For this purpose stereotactic concepts based on
three-dimensional toinographic image reconstructnon have
been combined with a space digitizing system
As usual all stereotactic components surgical instruments
(drill, pointer probes, etc ) 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
morc non-collmnear 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
space digitizing systems are currently m 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
o 15mm within a field of view of I 0mx1.2m 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 dlisplay the drill tip
during the drilling of a pilot hole through a pedicle To
accomplish this the rigid body is "transformed" 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 termed sKeicEd gisLraLioi i i, Lneral
matching methods can be divided into four categories (van
den Elsen et al 1993) (a) control point or paired point
methods (point to-point matching) (b) moment based
methods (c) structure based methods and (d) similarity
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 digitized in both the CT/MRI
image and on the vertebra The resulting coordinate
transformation 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 be--n detected from the tomographic
image data and a mininum 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 tine display of
the location of surgical instruments were accomplished
using the modified Nleurological Surgery f!lannmng 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 (Qrthopaedic Surgeiy P-lanning
System) Data from tomographic images (MRI and CT) and
projective images (X-ray, angiography) 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 T7his procedure
involves distinct pre-operative and an mtra-operative phases
Pre-operatwvely 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
mnteractively optimized and re-definied 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 defIiL f body-fixed COSs on the vertebra and
the surgical instruments custom marker probes were
designed (Fig 1)

Figure 1

All intra-pperatrve 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 posterior elements These points
are located in the CTINUU image accordingly in order to
perform a point-to-point matching between the "real world'
(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 tr7acking module
automatically displays any point being digitized on the
vertebral surface in real-time, in the tomographic image

324

I

Mako   Exhibit 1002   Page  214



Figure ;2

Figure3
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inis proucau ULMliCUIvu to identify inaccurate
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 umage
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 tune
visualization of the pedicle hole preparation The instrument
used can be displayed as a line in 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 instrurrent
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 tine, 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 demmeralized vertebra to provide
a set of exactly defined reference points The centers of the
spheres were measured with a LASER measuring device
(accuracy <511m) The resulting coordinates in the COS of
the LASER device (COSL) were termed 'exact" The
vertebra was CT-scanned with slice distances of Imm 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
addtional sets of coordinates in the COST 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 Igitized Table 1 shows the
associated mean digitizing 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 (dA) in
COSL and 43 525mm (dv) in COSV dV had to be enlarged
by 0 018mm moving #IV~ and/or #4V Using a non-linear

algorithm all centers in COSV and COST were slakicu tu
minimize the differences from COSL In order to preserve

RMS digitizing error [mm]
COSV 015

COS(JIMM 0.20
COSUUM022

Table 1

the validity of this procedure adjustments were kept less
than the average digitization error in the relevant COS The
resulting coordinates were termed "nearly exact' Table 2
summarizes the performed adjustments

Sphere # COSV COSM-MM COSCUMM~
1 0034 0.215 0.260
2 0026 0.227 0000

4 0036 0199 0150
5 0013 0199 0.212
6 0017 0250 0260

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 corresponding points in
COST If however, the ftranformiation is maccurate, the
transformed points will differ from the correct points in
COST The tranformation error therefore can be defined as
the space distance between the nearly exact points of COSCT
and the tranisformation of the corresponding nearly exact
points of COSV into COST (Fig 4)

Error

Error
CT

Transformation

0
p v

Figure 4
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includes digit on errors in both COSs as well
as numerical inaccuracies of-the transformation algorithm
Table 3 gives an overview of this overall systems accuracy
for different CT slice distances

Table 3

To further 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
instrumented pneumatic hand drill, pilot holes for pedicle
Screw insertion were prepared Only the real-tume display of
the drill bit in the CT image was used as an aid for guidance
to match the pre-operatively defined trajectory Aluminum
cyliders were inserted mnto 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
followig groups (I) cylider centered in pedicle, (II)
cylinder touches cortex (III) cylinder engages cortex, and
(TV) cylinder perforates cortex Figure 5 summarizes the
results of the in vitro study

2
I 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 confirmned 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 carrer design,
are already optimized

Conclusions The concept of the presented technique can b
applied to a variety of surgical procedures Image dat
reconstruction and manipulation modules provide powerft
tools for pre-operative planning and simulation Intra
operatively a four-step procedure helps to perform aj
accurate skeletal registration, the basis for an accurate an(
safe tracking of surgical tools Finally the real-time displa,
of the motion of any surgical instrument together with th,
corresponding tomnographic image enables the surgeon tV
follow exactly the pre-operatively planned procedure Earl
clinical results give reason to expect improved surgica
outcome and might lead to new frontiers in orthopaedi(
surgery
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Comparison of Relative Accuracy Between a
Mechanical and an Optical Position Tracker for

Image-Guided Neurosurgery
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ABSTRACT An essentual component mn the execution of image-guwded surgery is a hand-held probe
whose spatial position is tracked during the procedure and d&splayed on a three-dumensional opera-
tive workstation. This paper describes an experiment performed in order to compare the accuracy of
a mechanically hled pointing device (FARO surgical arm) and an optical position tracker
(OPTOTILW) agmwnt a "gold standard.".7 Image Guid Surg 1 30-34 (1995) aiggs Wiley-luss Inc

Key wiords FARO surgical arm, OPTOTRAX position tracking

ENTRODUMTON
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 magnp i
resonance imaging along with a visual representa
tion of a pointing device in the same imaging space

The Viewing Wand (I S G Technologies
Mississauga Ontario Canada) system currently used
at Montreal Neurological Institute uses the FARO
surgical arn (FARO Medical Technologies Orlando
FL) as a pointmng devicei e as a means to transimit
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 Macunas'4

The FkRO Surgical Arm

The FARO arm is a 6 degrees of freedom articulated
aluminum device3I The probe is a 200 mm cylinder

with a thin 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 digtized by an analog-to
digital (A/D) converter mounted on a personal
computei'(PC) A program provided by FARO is run
on the same PC to convert the digitized readings of
the joints' potentiomneters 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
excpected 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 I man

The OPTOTRAK Position Tracker

The OPTOTRAK is a position tracking device which
tracks infrared light emitting diodes (LEDs) by three

Received original February 3 1995 accepted February 20 1995
Address reprint requests to Robert Rohling Dept. Biomedical Engineering McGill University 3775 University Street Montreal
Quebec Canada H3A 2134 e mail rohing@borobotics mcgill ca

01995 W iley Liss IncI
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Fig I The FARO arm and the Viewing Wand system

fixed CCD cameras I The 01PTOTRAK has a stated
accuracy of 0 15 mm and a resolution of 0 0 1 mm at
a distance of 2 5 m between the LED and the cam-
eras Low noise levels during tests yield a resolution
of slightly greater than 0 01 mm When multiple
LEDs are used the OPTOTRAK samples them
nearly simultaneously (-1 000 Hz bandwidth) at a
user selectable sampling rate

Goals

The original goal of the experiment was to compare
the accuracy of the two localizing devices dynami
cally i e with the tip of the probe moving 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 dIone by comparing the distances be
tween'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

NIATERIALS AND NIETHODS

Reference Block

Holes 15 mmi deep and spaced 10 mm apart were
drilled into an aluminum bar with a Matsuura MC

5 IOV (Elliott Machinery Canada, Ltd ) numerically
controlled milling machine Each hole was carefully
milled 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
until an increase the width limited fuirther travel This
milling process ensured that the probe tip would de
scend the same amount for each hole The accuracy
of the nulling 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 alui
minum 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 iformiation
directly into a text file The software used by the
Viewing Wand was modified to perform this task,
which required moving the entire Viewing Wand sys
tern to the experimental location

Experimental Protocol

The base of the articulated arm, the calibration bar
and the OPTQTRAK 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 retpect to the FARO arm and OPTOTRAK 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

OPTOTRAK

Fig 2 0%,erview of the measurement apparatus
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coordinate system were then determined by solv-
ing the eigenvalue problem outlined by An et alI

By using a homogeneous transformation ma-
trix the transformation between -Pv,, and Pv can then
be written

0 VP=T

I I ]0

p
Ir

where

0OT .xp 0yp 0 zp0

0 0 p0 0P

PvPwasi

ton 1
then determined from the inverse of Equa-

>1= ( OT P -

2 Determination of the probe tip position in
the OPTOTRAK frame After the constant vectorPvA
was found a similar procedure was used to find the
vectors Ov. 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 (Ov..) Determine the
coordinate system on the probe by finding the prin-
cipal axes (OxP Oyp OzP) Use Equation 1 to deter
mine OU

Conversion of FARO Ar-m Calibration Data

As was previously mentioned the FARO arm data
describe the location Ov. of the probe holder (H)
together with its orientation (0,0 0 with respect

swqA c NoOtom*cam*wt

OFTOTRAXC

R

97 93I74 9 L5 1

Obrasm o2admmdh@ fu

OPTOTRAK -rip 42N
ARM BASE

Fig 3 The probe tip with respect to the LED and the
OPTOTPLAK 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

StatiLonary Calibration Data Extraction

Fifty samples of FARO arm data for the position 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 OPTOTRAK
data from each of the four LEDs are extrcted 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 ( Ovd) can be determined with
respect to the OPTOTRAKC coordinate system (0) if
the fixed relationship (I'vfl! 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

1 Determination of vector-* fP The probe was
rotated about a fixed endpoint (i e Iv,, is constant)
and 500 measurements were taken For each sample
the centroid of the LEDs (Ovd 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,,, 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 (OvP)
of LEDs The principle axes (Ixp, 'yp Ozp) of the

Fig 4 Examples of histograms of the robot (FARO arm)
and OPTOTRAY, measuTement dcsunbutions The data shown
correspond to the first data set from trial I
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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
vector8v, in the arm s base (B) coordinate sys-
tem is given by

V dp= R VR,(O) (01
(5)

where

[cos a sin a 01
R a=-sina cosa0

[0 01

and

R(a)=[0

0 01
cosa sina

-sina cosa_J

The homogeneous matrix is written with a notation
similar to that used in the previous section

TH=[ R-1 H v ],(8)
0 00 1

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 Ov, was found by mini
mnizing the standard deviation of the set of tip posi-
tions calculated using the inverse of the equation

This value of I1v, n was then used in Equation 9 to
find the position of the probe s tip (lv,,) from the
probe holder position and orientation measurements
taken when the probe was moved to different cah
bration block positions

Relative Accuracy Comparison

For each of the calculated OPTOTRAK vectors
OV,,and FARO arm vectors Bv,, the mean vector
to te 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 the surgical probe

tracted from the hole 1 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 I in trial I s plotted in Figure 4
Both the OPTOTRAK and the FARO 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 OPITOTRAK
and the FARO arm of each hole were taken with a
stationary probe i 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 digritizing probe showed a similar
level of accuracy for similar tests (maximum, error
of 0 11 mm and stand;;rd deviation of 0 02 mm)
Northern Digital reporled 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

L

4'

~1

v TH V'-pI I
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I

result of a number of factors many of which add
more inaccuracy to the overal[ result than those re-
lating to the localizauon device For example we
have found the major source of inaccuracy in such a
system to be related to the registration of images to
objects Given the expected overall accuracy of such
systems both mechanicaly and optically based lo-
calizing devices are appropriate for use in image-
guided neurosurgery
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Table I Calculations of the Distances Between
Holes*
Distance Macining OP2TOTRAK FARO arm
fromn hole Precision mne=sured distance distance
I (MM) (MM) (spreadl (mm) [spread](mm)
Trial I

10 0005 9942 10037] 9 762 JO01441
20 0005 - -

30 0005 - -

40 0005 39826 (0/1231 39434 (02261
Trial 2

t0 0005 10074 (01521 10108 (04911
20 0005 20038 [0 088) 20(.,/ [0 349]
30 0 005 30082 [0 0391 29 942 (0 1621
40 0005 40042 100481 39985 [0 1661
50 0005 50117 (00341 50008 [02411
60 0005 60115 (00401 59926(10195]

Trial 3
10 0005 9940 (01291 9718 (0.3331
20 0005 19868 10326] 19638 [0 3691
30 0005 29944 (0 1871 29624 (0 1961
40 0 005 39 955 10 189] 39456 10 1281
50 0005 49823 [0 1831 4951! (05451

Mle OFraMRAK and FARO aim measured distances represent the mean of
the nor=s of tihe measured vectors between the holes The spread indicales the
numurn subtracted from the nnium norm of the vectona between the holes
A dash indicates no Measurment.
vIrhese data atm 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 FARO arm deteruinations of hole
spacing are within 0 5 mm and have spreads of 0 5
mm However some distances are determined more
accurately 0 1 mm 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

I
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Automated Registration for Enhanced Reality Visualization in Surgery

E Grimson,l T Lozano-Perez,' W WeUlls' G Ettinger,'1 3 S White, 3tR Kikin,S2

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 craniotomny, 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 MRI 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 combi-
nation allows a visual mi% 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
ro-surgical 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

1Motivating 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 minimizing 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 MRI1, 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

'Artifcia Intelligence Laboratory Massachusetts Lustitute
of Technology, Cambridge MA

3Dcpartmcnt of Radiology Brigham Lad Womens Hospital
Harv&rd Medical School Boston MA

'The Analytic Sciences Corporation, Readhng 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 priors
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
termine relevant coordinate frame transformations

1 2 Contributions to the Ideal Solution
We have created a system that performs the registration of
clinical image data with the position of the patient's head
on the operating table at the tune 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 [41, where they can be graphically
overlaid onto violeo 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 descr4bes the use of our methods

(1) A patient requiring surgical therapy is scanned by a
3D, high resolution scanner, such as MRJ or CT

(2) The scan is segmented into tissue type in a semi
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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(4 IC eASr t- 1scan is a,411L- UJ C62 6C&
the patient skun surface depth data fro he 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 visuialization [11] to "see" inside the patient,
Ie , 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 miuing allow. the surgeon to
see both images IuUltaneously

(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 transformation

(9) In general, the surgery as 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 registration 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 clhm-
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 techmiques
to match this data to segmented skin data from the MI
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 [12]

This 3D anatomical reconstruction is referred to as the
mnodel, 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 points from 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 determine 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 [61 to match triples of vusi-
ble sampled model points to the three selected laser points
The method finds all such matches consistent with the rel
ative geometry of each triR el and for each we compute
the coordinate frame transf6lrmation that maps the three
laser points into their corresponding model points These
transformations form a set of hypotheses Note that dlue to
tampling, these hypothesized transformations are at best
approximations to the actual transformation

In examples such as3Figure 1, there are typically - 1000
laser sample points, and the model has typically 40,000
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jample points Given a view, and a Coarsely sampled z-
auffer, there are typically 1000 model points in the sampled
view In principle, there are rz 1015 possible hypotheses,
out using simple distance constraints, there are usually

z100, 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
f 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 Tefine as follows
(5 1) Evaluate the current pose Thus, if t, is a vector

representing a laser point,I m is a vector representing a
model point, and T is a coordInate frame transformation,
then thetevaluation function for a particular pose is

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 surface to the transformed
laser point Because of its formulation, the objective func
tion is generally quite smooth, and thus facilitates "puffing
inn solutions from moderately removed locations in param
eter space As well, it bears some similarity to the radial
basis approximation schemes used for learning and recog
nition in other parts of computer vision (e g [2])

(5 2) Iteratively max.imize this 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-
mng 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
Mmnimize using Powell's method to find the least squares
pose solution Here the evaluation function is

E2(T) = mn{d2.,m iT7-1m } (2

where d.,~,, is some preset max=mum distance This objec
tive function is essentially the same as the MAP match-
ing scheme of [10], and acts much like a robust chamifer
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
minmma 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 errors for pose of Figure 1

when the number of such trials that have passed since the
RMS value was last unproved becomes larger that 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 MRI 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 MR1I or CT data relative to the
view of the camera This rendering can be mixed with the
hive 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 Minimal excision

We have investigated two methods for calibrating the
camera position add 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 RMS errors of 1 6 millimeters

We have also run a series of trials with actual neuro-
surgery patients An examplA4egistration of the laser data
against an MR1 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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Figure 3 Example of registered laser data (shown as large
dots) overlaid on an MJU model This is a case of registration
of an actual neurosurgical case with the patient fully prepped
for surgery before the laser data is acquired

points, and reregister the remaining data Also displayed
are the internal positions 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 Luto the coordinate system of a second video cam-
era, and overlay this model on top of the camera's video
view This is shown in Figure 4

As mentioned earlier, the method has applications for
surgical planning and guidance, including tumor excision
and biopsy The method has broader application, however,
including the registration of multiple clinical data sets such
as MR1 versus CT A companion paper (5] discusses the
application of our method to change detection studies for
tracking lesion growth in patients with multiple sclerosis

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 mninim=za-
tion methods (9, 3] with some operator input to initialize (
and to guide the search A third group (1] perform regis-
tration by matching ridge lines on surfaces
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Computer-Assisted Spine Surgery: A Technique for Ac-
curate Transpedicular Screw Fixation Using CT Data and

a 3-D Optical Localizer
S Lavallee, Ph D ,PSaUt0t,Ph D ,J Troccaz, Ph D ,P Cmnqum,PhD , MD ,and P.Merloz, M D

Faculte de Medecane de Grenoble, TIMC-PMAG (S LtP S I,j T, P C), La Tronche,
France, Service de Chiurgie Orthopedique, CHUJ (P.M), Grenoble, La Tronche, France

ABSTRACT The computer-assisted spine surgery system presented in this paper follows the basic
ideas wluch have been developed for computer-assisted medical interventions (CkiM1) in our lab
since 1985 There are three steps to insert 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-operatrve sensor and a registration algo-
rithm Third, a guiding system helps the surgeon folow the gelected trajectory In this paper, we present
an unplementation of this method that uses only a 3-dumensional optical locahizer Results on cadaver
specimens and on the first seven patients are presented J Image Guid Surg 1 65-73 (1995)
0199S Wilev Uss55Inc

Key words computed tomo9raphy, spinal surgery, surface registration, 3-dimensional optical localizer

ENT"MODUMTON

The spine contains 24 articulated vertebrae Instru-
mentation is used to fix spine segments to reduce
deformities (e g scoljosis) or to treat fractures Spi
nal surgery instrumentation consists of three basic
implantable 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 Unfor
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 nrum 16 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 during surgery, %% ith no direct visibility
of the crucial structures i e spinal cord lung ves
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 "7 It is important to increase safety by
more precise intervention Presently our technique
is restricted to lumbar vertebrae (where the pedicle
is larg.,er) but a future application is for dorsal verte
brae Finally 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-
mng methods for computer lassisted 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 Lavallde TEMC AB Facult6 de Niddecine 38706 La Tronche Ci5dex France email
stephane lavallee @imag fr

01995 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

Tlus 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 Plannig
Computed tomography provides 2 dimensional (2
D) images of the anatomy of interest (typically three
or more vertebrae) Using a spiral CT a set of 2 mm
spaced slices is easily obtained We are also tnvesti
gating the use of magnetic resonance imaging (NM

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 td 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 inage pro

Fig 2 Vertebral anatomy From left to night cervical
thoracic and lumbar vertebra.

Fig I Lateral and trontal radiographs of an instrumented
spine

operative computed tomograph (CT) 2) An intra-
operative sensor to .ollect data It can be a pair of
radiographic images " a 31) ultrasound probe spa-
tially registered' or a 3 D pointer (described in this
paper) 3) A registration algorithm to match intra op-
erative data with a model ot the vertebra segmented
on pre-operative CT images I And 4) A guiding sys-
tem to perform the planned trajectorv It can be a sumple
mechanucal guide a laser beam positioned by a ro-
bot and aligned %%ith the trajectorvY11 '1 or a passive
localizer (described in this paper) See Lavallee et al

"fran extensive deto-nption and comparnson of these
systems

Recently a technique very similar to ours has
been proposed b% Nolte et al 11 These authors re-
port successfulI tests in clinical trials Almost the same
material componentrs 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 tirr.- dunng surgery This might be
preferable to avoid the pre operative planning step
A major differenc-- % ith our sN stem is that we use a
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Fig 3 Surgical planning interactive definition of a line segment %% ithin the CT volume of data

duces a section orthogonal to the trajectory At the
end of this session the trajectorv is defined by tmo
points in the CT coordinate system P I C= (ri l J-
0' and PI-cr = (x2 y2 z2 1)' The first point P 1 C de
fines the farthest extend of the screw to avoid perto
ration of the vertebral core The diameter of the screv,
is also selected at this stage to insure that the screw
is entirely inside the pedicle

The Intra-Operative System

The system used in the operating room consists of a
workstation DEC 5000 a 3 D optical localizer
(OptowTmak Northern Digital Toronto) and a set of
3 sterilizable rigid bodies each made of 6 infra red
diodes (Fig 4) These components are integrated ini
a mobile cart The optical sensor provides the posi
tion and orientation of the ngyid bodies in real time
with an accuracy of+/ 0 3mm

' first rigid body is firm-dy fixed to the spinous
process of the vertebra It defines the intra operati,,e
coordinate system Ref.fra

A second rigid body Ref, is equipped with
a sharp tip to collect 3 D coordinates of points by a
simple contact activated bv 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 this fixed point The intrinsic XYZ,P

coordinates of the tool tip are then computed in the
coordinate s-, stem Re by calculating with a least
squares approximation the most invariant point in
these motions The system accepts the calibration
only if the mean residual error obtained in the least
squares estimation is less than 0 5 mm It is usually
0 2 mm Bv bimple matrix products each acquisi
tion gives the position of the pointer tip in Re

A third rigid body Refd,,is mounted on a stan
dard surgical drill The drill chuck defines the me
chanical axis and is calibrated by repeating the pivot
cahibration technique for two sharp dnlls of differ

Fig, 4 The material is made of 3 ngid bodies with 6 infra
red mairkers that are attached to a pointer a pin that will be
fixed to the cenebra and a standard dnill
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ent lengths Therefore for each coordinates acquisi-
tion the system yields the position of the drill tip AlI
and a second point on the drill axis A2 both being
computed in Re,,

Ir Using the 3-D pointer Ref.,,the surgeon col-
lects a set of points lying on the urface of the ex-

C% 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
the acquisition

Pre-Operatuve and Inti-a-0pemutve
Registrauon
Registration calculates the rigid-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 miniumal interac
tion with the user 10 1 These tools create a dense set
of surface points Nf j = 1 n in RefcT (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 intra operative registration I These
steps are performed before the operation

During the surgery a 3 D/3-D registration al-
gonthmn 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
RT "between the CT coordinate system and the
intra operative coordinate system To obtain this
transformation the sum of squares of distances be
tween the points M1 and the surface represented im
plhcitly by the octree spline distance map is ini
mized Details can be found in Champleboux et al 2

and Lavallee et al "
Figure 6 shows a typical convergence of the

registration algorithmn At the end of this step the
optimal trajectory can bg computed in Refm

Fig 5 To collect a 3 D point ihe surgeon positions the = Tm Pc.o 1
pointer tip in contact %,.ith the vertebral surface and presses a
foot pedal (a) Acquisition during in vitro experiments (b) Aligriment of a Surgical Drill
Acquisition during aLtual surge.,ry (c) The result is aset of 3
D surface points 1,.in- on the vertebral surface Motions of This final step aligns the points AlI and A2 to define
the vertebra are compensated through an internal coordinate the drill axis with the optimal surgical line (Pl,,,
system rix.d to the spinous processP2, 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) Intermnediate position (c) Final position The convergence
is reached in about 2 sec on a DEC5000

Fig 7 DunnL, in vitro experiments a 6 axis robot positions
a laser beam at the location ot the optimal trajectory with a
submillimetnc aLicuracv (a) A tool is aligned with the laser
beam in simulated open surgery (b) The same technique can
be used for per utancous surgery

tory if and onlv if the distances between the drffl
points AlI and 42 and the optimal line are zero

A first possibility to perform of such an align
ment is based on a robot that cames a laser beam
The robot positions the laser beam to coincide with
the optimal trajeLtory Then the surgeon aligns a
tool with this laser beanji's Figure 7 shows such an
alignment performed during in vitro expeniments
Ho%~ever sinLe this technique requires the use of a
robot we ha%e designed a less expensive technique
using only the 3 D localizer This approach is de
scnibed belo%% In the WuE a possible strategy is
to merge both approaches to gain ease of use and
also safety b% redundanLV

The teLhnique using onl% the 3 D localizer is
based on a speciftall% designed graphics user inter-

I
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Fig 8 (a) Alignment of the drill with the
opostions thaectdril uTl apbest tofrethedesi

poptimal thaerril utha esttopfrthoreaedl
obtained on the screen (b) The tip of the drill is
on the trajectorv one cross is good it is right into
the central square that has a size of I mm (c) Both
the tip and a poinot the drill axib are on the optimal
034mctorandit01rrmmsTheicthene bcresainedo U
tra3ecoy,(witherror ndicahetreoste scaeignof

face On the left part of the screen we compute a view
which is orthogronal to the optimal line On that view
the optimal line (PIrarP.) is reduced to a single
point drawn as a red square in the middle of the im
agre In real time the drill point A4Ilis 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 arbitrzaiy position of the drill the three
crosses are distinct The corresponding window is
scaled to 10 nm, therefore a motion of one pixel on
the screen corresponds to 0 02 mm which ensures
sufficient sensiti%itv The position of the drill is ac
quired and displa% ed at a trequency more than 10 Hz

A twvo steps method is used to easily align the
crosses First the surgeon locates the tip of the drill
on the optimal trajectorv by aligning the green and
red crosses The distance between the tip pointAlI and
the optimal line is computed and displayed in milli
meters Second the surgeon adjusts the orientation of

the dnill by alig2ning the blue and red crosses The dis
tance betw~een the axis point A2 and the optimal line
is computed and displa%ed in millimeters (Fig 8)

Other featureb are useful to display for the sur-
geaon First the angyle between the drill axis and the
optimal line is computed and displayed in degrees
But more importantl% the distance between the tip of
the drillA41 and the limit point P1I,, is computed and
displayed in millimeterl Moreover the amplitude of
this depth is also reprerented by a vertical color bar

Finall% on the right part of the screen a 3 D
view represents the % ertebral surface points the op
timal trajeLtorv and a drawing of the current posi
tion of the drill as an arrow Although we can inter-
actively change the point of view and the scale of
this vte%%, ue rind It USetUl for global representation
and checking of abnorimalities but not as useful as
the simple %~ ie % % ith crosses which allows for an
accurate and eas\aah2nment
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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
left to right in reality coincide with motions from
left to right on the screen Typically a sub-millimetric
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

VALIDATION

In Vitro Studies

This method was first validated with in vitro expern
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 in
terface presented above We then acquire surface
points and register the CT and intra operative coor
dinate systems Finally a dnUl 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
pernmenEs submillimetric distances were obtained

In a second series of experiments the surgeon
actuallv drilled the pedicles of cadaver specimens
using the complete system Then we acquired lit
eral and frontal radiographs to check that the drilled
axis was in the middle of the pedicle The result was
very satisfactorv according to the surgeon (Fig 9)

Clincal Studies

Clinical studies were begun in May 1994 Thus far
the s) stem has 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

Durnng these first studies on patients the system
was not used completely for safety and ethical reasons
The surgeon drills the pedicle of a vertebra as usual
but the tmjectoy chosen by the surgeon is compared
with the trajectory indicated by the system A dn1ll
equipped with a rigid 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

Durnga these studies we also check the accu
racy of the svstemn 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 vertebra This plate is located in the sensor coor

Fig 9 In vitro experiment lateral radiograph 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 registration is applied be
tween the CT model of the vertebra and the pair of
calibrated radiogTaphs to estimate the transformation
between the CT coordinate system and the intra op-
erative reference SystemI This transformation is
compared with the transformation obtained with the
technique described in this paper to check the coher-
ence between two systems In the future we hope
that this percutaneous registration will replace the
registration using 3 D surface points So far the lat-
ter technique has proven to be more reliable

FQr all patients a difference of a few milhme
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
lirrinary studies we are planning a full clinical trial

CONCLUSION

In conclusion the system we propose for computer-
assisted surgery is simple to use and very accurate
It has been tested in clinical conditions in the operat-
ing room Successful results with in vitro experiments
and positive tests in vivo let us plan an extensive chmu-
cal trial of the system The clinical benefits of this
system are first to provide reliable and optimal
transpedicular fixations on lumbar vertebrae and
second to make possible and easy the transpedicular
fixation of vertebrae higher than the lumbar region
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Fig I1I T% pca] difference between the optimal trijector-, and the trajeL tor% sele ed b% the surgeon

Fig 10 Acquisition ot calibrated x rays dunng the operation
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Elevated-rim Acetabular Components

Effect on Range of Motion and Stability in Total Hip
Arthroplasty

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

AbsrraLt TI-e fiect of elevated rim (ER) acetdbular components on pto
thetic -ange of mot or, (ROM) and stability was studied in a laboratory Irrildtor
using three contemporary total hip arthroplasty (THA) systems Acetabular corn
punients wer,- tested ifl positions simulating both normal alignment and excess
abduction The geci-etry of the implants differed between systems-two types
were icientified ,ino their effect on ROM in comparison with their corresponding
pla n iiners were quantified The ability of the liners to improve instability ap
peared tc oe deperldenE on ihe cause of Instability the orientation of the metal
shC'I and ER laner and tne cR liner geometry The routine use of ER liners n
othie-wise atisfactorhty positioned acetabular cjmponents appearea to offer no
de -onstrable oerefit arid raised concern over theoretical disadvantages The
prima-y indication for these imnpants appeared to be in cases of instability due
o ao-tauular rralpositor in Nhich the metal shell is already well fied by cement

or 1.one ingrowth or cannot be readily changed Key words hip prosthesis
Iiip arthroplasty dislOCdt on range of motion prosthesis design biomaterials

A. major obje,.tive of total hip arthroplasty (THA)
Cle.agn ir. to maximize range of -nation (ROM/ and
sv%bll ty Amstutz Pt al ( 1, arid Znandler -t -il (2)
A~vat-ated factors that affecteas <WA in vaLtou, older
implant designs SincL tnacine 'r odular acr-tabular
orrponents w'hch allow thC- surgeop c A-r~t from

a-rono, both phoii anl extenaer, ci e1-;'ea
rimn (Fa) polyul?iulent- irewdbuiar , iers ncc,- 13e

J- om tho *Orrhope4edic Biotechamr-s Wooratori and nP t1tp and
imptant Surery Jna Alassachusel' Ceno'rI-71Pio,ial Bos oo Mas
sarjiustvLs

lapported in part bj the William 1-1 airi 'Pouinaat or boblon
ffas 4-vu tts

R~enrintr cquest William H- d-arri MJ Crthop-iedir IB oine
cnanICS Laboratory Massachusetts Geieral Mospital H v'ac!
Medical Sr(hool Boston MA 02114

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

While these ER liners aie I e rg visea cliruL.dJy
either on a routine 5-isis or n r-ases of instability
their actual effect or' ROM and bttbility has never
been reported Differences ir, geomettv among these
implants are not well detirec, He tia fe ft4arniied
the cifferences in the g-~m mry )i -P iners in tPuree
contemporary THA iystens id uqt r eifert on im
plant ROM and staoilit-v

Materials anrl M~etho&b

Pthree dimensional Protraro- iva,- bout that
simulates bone anatomy irnund Ibe hip APPILe-;a
compressive force acros, the join and allows th-e

S53
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THA to be maintained in consistent alignment while
ROM and stability are measured (Fig 1) Tests were
rLn 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
mrn 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 700 of abduction and 200 of forward

flexion Femoral components were inserted in 150 of
anteversion and the femur aligned with an 8* femn
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 0' extension (ERE) 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 Acetabular implants tested top to bottom Joint
Medical Howmedica PCA Zimmer HGP Left column the
n etal shells right ER liners (Joint Medical ER si7e + 15
shown)

femoral hgad during flexion and during internal ro
tation in flexion

With the acetabulum malpositioned the effect
of rim orientation on stability was assessed The apex
of the liner was tested sequentially in four positions
from 12 o clock (directIN 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 excessively abducted acetabular
shell Subsequent to this testing the polyethylene
liners 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 irr plant geome
try could be used to create an ER liner (Fig 3) We
defined type I ER liners as those in which the stan
dard coaxial relationshin between the acetabular

-1
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values for each measurement are reported Results
will be reported based on implant type and orien
tation of the acetabular t-omponent

A
Standard Position

rig 3 Type 1 vs type 2 liner design Diagramatic repre
sentation in cross section through apex of 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
,)enting the liner within the metal shell The Joint
Medical and PCA liners appeared to function pri
narily in this way In contrast type 2 liners main
tained the normal orientation between the acetab
ular liner and the metal shell instead an extra lip
of polyethylene is added to just one section of the
irim The HGP liner had this type of design All tests
were repeated three times The mechanical nature of
Ui~ece tests rendered results that were quite consis
tent Medsurements were found to be consistently
reproducible within ± 3* for dislocation Average

CSubluxation
SDislocation

The type I liners reoriented the axces 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 acetabulat 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
ma) 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 HiGP 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
neutral rotation (Fig 5)

Malposition

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

Dsubluxation
Udislocatbon

FLEX EXT IRE ERE FLEX EXT IRE ERE

Fig 4 Type I liner in standard position of 300 abduction and 20 forward flexion The ROM Of the plain liner is taken
as the x axis the bar graphs show the increase or decrease in ROM of the ER liner In comparison %%ith its corresponding
ptai 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
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200.

100o

00 1
200

E3 Subluxation
M Dftlocation

300j FLEX EXT IRF ERE

Fig 5 Type 2 liner standard position of 30 abduction
and 200 forward flexion The ROM of the plain liner is
taken as the x axis the bar graphs repretent 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
HGP 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
30 in the position of the apex of the elevated rim
within the metal shell (eg from I 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 90 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 90*
of these liners was highly dependent on the position
in which the elevated rim was placed Differences of

0MOO (12 o clock)
1130 (1)
*60 (2)
090 (3)

30]j FLEX EXT IRF ERE

Fig 7 Effect of rotation of the elevated rim in type 2
liner-shell in malposition of 700 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 comparison with the plain liner
Shown here HGP with the 26 mmn long neck and ER
liner

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

All of the ER liners tested shared the common
characteristic of relatively little improvement in sta
bility when dislocation was due to bony impinge
ment For the acetabular components in 300 abduc
tion with the rim placed posteriorly the average
increase in internal rotation in flexion from the ER
lin rs was 15* when dislocation was due to pros
the'Iic impingement and 3*01% hen due to bony irn
pingement Similarly for the acetabular components
positioned in 70' abduction apex of rim posterior
the mean intrease in IRF v% ith type I ER liners was
2 00 when dislocation was due to prosthetic impinge
ment and 3* when dislocation was due to bony im
pingement

This appeared to be due to the relatively long lever

0 oO (12 o clock)
330 (1)
060 (2)
M 90 (3)

30-' FLEX F-XT IRF ERE 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 the 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 mmn
head long neck and ER liner

330
360
090

(12 o clock)
(1)
(2)
(3)

-301

Mako   Exhibit 1002   Page  240



Elevatecl rim Acetabular (Gomponents Kuhele9a 5

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 corn
ponent In contrast when an equally small rotation
of the limb occurred about a point of prosthetic im
pingement 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 ischium 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 dISlocation 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 some
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 provide 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 200 of forward flexion
and has positioned the implant in this desired po
sitioni 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
nosition 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 instabiliq~ 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 immediatell obvious At times
it may1not be possible to place the ER liner in the
optimal orientation without repositioning the metal
shell since some shell designs allow 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 com
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 between 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)

Krushell et al S57
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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 THJA 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 duc
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

varies 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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DECLARATION OR OATH
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for this application

NOTE If the correct Inventor or Inventors are not named on filing a nonpro visional application under § 7 53(b)
without an executed oath or declaraton under § 1 63 the later submission of an executed oath or
declaration under § 1 63 durdng the pendency of the application will act to correct the earlier
Identification of inventorship 3 7 C F R § 148(0(1)

OR

0 The declaration or oath that was filed was determined to be defective A new
original oath or declaration Is attached

NOTE For surmharge fee for filing declaration after filing date complete item VI(3) below
NOTE '7he following combination$ 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 complyoing with the identification requirement of 37 CFR 1 63

"(1) name of Inventor(s) and applIcation number (consisting of the series code and the serial
number e g 08/123 456),

(2) name of Inventor(s) serial number and filing date
(3) name of Inventor(s) and attomey docket number which was on the specification as filed

'('4) name of Inventor(s) title which was on the specification as filed and filing date
"(5) name of Inventor(s) title which was on the specification as filed and reference to an

atta ched 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 filed and accompanied by
a cover letter accurately Identifying the application for which it was Intended by either the
application number (consIstIng of the senes code and the senal number e g 08/123 456) or
serial number and fiing date Absent any statement(s) to the contrary it will be presumed that
the application filed In the PTO Is the application vhich the inventor(s) executed by signing
the oath or declaration '

Notice of Jul 13 1995 (1177 0G 60) M PE P §601 01(a) 6th ed rev 3
NOTE Another minimum found acceptable In the declaration is the filing date (7 e date of express mail) and

the express mail number useful where the sedal number Is not yet known But note the practice where
the express mail deposit Is a Saturday Sunday or holiday within the District of Columbia 3 7 C F R
1 10(c)

(complete (c) or (d), If appilcable)

Attached Is a
(c) U3 Statement by a registered attorney that the application filed In the PTO is the

application that the Inventor executed by signing the declailation
(d) C Statement that the "attached" specification Is a copy of the specification and

any amendments thereto that were filed In the PTO to obtain the filing date

AMENDMENT CANCELLING CLAIMS

IlI l C Cancel claims ______________Inclusive

(Completion of Filing Requirements - Nonprovisional Application (5 I]--page 2 of 6)
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TRANSMITTAL OF ENGLISH TRANSLATION
OF NON ENGLISH LANGUAGE PAPERS

IV 0l Submitted herewith Is an English translation of the non-English language
application papers as originally filed Aso submitted herewith Is a statement by
the translator of the accuracy of the translation It Is requested that this
translation be used as the copy for examination purposes in the PTO

NOTE For fee processing a non English application complete item VI(5) below
NOTE A non English oath or declaration In the form provided by the PTO need not be translated 37 C F R

1 69(b)

SMALL ENTITY STATUS

v
C A statement that this filing Is by a small entity

(check and complete appilcable Items)

~iIs attached
0 A separate refund request accompanies this paper

0 was filed on (original)

COMPLETION FEES

V1
WARNING Failure to submit the surcharge fees where required will cause the application to become

abandoned 37CFR 153
NOTE For effect on feew of failure to establIsh status or change status as a small entity see 37 C F R 1 28(a)

1 Filing fee
O original patent application

(37 C F R 1 16(a)-$790 00, Small entity-$395 00) $
O design application

(37 C F R 1 16(")-330 00 small entty-$1 65 00) $

2 Fees for claims
o each Independent claim In excess of 3

(37 C F R 1 16(b )-$82 00 small entity-441 00) $
12 each claim In excess of 20

(37 C F R 1 16(c)-$22 00, small entity-$11 00) $
O multiple dependent claim(s)

(37 C F R 1 16(d)-$270 00 small entity-$135 00) $

(Completion of Filing Requirements - Nonprovislonai Application [5 11-page 3 of 6)
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3 Surcharge fees
0 late payment of filing fee

and/or

Dclate filing of original declaration or oath
(37 C F R 1 16(e)-$1 30 00 small entity-$65 00) $ 65 00

NOTE Even where a facs mile declaration or oath signed by the inventor(s) was part of the onginally filed papers
the surcharge fee Is required

NOTE If both the filing fee and declaration or oath wore missing from the onginal papers only one surcharge
fee for both need be paid 3 7 CFR 1 16(e)

40 Petition and fee for filing by other than all the
Inventors or a person not the Inventor
(37 C FR 1 17(i) and 1 47-$130 00)

5 0 Fee for processing an application filed with a
specification In a non-English language
(37 C F R 1 17(k) and 1 52(d)-$130 00)

6 0 Fee for processing and retention of application
(37 C F R 1 21 (l) and 1 53(d)-4130 00)

$

$

$
7 0 Assignment (See "ASSIGNMENT COVER SHEET)

NOTE 37 CFR 1 21(i) establishes a fee for processing and retaining any application which Is abandoned for
failing to complete the application pursuant to 37 C FR 1 53(o and this as well as the changes to
37 C F R 1 53 and 1 78 Indicate that In order to obtain the benefit of a pnor U S application either
the basic filing fee or the processing and retention fee of § 1 21(i) within 1 year of notification under
§1 53(f) must be paid

Total completion fees $ 65 00

EXTENSION OF TIME

VII

(complete (a) or (b), as appilcable)

The proceedings herein are for a patent application and the provisions of 37 C F R
1 136(a) apply

(a) 0 Applicant petitions\ for an extension of time, the fees for which are set out in
37 C F R 1 17(a)(1)-(4), for the total number of months checked below

Extension
(months)

Fee for other than
smlenuty

Fee for
smlentt

o one month
ol two months

othree months
ofour months

$ 11000
$ 40000
$ 95000
$1 51000

$ 5500
$ 20000
$ 475 00
$ 75500

Fee $
If an additional extension of time Is required please consider this a petition therefor

(Completion of Filing Requirements - Nonprovisionai Application [5-11--page 4 of 6)
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(check and complete the next item If appicable)

0 An 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$

Of

(b) K) 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

TOTAL FEE DUE

Vill
The total fee due Is

Completion fee(s) $ 6 5 0 0

Extension fee (if any) $ -0

Total Fee Due $ 65 00

PAYMENT OF FEES

IX.
~XEnclosed Is a check In the amount of $ 65 00

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 C F R
1 22(b)

Please charge Account No ~-11 for any fees that may be
due by this paper

AUTHORIZATION TO CHARGE ADDITIONAL FEES

X
WARMIA10; Accurately count claims especially multiple dependent claims to avoid unexpected high charges

If extra claims ate authodked

NOTE "Amounts of twenty five dollars or less will not be returned unless specifically requested within a
reasonable time nor will the payer be notified of such amounts amounts over twenty five dollars may
be returned by check or If requested by credit to a deposit account 37 C FR § 1 ;6(a)

29 The Commissioner is hereby authorized to charge the following additional fees
that may be required by this pqper and during the pendency of this application
to Account No -1I I-tIh1

gj37 C F R 1 16(a), (f]l or (g) (filing fees)
S37 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 filing 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 F R 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

(Completion of Filing Requirements - Noniprovisional Application [5 I)-page 5 of 6)
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L~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)

C2 37 C F R §§ 1 17(a)(1)-(5) (extension fees pursuant to § 1 136(a))
U~ 37 C F R 1 17 (application processing fees)

NOTE A written request may be submitted in an application that is an authorization to treat any concurrent
or future reply requiding a petition for an extension of time under this paragraph for Its timely submission
as incorporating a petition for extension of time for the appropriate length of time An authorization to
charge all required fees fees under § 1 17 or all requireo extension of time fees will be treated as a
constructive petition for an extension of time in any concurrent or future reply requining a petition for
an extension of time under this paragraph for its timely submission Submission of the fee set forth in
§ I117(a) will also be treated as a constructive petition for an extension of time in any concurrent reply
requiring a petition for an extension of time under this paragraph for its timely submission 37 C F R

S1 136(a)p3)

IJ37 C F R 1 18 (issue fee at or before mailing of Notice of Allowance pursuant
to 37 C FR 131 1(b))

NOTE Where an authornzation 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 F R 1 311 (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 pnor to paying or at the time of paying issue fee From the
wordIng of 37 C FR 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

Reg No 40,120SVATUIIE OF PRACTITIONER

Reg o 40120Jonathan C Parks

Tel No (41 355-6288

Customer No

(type or pnnt name of practitioner)

KIrkpatrI.ck & Lockhart LLP

P 0 Address 1500 Oliver Building
Pittsburgh, PA 15222

(Completion of Filing Requirements - Nonprovisional Application [5 I]--page 6 of 6)
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Application Number and Filing Date Is required

E3 5 The signature ofth following Joint Inventor(s) isi ~singYo the oath or declaration
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INVENT0RSHIP IDENTIFICATION "RAO
As a below named inventor I heIely declare that my residence, post office address and citizenship

are as stated below next to my namer'0 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 a patent is sought on the invention entitled

TITLE OF INVENTION

COMPUTER ASSISTED SURGERY PLANNER AND INTRA-O[!ERATIVF. GUIDANCE SYSTEM

SPECIFICATION IDENTIFICATION

the specification of which

(a) F] is attached hereto
(b) Z was filed on -Novmber 12. 1998 as Z Serial No 09/189.914

n~ and was amended on - (if applicable)
(c) was described and claimed in POT International Application No - filed on____

D anolwas amended on (if applicable)

ZCKNOWLEPGMENT OF REVIEW OF PAPERS AND DUTY OF CANDOR
I hereby state thatJ have reviewed and understand the contents of the above-identified specification

including the claims as oended by any amendment referred to above
I acknowled;eethe duty to disclose information which is material to patentability as defined in 37

Code of Federal Regulations § 1 56

PRIORITY CLAIMS UNDER 35 U S C. § 119(a)-(d)
(Prior Foreign/Pct Application(S) Filed Within 12 Months

(6 Months For Design) Prior To This Application)
I hereby claim foreign priority benefits under Title 35 United States Code § 1 19(a)-(d) or 365(b) of

any foreign application(s) for patent or inventors certificate(s) or 365(a) of any POT international application(s)
which designated at least one country other than the United States of America listed below and have also
Identified below any foreign application(s) for patent or inventors certificate(s) or any PCT international
application(s) having a filing date before that of the application(s) of which priority is claimed

Application Number Country or PCT Date Of Filing Priority not -Certified Copy
(Dy,Mot, ea) Claimed Attached?

171 C]YES NO(:

CLAIM FOR BENEFIT OF P~RIOR U S PROVISIONAL APPLICATION(S) UNDER 35 U SC § 119(s)

I hereby claim the benefit under Title 35 United States Code, § 119(e) of any United States
provisional application(s) listed below

Provisional Application Number Filing Date

Declaration Page 1 of 4
P-44838 01
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NO 97012CIP

I hereby claim the benefit under Title 35 United States Code § 120 of any United States
application(s) or 365(c) PCT international application(s) designating the United States of America that is/are
listed below and insofar as the subject matter of each of the claims of this application is not disclosed in the
prior United States or PCT International application(s) in the manner provided by the first paragraph of Title 35
United States Code § 112 1 acknowledge the duty to disclose information which is material to patentability as
defined in 37 Code of Federal Regulations § 1 56 which became available between the filing date of the prior
application(s) and the national or POT international filing date of this application

U S Parent PCT Parent Date Of Filing Parent Patent
Application No Application No (Day Month, Year) No (f applicable)

08/803 993 21 February 1997

DECLARATION
I hereby declare that my presentation of this paper constitutes a certification under 37 C F R § 10 18

which provides in part 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 that 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 100 1 of Title 18 of the United States Code and that such willful statements may
jeopardize the validity of the application and any patent issuing therefrom

SIGNATURE(S)

Inventor(s)

(MIDDLE INITIAL ORNR
DiGioia Ill

FAMILY (OR LAST NAME

Inventor's signature
Date

Residence
_____________________Country of Citizenship USA

Pittsbut~gh, ~A 15232

Post Office Address 5200 Westminister Place Pittsburgh PA 15232

David A Simon
(GIVEN NAME) (MIDM~E INITIAL OR NAME) FAMILY (OR LAST NVAME)

'Inventoe~s signature (DU.,44-,
I Date I___lu___________ Country of Citizenship USA

Residence Boulder CO 80303-1 238
Post Office Address 1424 Patton Drive Boulder CO 80303 1238

Declaration Page 2 of 4

Anthony
(GIVEN NAME)

PATENT
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ET NO 902I

FEB 8a9iog

Inventor s signature

Date

Residence

Post Office Address

Pi

51

(MIDDLE INITIAL/R NAIM

Ittsburgh PA 15217

162 Beeler Street Pittsburgh PA 15217

Jaramaz
FAMILY (OR LAST NA ME)

try of Citizenship Croatia

Michael K Blackwell
(GIVEN NAME) (MIDDLEI ITIAL OR NAj. FA MIL Y (OR LA ST NA ME)

Inventors signature 4-o m

Date I/ 1c Country of Citizenship -USA

Residence Pittsburgh PA 15217

Post Office Address 5854 Darlington Avenue Pittsburgh PA 15217

Frederick M Morgan
(GIVEN NAME) (MIDDLE INITIAL OR NAME) FAMILY (OR LAST NAME)

Inventors signature

Date /1_X4________ Country of Citizenship USA

Residence Quincy MA 02169

Post Office Address 157 Butler Road Quincy MA 02169

Robert V O'Toole
(GIVEN NAME) (MIDDLE INITIAL OR NAME) FAMILY (OR LAST NAME)

Inventors signature ? { V% - _

Dateif \9( Country of Citizenship USA

Residence Brooklne MA 02146

Post Office Address 1353 Beacon Street Apt 1 Brookline MA 02146

Takeo _____________Kanade

(GIVEN NAME) (MIDDLE INITIAL OR NAME) FAMILY (OR LAST NAME)

Inventor s signature J'-~ 7~

Date Cjop&. 2 2~ 9 Country of Citizenship Japan

Residence Pittsburgh PA 15208 f

Post Office Address 130 Penrose Drive Pittsburgh PA 15208

Declaration Page 3 of 4

PATENT

"---R
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DOCKET NO 97012CIP ~ PATENT
F] Signature by administrator(trix) or legal representative for deceased or incapacitated

inventor Number of pages added______
.A99 G El Signature for inventor who refuses to sign or cannot be reached by person authorized under

37 CFR 1 47 Number of pages added______

9 9 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) Number of pages added____

DJ Authorization of attorney(s) to accept and follow instructions from representative
This declaration ends with this page

Declaration Page 4 of 4
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4A PATENT

UJ IN THE UNITED STATES PATENT AND TRADEMARK OFFICE

16 ~37 C F R § 373(b) Statement

l$icants DiGiola Ill et al
For COMPUTER ASSISTED SURGERY PLANNER AND INTRA OPERATIVE GUIDANCE
SYSTEM
Serial No 09/189 914
Filed November 12 1998

Carnegie Mellon University, a non profit Pennsylvania organization is the assignee of the entire right title
and interest in the patent identified above by virtue of either
A [] An assignment from the inventor(s) of the patent identified above The assignment was recorded in

the United States Patent and Trademark Office on ____at Reel___ Frame -__ or for which
a copy thereof is attached

OR
B M A chain of title from the inventor(s) of the patent application identified above to the current assignee as

shown below
I From __To__

The document was recorded in the United States Patent and Trademark Office on ___at
Reel__ Frame ~ or for which a copy thereof is attached

EjI Copies of assignments or other documents in the chain of title are attached
The undersigned (whose title is supplied below) is empowered to sign this statement on behalf of the

assignee

Power Of Attorney

I hereby revoke all previous powers of attorney if any and 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

Carol I Bordas Reg No 37 284 Mark G Knedeisen Reg No 42 747
Tara C Cacciabaudo Reg No 40 935 William E Kuss Reg No 41 919
George D Dickos Reg No 30 048 James R Kyper Reg No 27 346
Thomas J Edgington Reg No 34 324 Mark R Leslie Reg No 36 360
Christine R Ethridge Reg No 30 557 Franklin B Molin Reg No 37 397
Jason D Haisimaier Reg No 40 300 Jonathan C Parks, Reg No 40 120
Robert P Hoag Reg No 39 712 Darren E Wolf Reg No 36 310
Richard W James Reg No P 43 690 Robert D Yeager Reg No 25 047

Please Direct All Correspondence to Jonathan C Parks, Esquire
Kirkpatrick & Lockhart, LLP
1500 Oliver Building
Pittsburgh, PA 15222 2312

1 of 2
Docket No 97012CIP
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0'P S nfQ1qPA"

FEB 8 1999 Declaration

Shereby declare that my presentation of this paper constitutes a certification under 37 C F R § 10 18
FrAr~ ich provides in part 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 that 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 statements may
jeopardize the validity of the application and any patent issuing therefrom

Date

Signature
Name SusKBurkett
Title Associate Provost

2 of 2DN 97012CIP 37 C F R § 3 73(b) Statement
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4 ~AEV~ractitioner's Docket No 970 12CIP
PATENT

IN THE UNITED STATES PATENT AND TRADEMARK OFFICE

In reapplication of DiG1io Ja et ailGroup No
SeriliNo 0 9 /189,9914
Filed November 12, 1998 Examiner
For COMP1tUTER -AS SI STED SURGERY PLANNER AND

GU IDANCE SYSTEM
INTRA-OPERAT IVE

Assistant Commissioner for Patents
Washington, D C 20231

STATEMENT BY PRACTITIONER THAT APPLICATION FILED IN PTO
IS THE ONE INVENTOR EXECUTED BY SIGNING DECLARATION

NOTE This foirml Is to be used when the declaration only indicates the name(s) of the inventor(s) and the titie
of the Invention Notice of September f2 1983 1035 0 G 3

Jonathan C Parks
Name of Practitioner

Kirkpatrick & Lockhart LLP

P 0 Address
1500 Oliver Building, Pittsburgh, PA 15222

Reg No 40s120 Tel No (412) 355-6288
state I am the registered practitioner for this application and the application identified above
is the application that the inventor(s) executed by signing the d6claration that is being
submitted herewith

b"ATRE OF PRACTITIONER

Customer No

CIERTIFICAIrE OF MAILING/TRANSMISSION (37 C F R I aa)

I hereby certify that this correspondence Is on the date shown below being

MAILING

0 deposited with the United States Postal
Service with sufficient postage as first class
maii in an envelope addressed to the
Assistant Commissioner for Patents
Washington D C 20231

Date_______

FACSIMILE

0 transmitted by facsimile to the
Patent and Trademark Office

Signature

(type or print name of person certifying)
(Statement by Practitioner That Application Filed in PTO Is the One Inventor Executed by Signing Declaration

[5 101)
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Attorney's Docket No 97012CIP. PATENT

For g U S and/or Z Foreign Rights
For 0 U S Application or

C]I U S Provisional Application
For 0 U S Patent
For fl PCT Application
By Multiple Inventors

ASSIGNMENT OF INVENTION (MULTIPLE INVENTORS)

In consideration of the payment by ASSIGNEE to ASSIGNOR of the sum of One Dollar ($1 00) the
receipt of which is hereby acknowledged and for other good and valuable consideration

ASSIGNORS (Inventors)

(type or print name of inventors)

David A, Simon

BranislavyJaramaz

Michael K. Blackwgll

Frederick M Morgan

Robert V.O Toole

Takeo Kanade

5200 Westminster Place
Pitt5burgh. PA 15232 U S.A.
Address Nationality

1424 Patton Drive
Boulder, CO 80303 1238 U.S A

5162 Beeler Street
Pittsburgh. PA 15217 Croatio

3s- - R k S fA MA~,M4 02.L
854-tY8rTgtiyuniAe 1 ,

Pit 644fe jzf 2t - U S A

157 Butler Road
Quincy. MA 02169 U.SA

1353 Beacon Street Apt I
Brookline. MA Qz'tjg& t?-!4!!UgS,A

130 Penrose Drive
Pittsburah, PA 15208 Japan

(Assignment of Invention-Multiple Inventors 116 3 21-page I of 3)
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hereby sells, assigns and transfers to

ASSIGNEE

Carnewie Mellon University
(type or print name of ASSIGNEE)

ta Non nrofit Pennsvlvania orannizatin)

be veu

Address

Piftsburah. PA 15213-
Natbonality

and the successors assigns and legal representatives of the ASSIGNEE

(complete one of the following)

Sthe entire right title and interest

Elan undivided________ percent %) interest for the United States
and its territorial possessions

(check the following box if foreign rights are also to be assigned)

Sand in all foreign countries including all rights to claim priority in and to any and all
improvements which are disclosed in the invention entitled

COMPUIER-ASSISTED SURGERY PLANNER AND INTRA OPERATIVE GUIDANCE SYSTEM

(check and complete (a) (b) (c) (d) (e) (f) or (g))

and which is found in

(a) nI U S patent application executed on even date herewith

(b) E]~ U S patent application executed on _______________________

(c) E]~ U S provisional application naming the above inventor(s) for the above entitled invention

0 Express mail label no__________________

Mailed

MI To comply with 37 CFR 3 21 for recordal of this assignment I an ASSIGNOR signing below
hereby authorize and request my attorney to insert below the filing date and application
number when they become known

(d) Z U S application no 09/189,914 filed on November 12. 1998

(e) F1 International application no PCT ________________________
filed on _________

(f) M U S patent no ______________issued________________

E] A change of address to which correspondence is to be sent regarding patent maintenance

fees is being sent separately

(also check (g) if foreign application(s) is also being assigned)

(Assignment of Invention-Multiple Inventors 116 3 21-page 2 of 3)

mmq

wwww -... v w. w#&V

4A4 9 15499 MI W11% I %el 11 I-J -X I VS-41 IMA W1 WCAI ll&.CAtl%Jl I I
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(g) Z and any legal equivalent thereof in a foreign country including the right to claim priority and in
and to all Letters Patent to be obtained for said invention by the above application or any
continuation division renewal or substitute thereof and as to letters patent any reissue or re
examination thereof

ASSIGNOR hereby covenants that no assignment sale agreement or encumbrance has been or will
be made or entered into which would conflict with this assignment

ASSIGNOR further covenants that ASSIGNEE will upon its request be provided promptly with all
pertinent facts and documents relating to said invention and said Letters Patent and legal equivalents as
may be known and accessible to ASSIGNOR and will testify as to the same in any interference litigation
or proceeding related thereto and will promptly execute and deliver to ASSIGNEE or its legal
representatives any and all papers instruments or affidavits required to apply for obtain maintain issue
and enforce said application said invention and said Letters Patent and said equivalents thereof which
may be necessary or desirable to carry out the purposes thereof

IN WITNESS WHEREOF We have hereunto set hand and seal this,
T-- Date of signing

WARNING The date of signing must be the same as the date of execution of the application if item (a) was checked above

Anthony M. DiGioia. III ~U IJY3 Ak
(type name of Inventor) ~reof~TOR

David A. Simon

Branislav Jaramaz

Michael K. Blackwell

Frederick M. Moraan

Robert V. 0 Toole

[] Notarization or Legalization Page Added

NOTE No witnessing notanzation or legalization is necessary If the assignment is notarized or iegalized then it wiii only be
prima facie evidence of execution 35 USC 261 Use next page if notarnzation is desired

(Assignment of Invention-Multiple Inventors 116 3 21-page 3 of 3)

M"

11 / Ij/ e)
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PTO/SB/1 (112097)aped for use through 9/30/00 0MB 0851003Patent and Tradear Office U S DEPARTMENT OF COMMERCE

STATEMENT CLAIMING SMALL ENTITY STATUS Docket Number (Optional)
(37 CFR 1 9(Q) & 1 27(d)) NONPROFIT ORGANIZATION 9701 2C IP

Applicant Patentee orlIdentifier AnthItory M D iG io ia II e t alI
Application or Patent No 09/1892914
Filedorlssued November 12, 1998
Title CCMIPUTER-AS S ISTED SURGERY PLANNER AND I NMA-OPERATI VE

I hereby stt Pj% r M TAK ee to act on behalf of the non profit organization Identified below-
NAME OF NONPROFIT ORGANIZATION Carnegie mell -on Uni1ve rs it

ADDRESS OF NONPROFIT ORGANIZATION 5000 Forbes Avenue
Pittsburgh, PA 15213

TYPE OF NONPROFIT ORGANIZATION
KI UNIVERSITY OR OTHER INSTiTUTION OF HIGHER EDUCATION

13 TAX EXEMPT UNDER INTERNAL REVENUE SERVICE CODE (26 U S C 501(a) andJ15011(c)(3))

0l NONPROFIT SCIENTIFIC OR EDUCATIONAL UNDER STATUTE OF STATE OF THE UNITED STATES OF AMERICA
(NAME OF STATE _____________________

(CITATION OF STATUTE __________________________________________________

11 WOULD QUALIFY AS TAX EXEMPT UNDER INTERNAL REVENUE SERVICE CODE (26 U S C 501 (a) and 501 (c)(3))
IF LOCATED IN THE UNITED STATES OF AMERICA

ElWOULD 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__________ _________

I hereby state 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 to the United States Patent and Trademark Office regarding the Invention described

in

O the specification filed herewith wth title as listed above
[~the application Identified above
Qthe patent identified above

I hereby state that rights under contract or law have been conveyed to and remain with the nonprofit organization
regarding the above identified invention If the rights held by the nonprofit organization are not exclusive each individual
concern or organization having rights in the Invention must file separate statements as to their status as small entities and
that no nights to the invention are held by any person other than the Inventor who would not qualify as an independent Inventor
under 37CFR 1 9(c) if that person made the invention or by any concern which would not qualify as a small business concern
under 37 CIFIR1 9(d) or a nonprofit organization under 37 CFR 1 9(a)

Each person concemn or organization having any nights In the Invention Is listed below

no such person concern or organization exists
Qeach such person concemn or organization is listed below

I acknowledge the duty to file In this application or patent notification of any change 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 appropniate (37 CFR 1 28(b))

NAME OF PERSON SIGNING Susan Burket t

TITLE IN ORGANIZATION OF PERSON SIGNING Associlate Provost

ADDRES PER ON su g ,P 5 1

Burden Hour Statement This form Is estimated to take 0 2 hours to complete Time will vary depending upon the needs of the Individual case Any
comments on the amount of time you are required to complete this form should be sent to the Chief information Officer Patent and Trademark Office
Washington DC 20231 DO NOT SEND FEES OR COMPLETED FORMS TO THIS ADDRESS SEND TO Assistant Commissioner for Patents
Washington DC 20231
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UNITED STATES JVARTMENT OF COMMERCE
Patent and Trademark Office
Address COMMISSIONER OF PATENTS AND TRADEMARKS

Washington D C 20231

APPLICATION NO FILING DATE FIRST NAMED INVENTOR ArTORNEY DOCKET NO

11/12/98

JIJNA rHAN C F ARk'S
P~TRKFATkICK & LOCKHART
15OLI OLIVER BUILDINAi
PITTSBU3LRRH PA 152-22

DIFIilIIA

LMUl'1/U409

A 970)12CIP

EXAMINER 771

FRF.Tri, R
ATUNIT PAPER NUMBER

AL'7 t-3
DATE MAILED

04/US/nli,

Please find below and/or attached an Office communication concerning this application or
proceeding

Commissioner of Patents and Trademarks

PTO 90C (Rev 2196)usoo99409IFleCy

09/11-:19, #4

k. je

I -

I File CopyU S G P 0 1999 480493

OF co'.

%rue
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Application No Applicunt(s)
09/1 89 914 DIGIola Ill et al

Office Action Summary Examiner Group Art Unit

I RUSSELL FREJD 2763

SResponsive to communication(s) filed on Jan 29. 1999

IIThis action is FINAL

MI Since this application is in condition for allowance except for formal matters prosecution as to the merits is closed
in accordance with the practice under Ex parte Quipft935 C 0 11 453 0 G 213

A shortened statutory period for response to this action is set to expire 3_ month(s) or thirty days whichever is
longer from the mailing date of this communication Failure to respond within the period for response will cause the
application to become abandoned (35 U S C § 133) Extensions of time may be obtained under the provisions of
37 CFR 1 136(a)

Disposition of Claim
XI Claim(s) 1 29 is/are pending in the applicat

Of the above claim(s)____________________________ is/are withdrawn from consideration

LiClaim(s) is/are allowed

SClaim(s) 129 is/are rejected

l Claim(s) is/are objected to

RI Claims____________________________ are subject to restriction or election requirement

Application Papers
M1 See the attached Notice of Draftsperson s Patent Drawing Review PTO 948

F] The drawing(s) filed on -__________ is/are objected to by the Examiner

LI The proposed drawing correction filed on _________is l approved [3:isapproved

F1 The specification is objected to by the Examiner

f-1 The oath or declaration is objected to by the Examiner

Priority under 35 U SC §119
LIAcknowledgement is made of a claim for foreign priority under 35 U S C § 11 9(a) (d)

LIAll Uiome* None of the CERTIFIED copies of the priority documents have been

LI received

r-] received in Application No (Series Code/Serial Number) ___________

LI received in this national stage application from the International Bureau (PCT Rule 17 2(a))

*Certified copies not received_______________________________________

nI Acknowledgement is made of a claim for domestic priority under 35 U S C § 119(e)

Atachment(s)
~lNotice of References Cited PTO 892
Sinformation Disclosure Statement(s) PTO 1449 Paper No(s) 4

LI Interview Summary PTO 413
ZI Notice of Draftsperson s Patent Drawing Review PTO 948
l Notice of Informal Patent Application PTO 152

- SEE OFFICE ACTION ON THE FOLLOWING PAGES -

U S Patent and Trademark Off Ice
PTO 326 (Rev 9 95) Off ice Action Summary Pr fPprNPart of Paper No 6
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Serial Number 09/189,914 Page 2

Art Umt 2763

Examination of Applicaftion #09/189,914

1 Claims 1-29 of application 09/189,914, filed on 12-November-1998, are presented for

examination This application is a continuation-rn-part of application 08/803,993, filed on 21-

February-1997, now Patent No 5,880,976

Rejections

2 The non-statutory double patenting rejection, whether of the obviousness-type or non-

obvious ness-type, is based on a judicially created doctrine grounded in public policy (a policy

reflected in the statute) so as to prevent the unjustified or improper timiewise extension of the

"right to exclude" granted by a patent and to prevent possible harassment by multiple

assignees In re Goodman, 11 F 3d 1046, 29 USPQ2d 2010 (Fed Cir 1993), In re Longi,

759 F 2d 887, 225 USPQ 645 (Fed Cir 1985) In re Van Ornum, 686 F 2d 937, 214 USPQ

761 (CCPA 1982), In re Vogel, 422 F 2d 438, 164 USPQ 619 (CCPA 1970), and In re

7thorington 418 F 2d 528, 163 USPQ 644 (CCPA 1969)

A timely filed terminal disclaimer in compliance with 37 CFR 1 321 (c ) may be used to

overcome an actual or provisional rejection based on a non-statutory double patenting ground

provided the conflicting application or patent is shown to be commonly owned with this

application See 37 CFR 1 130(b)
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Serial Numiber 09/189,914 Page 3

Art Umt 2763

Effective January 1, 1994, a registered attorney or agent of record may sign a terminal

disclaimer A terminal disclaimer signed by the assignee must fully comply with 37 CFR

3 73(b)

3 Claims 1-29 are rejected under the judicially created doctrine of double patenting over

claims 1-24 of U S Patent No 5,880,976 since the claims, if allowed, would improperly

extend the "right to exclude" already granted in the patent

The subject matter claimed mn the instant application is fully disclosed mn the patent and

is covered by the patent since the patent and the application are claiming common subject

matter, as follows the subject matter recited in claims 1-29 of the patent application, "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,

comprising " , is fully disclosed mn patent no 5,880,976, issued to DiGiola III et al on 9-

March-1999 The allowance of these claims would extend the right to exclude already granted

in claims 1-24 of the issued patent, that right to exclude covering "A computer system for

determining an implant position of at least one artificial component in a patient 's joint

comprising " The transitional phrase "comprising" does not exclude the presence of elements

other than "A computer system for determining an implant position of at least one artificial

component in a patient's joint" in the claims Because of the phrase "comprising", the patent

claims not only provide protection to "A computer system for determining an implant position

I
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Serial Number 09/189,914 Page 4

Art Umt 2763

of at least one artificial component in a patient's joint' , but also extend patent coverage to the

disclosed combination "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 afoot and ankle joint"9 The controlling fact is that patent protection for

'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 afoot and ankle

joint" fully disclosed in and covered by the claims of the patent, would be extended by the

allowance of the claims in the present application

Furthermore, there is no apparent reason why applicant was prevented from presenting

claims corresponding to those of the instant application during prosecution of the application

which matured into a patent In re Schneller, 397 F 2d 350, 158 USPQ 210 (CCPA 1968)

See also MPEP § 804

Non-Statutory Claim Rejections under 35 U S C § 101

4 35 U S C 101 reads as follows

Whoever invents or discovers any new and useful process machine manufacture or composition of

matter or any new and useful improvement thereof may obtain a patent therefore subject to the conditions

and requirements of this title

5 Claims 1 and 10 are rejected under 35 U S C 101 because the claimed invention is

Mako   Exhibit 1002   Page  266



Serial Number 09/189,914

Art Unit 2763

Page 5

directed to non-statutory subject matter The invention claims (mn claim 1), "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 afoot and ankle joint, comprising

a pre-operative geometric planner and

a pre-operative kinematic biomechanical simulator in communication with said pre-

operative geometric planner7

6 The Manual Patent Examining Procedure (hereinafter MPEP) provides, in Section

2106(IV)(B)(2)(b), that to be statutory, the invention must be analyzed in view of whether or

not it can be classified as a series of steps to be performed on a computer, wherein the steps of

the process are evaluated to determine if they perform Independent Physical Acts or

Manipulate Data Representing Physical Objects or Activities, in order to achieve a practical

application and if not, does the invention merely manipulate an abstract idea or solve a purely

mathematical problem without any limitation to a practical application

MPEP Section 2106(IV)(B)(2)(b)(0)fuirther provides that, in regard to Independent

Physical Acts (Post-Computer Process Activity), a process is statutory if it requires physical

acts to be performed outside the computer independent of and following the steps to be

performed by a programmed computer, where those acts involve the manipulation of tangible

physical objects and result in the object having a different physical attribute or structure

Furthermore the Manipulation of Data Representing Physical Objects or Activities (Pre-
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Serial Number 09/189,914 Page 6

Art Umut 2763

Computer Process Activity) defines a statutory process as one that requires the measurements

of physical objects or activities to be transformed outside of the computer into computer data,

where the data comprises signals corresponding to physical objects or activities external to the

computer system, and where the process causes a physical transformation of the signals which

are intangible representations of the physical objects or activities

7 In view of the foregoing, and other considerations, the Examiner respectfully contends

that the claims of the present invention do not meet the criteria established above for a

statutory process The reasoning behind this determination is

1) The claimed invention, "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 afoot and ankle joint" , does not require physical acts to be performed

outside the computer, those acts being independent of and following the steps to be performed

by the computer, those acts further involving the manipulation of tangible physical objects

which result in the object having a different physical attribute or structure For this reason,

the claimed invention does not meet the Independent Physical Acts (Post-Computer Process

Activity) requirement

2) The claimed invention requires a pre-operative geometric planner For at least this

reason, the Examiner respectfully contends that the pre-operative geometric planner requires

measurements of physical objects (measurements of the various joints and artificial
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Serial Number 09/189,914 Page 7

Art Unit 2763

components), to be transformed outside of the computer into computer data, and thereby meets

the Manipulation of Data Representing Physical Objects or Activities (Pre-Computer Process

Activity) requirement

3) MPEP Section 2106(WV)(B)(2)(b)(ii) provides that a statutory computer process is

determined not by how the computer performs the process, but by what the computer does to

achieve a practical application In view of the foregoing, the Examiner posits that claims 1

and 10 of the present invention do not meet the criteria established above for a statutory

process The reasoning behind this determination is the claimed invention is devoid of any

limitation to a practical application in the technological arts Accordingly, it is determined that

the apparatus for facilitating the implantation of an artificial component in one of a hip joint,

a kneeljoint, a hand and wrist joint, an elbow joint, a shoulder joint and afoot and ankle

joint merely connects computer operable systems (the pre-operative geometric planner and the

pre-operative kinematic biomechanical simulator), and, in claim 10, a tracking device

Same Invention Claim Rejections under 35 U S C § 101

8 A rejection based on double patenting of the "same invention" type finds its support in
the language of 35 U S C 101 which states that "whoever invents or discovers any new and
useful process may obtain-A patent therefor " (Emphasis added) Thus, the term "same
invention, " in this context, means an invention drawn to identical subject matter See Miller v
Eagle Mfg Co , '151 U S 186 (1894), In re Ockert, 245 F 2d 467, 114 USPQ 330 (CCPA
1957), and In re Vogel, 422 F 2d 438, 164 USPQ 619 (CCPA 1970)

A statutory type (35 U S C 101) double patenting rejection can be overcome by
canceling or amending the conflicting claims so they are no longer coextensive in scope The
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Serial Number 09/189,914 Page 8

Art Unit 2763

filing of a terminal disclaimer cannot overcome a double patenting rejection based upon 35
u s C 101

9 Claims 17-28 are rejected under 35 U S C 101 as claiming the same invention as that

of claims 16-27 of prior U S Patent No 6,002,859, issued to DiGioia, III et al on 14-

December-1999 This double patenting rejection is based upon the fact that claims 17-28 of

the instant application are an exact duplicate of claims 16-27 in the 6,002,859 patent, wherein

the Examiner respectfully asserts that the subject matter claimed in the instant application is

fully disclosed in the patent and is covered by the patent since the patent and the application

are claiming the same invention

10 A shortened statutory period for response to this actibrn is set to expire 3 (three)
months and 0 (zero) days from the date of this letter Failure to respond within the period
for response will cause the application to become abandoned (see MPEP 710 02, 710 02(b))

11 Any response to the Examiner in regard to this non-final action 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
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Serial Number 09/189,914

Art Umit 2763

(703) 305-5356 (for informal or
"PROPOSED" or "DRAFT")

draft communications, please label

Hand delivered responses should be brought to Crystal Parkc H 2121 Crystal Drive Arlington VA SixthFloor (Receptionist)

Date 3 April-2000

919'illWw MODi
V1AICHY4 EXAMINER

Page 9

7or / -
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FORM PTO 892 U

(REV 03 78) P

NOTICE OF REF

S DEPATMENT OF COMMERCE
ATENT AND TRADEMARK OFFICE

:FERENCES CITED

DOCUMENT NO DATE 
I

NAMEd CLASSI SUB CLASS

,tu

FILING DATE
IF

APPROPRIATE

___ A 5,880,976 3/1999 DiGia III et al 703 7 ______

B 5 995 738 111199' DiGiola, III et at 703 11 11 12 98

___ C 6,002,859 1211999 DiGiola, Ill st al 703 11 11 1298

___ D

___ E _____________________ ___

___ F _______ _____________

_ _ G__ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ __ _ _ __ _ _ _ _ __ _ _ _ _

___ H __________________

____1g,11_1mgmnimI

DOUETO DTJONR AECAS SBLS

NL ________ ______ _____________ _____________ ______ ______

M_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

R

S

T

EXAMINER DATE
RUSSELL FREJD AprilI3 2000

A copy of this reference Is not being furnished with this office action
(See Manuai of Patent Examining Procedure, section 707 05(a))

I
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Fom TO94 (ev8 8) U S DEPARTMENT OF COMMERCE Patent and Trademark Office Application No91.

NOTICE OF DRAFTSPERSON'S
' PATEP4T D NGVW

The drawing(s) filed (insert dae r
A- appovedby the Draftsperson under 37 CFR 1 84 or 1152

A. opproedtobthDrfsesnudr3CF18or15fothresniniaebeo ThExmnrwlrqie

subopission of new cqorrect d drawings whep riece sary Correcte~d drawing must P,e sumittpd according to the instrutitons op the back of this notice

~r ~ 1 1) 1 1 1I i I i

I DRAWINGS 37 CFR 1 84(a) Acceptable categories ot1dtawihgs
Black ink. ColorI

Color drawings are not acceplablo until peliton is granted
Fig(s)

t__ Pencil and non black ink not permitted Fig(s)
2 PHOTOGRAPHS 37 CFR 184 (b)

I__ full tone set is required Fig(s)
Photographs not properly mounted (must use brystol board or
photographic double weight paper) Fig(s)_____

___Poor quality (half tone) Fig(s)
3 TYPE OF PAPER 37 CFR 1 84(e)

- Paper not flexiblo strong, whiti and dqrable

___Erasures alterations overwritings interlineations,
folds copy machine marks not wccepted. Vjg(s)

- Mylar velum paper is not acceptabli; (too thin)
Fig() ____

4 SIZE OF PAPER 37 CFR I 94(f) Acceptable sizes
___21 0cm by 29 7 cm (DIN size A4)

21 6cm by 27 9cm (8 1/2 x I11 inches)
___All drawing sheets not the same size

Sheet (a)________
... =r"f:,se1 not an acceptable size Fig(s)

C.1"MARGNSCFR 1 84(g) Acceptable margins

Top 2 5cm Left 25cm Right15 cm Bottom10 cm
SIZE A4 Size

Top 2.5 cm Left 2.5 cnV Right 15Scm Bottom 1 0.cm
SIZE BU/2x11 i

Margins not acceptabie Fig(s) I1
___TOPmT)Left(L)_

Right (R) ____ Bottom (B)
6 VIEWS 37 CFR I 84(h)

REMINDER Specification may require revision to
correspond to drawing changes
Partial views 37 CFR I 84(h)(2)

___Brackets needed to show figure as one entity
Fig(s) _____

___Views not labeled separately or properly
Fig(s)_____

Enlarged view not labeled separetely or properly
Fig(s)_____

7 SECTIONAL VIEWS 37 CFR 184 (h)(3)
Hatching not indicated for sectional portions of an object
Fig(s) _____

___Sectional designation should be noted with Arabic or
Roman numbers Fig(s)

182 ARRANGEMtNT OF VIEWS '37 CFR' 84(1~)
I __Wordt do not appear on a horizontal left to-night fashion

when page is either, uprighl or turned sp that the top
becomes the right side exc4 f for gra l s Fig(s)

9 SCALE. 37 CFR1I84(k) tii I I
Scale not large enough to show mechanism without
crowding when drawing is reduced in size to two thirds in
reproduction
Fig(s) _____

10 CHARACTER OF LINES NUMBERS & LETT'ERS
37 C R 184(i)
k7lines numbers & letters not uniformly thick and well

defined, clean durable, and black (poor line quality)
Fig(s) 15- 1

11 SHADING 37 CFR1I84(m)
Solid black areas pale Fig(s) _____

Solid black shading not permitted Fig(s)_____
Shade lines, pale rough and blurred Fig(s)_____

12 NUMBERS LETTERS & REFERENCE CHARACTERS
37 CFR 1 84(p)

Nurnberg and reference characters not plain and legible
Fig(s)_____
Figure legends are poor Fig(s) _____

Numbers and reference characters not oriented in the
same d1rection as the view.- 37 CFRj I 84(p)(1)
Fig(s) _____

-English alphabet not used 37 CFR I 84(p)(2)
Figg i____

.~.Numbers, lettors and reference characters must be at least
32cm (1/8 Inch) In height. 37 CFR 1 84(p)(3)

13 LEAD LINES 37 CFR I84(q)
Lead lines cross each other Fig(s)

- Lead lines missing Fig(s)
14 NUMBERING OF SHEETS OF DRAWINGS 37 CFR I184(t)

Sheets not numbered consecutively and In Arabic numerals
beginning with number I Sheet(s)

15 NUMBERING OF VIEWS 37 CFR 184(u)
Views not numbered consecutively and in Arabic numerals
beginning with number I Fig(s) _____

16 CORRECTIONS 37 CFR 1 84(w)
Corrections not made from prior PTO-948
dattd______

17 DESIGN DRAWINGS 37 CFR 1152
Surface shading shown not appropriate. Fig(s)_____
Solid black shading not used for color contrast.
Fig(s) _____

COMMENTS

REVIEWER L AMt' DATE. 0.3/0 3h9TELEPHONE NO(7) O63(

ATACHMENT TO PAPER NO 2

Form PTO 948 (Rev 8 98)

B12-ST COPY
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MG-Dct -00 CzACk - 0

526(Rec"d POTPTO 28 JUN2000 7 .

PA TENT

IN THE UNITED STATES PATENT A TRADEMARK OFFICE
In re application of DiGioia et al

Serial No 09/189 914 Group N ,0

Filed November 12 1998 Examiner R FrejdZj cpoC=
For COMPUTER ASSISTED SURGERY PLANNER AND INTRA OPERATIVE GUIDANCE STEM 1 c)

Assistant Commissioner of Patents
Washington DC 20231 C

EXPRESS MAIL CERTIFICATE C
Express Mail label number EJ164518127US

Date of Deposit June 28. 2000

I hereby certify that the following attached paper or fee

AMENDMENT TRANSMITAL
RESPONSE TO OFFICE ACTION
TERMINAL DISCLAIMER
CHECK PAYABLE TO PTO (For Terminal Disc Fee)

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 Assistant Commussioner for Patents, Washington DC 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)
fuilly 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 refuisal notice of appeal etc If the sernal
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 31)

P1 555317 1
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Attorney's Docket No 97012CIP rTJo~ vg
IN THE UNITED STATES PATENT AND TRADEMARK OFKfQtljp 27()o

In re application of DiGioia et al

Serial No 09/189 914 Group No 2700

Filed November 12 1998 Examiner R Frejd

For COMPUTER ASSISTED SURGERY PLANNER AND INTRA OPERATIVE GUIDANCE SYSTEM

Assistant Commissioner for Patents

Washington, DC 20231

AMENDMENT TRANSMITTAL

1 Transmitted herewith is an amendment for this application

STATUS

2 Applicant is

a small entity A verified statement

D] is attached

N was already filed

D other than a small entity

CERTIFICATE OF MAILING/TRANSMISSION (37 CFR I 8a)

I hereby certify that this correspondence is on the date shown below being

MAILING FACSIMILE

[I deposited with the United States E transmitted by facsimile to the
Postal Service with sufficient postage as Patent and Trademark Office
first class mailIin an envelope addressed
to the Assistant Commissioner for Patents
Washington D C 20231

Signature

(type or pnnt name of person cerhifying

PI 555290 1
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EXTENSION OF TERM

NOTE Extension of Time in Patent Cases (Supplement Amendments) If a timely and complete
response has been filed after a Non Final Office Action an extension of time is not required to
permit filing and/or entry of an additional amendment after expiration of the shortened statutory
period
If a timely response has been filed after a Final Office Action an extension of time is required to
permit filing and/or entry of a Notice of Appeal or filing and/or entry of an additional amendment
after expiration of the shortened statutory period unless the timely filed response placed the
application in condition for allowance Of course if a Notice of Appeal has been filed within the
shortened statutory peniod the period has ceased to run " Notice of December 10 1985 (1061
0 G 34 35)

NOTE See 37 CFR 1 645 for extensions of time In Interference proceedings and 37 CFR 1 550(c) for
extensions of time in reexamination proceedings

3 The proceedings herein are for a patent application and the provisions of 37 CFR 1 136
apply

(complete (a) or (b) as applicable)
(a) Applicant petitions for an extension of time under 38 CFR 1 136

(fees 37 CFR 1 17(a) (d) for the total number of months checked below
Extension Fee for other than Fee for
(months) small ent!ty small entity

lIone month $ 11000 $ 5500
FIi two months $ 38000 $19000
Fl1 three months $ 870 00 $435 00

lI four months $1 360 00 $680 00
Fee $____

If an additional extension of time is required please consider this a petition therefor
(check and complete the next item if applicable)

LI An 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) Applicant believes that no extension of term is required However this
conditional petition is being made to provide for the possibility that applicant has
inadvertently overlooked the need for a petition for extension of time

PI 555290 1
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FEE FOR CLAIMS
4 The fee for claims (37 CFR 1 16(b) (d) has been calculated as shown below

SMALL ENTITY
OTHER THAN A
SMALL ENTITY

CLAIMS
REMAINING HIGHEST NO

AFTER PREVIOUSLY PRESENT ADDIT ADDIT
AMENDMENT PAID FOR EXTRA RATE FEE OR RATE FEE

TOTAL 17. MINUS 29* =0 xg= $0 X18= $0

INDEP 2. MINUS 10... =0 x 39= $0 x78= $0

EFIRST PRESENTATION OF MULTIPLE DEP CLAIM +130= $ +260= $

TOTAL OR TOTAL
ADDIT

FEE
ADDIT

FEE

If the entry In Col 1 Is less than entry In Col 2 write ) In Col 3

If the Highest No Previously Paid for" IN THIS SPACE is less than 20 enter 20

If the Highest No Previously Paid for" IN THIS SPACE is less than 3 enter 3
The Highest No Previously Paid for" (Total or indep ) Is the highest number found In the appropriate box
In Col I of a prior amendment or the number of claims originally filed

WARNING After final rejection or action (§ 1 113) amendments may be made cancelling claims or complying
with any requirement of form which has been made 37 CFR § 1 116(a) (emphasis added)

Complete (c) or (d) as applicable)

No additional fee for claims is required

OR

F1 Total additional fee for claims required $_______
FEE PAYMENT

Attached is a check in the sum of$_________

Charge Account No the sum of$______
A duplicate of this transmittal is attached

PI 555290 1

(Col 1) (Col 2) (Cal 3)

(C)

(d)

5W
W

Mako   Exhibit 1002   Page  277



FEE DEFICIENCY
NOTE If there is a fee deficiency and there is no authonization to charge an account additional fees are

necessary to cover the additional time consumed in making up the original deficiency if the
maximum six month peniod has expired before the deficiency is noted and corrected the
application is held abandoned In those instances where authonization to charge is included
processing delays are encountered in returning the papers to the PTO Finance Branch in order to
apply these charges pnor to action on the cases Authorization to charge the deposit account for
any fee deficiency should be checked See the Notice of Apri 7 1986 (1065 0 G 31-33)

6 Zif any additional extension and/or fee is required charge Account No

7 11 1110

ANDWOR
S if any additional fee for claims is required charge Account No

11-1110

Reg No 40 120

Tel No (412) 355-6288

SI TURE OF ATTORNEY
Jthan C Parks

(type orprint name of attorney)

Kirk3atnck & Lockhart LLP
P 0 Address
Henry W Oliver Building
535 Smithfield Street
Pittsbur-gh, PA 15222 2312

PI 555290 1 F
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PATENTQ
97012CP

IN THE UNITED STATES PATENT AND TRADEMARK OFFICE

In re application of
DiGioia et al

Group Art Unit 2763 COMPUTER-ASSISTED SUE
PLANNER AND INTRA-OPE

Examiner Frejd, R GUIDANCE SYSTEM

Serial No 09/189,914

Filed November 12, 1998

WERY
,RATIVE

RESPONSE TO OFFICE ACTION

Pittsburgh, Pennsylvania 15222

June 28, 2000

Assistant Commissioner for Patents and Trademarks
Washington, D C 20231

Dear Sir

In response to the Office Action mailed April 3, 2000,,Please amend the above-identified

application as follows

I (Amended) An apparatus for facilitating the implantation of an artificial component in one of a

hip j oint, a knee j oint, a hand and wrist j oint, an elbow j oint, a shoulder joint, and a foot and

ankX comprising

a pre-operative geometric planner, and

a pre-operative kinematic biomechanical simulator in commumication with said pre-

operative geometric planner wherein said pre-operative geometric planner outputs, at least

3 0PI 540522 1

_-m
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Kone geometric model of the -joint and the pre-operative kinematic biomechanmcal

(b i±I tOoutputs a position for implantation of the artificial component

t 6 (Amended) The apparatus of claim 4, wherein said pre-operative geometric planner outputs at

least one geometric model of the component [and the joint]

10 (Amended) A system for facilitating an implant position for at least one artificial component

in one of a hip joint, a knee joint, a hand and wrist joint, anl elbow joint, a shoulder joint, and a

foot and ankle joint, comprising

a computer system including,

4) a pre-operative geometric planner, and

a pre-operative kinematic biomechanical simulator

in communication with said pre-operative geometric planner wherein pre-operative

geometric planner outputs at least one geometric modql of the joint and the pre-operative

kinematic biomechaicall utputs a position for implanation of the artificial

component, and \.

a tracking device in communication with said computer system

LPlease 
cancel claims 17-28

>2
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REMARKS

Double Patenting Rejection

The Examiner rejected claims 1-29 under the judicially created doctrine of double

patenting over claims 1-24 of U S Patent 5,880,976 to DiGioia et al Applicants herewith

submit a terminal disclaimer in compliance with 37 C F R § 1 321(c) showing that the

conflicting patent, U S Patent No 5,880,976, is commonly owned with the instant application

Also included herewith are a § 3 73(b) Statement and the appropriate fee pursuant to 37 C F R

§1 I20(d)

Non-Statutory Subject Matter Rejection

The Examiner rejected claims 1 and 10 of the instant application as claiming unpatentable

subj ect matter under 3 5 U S C § 10 1 Specifically, the Examiner stated that the claimed

invention is devoid of any limitation to a practical application in the technological arts

Applicants respectfully disagree that the claimed invention is devoid of any limitation to

a practical application in the technological arts For example, claim 1 is directed to an apparatus

"for facilitating the implantation of an artificial component " Applicants submit that this is a

practical application in the technological arts

Applicants respectfully bring the Examiner's attention to the Federal Circuit Court of

Appeals case of State Street Bank & Trust Co v Signature Fin Group Inc, 149 F 3 d 13 68 (Fed

Cir 1998) In State Street, the court stated that the determinative test of whether a claim is

statutory subject matter under § 10 1 is whether the claim is applied in a usefull way, or in other

words, whether the claimed invention produces a "useful, concrete, and tangible result " Id at

1373

3 4
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In light of this precedent, Applicants submit that claims 1 and 10 are patentable because

they meet the statutory requirements of § 10 1, namely that they produce a "useful, concrete, and

tangible result "

However, in an effort to expedite allowance of the rejected claims, Applicants have

herein amended claims I and 10 to claim that the "pre-operative geometric planner outputs at

least one geometric model of the joint and the pre-operative kinematic biomechanical stimulator

outputs a position for implantation of the artificial component " Support for those amendments

can be found throughout the specification and the claims as filed Applicants submit that

amended claims 1 and 10 are thus patentable under the Post-Computer Process Activity "Safe

Harbor" outlined under MPEP § 2106(IV)(B)(2)(b)(i) Applicants submit that the inclusion of

the pre-operative geometric planner outputting at least one geometric model of the joint and the

pre-operative kinematic biomechanical stimulator outputting a position for the implantation of an

artificial component in a joint places claims 1 and 10 within this safe harbor

Applicants have herein amended claim 6 to be consistent with the amendments to

claim 1

Statutory Subject Matter Reliection

The Examiner rejected claims 17-28 as having identical subject matter and therefore as

being the same invention under 35 U S C § 101 as claims 16-27 in the prior U S Patent No

6,002,859 Applicants have herein canceled claims 17-28
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CONCLUSION

Applicants respectfully request a Notice of Allowance for the pending claims in this

application If the Examiner is of the opinion that the instant application is in condition for

disposition other than allowance, the Examiner is respectfully requested to contact Applicants'

attorney at the telephone number listed below in order that the Examiner's concerns may be

expeditiously addressed

Respectfully submitted,

nathan C Parks
g No 40,120

KIRKATRICK AND) LoCKHART LLP
Henry W Oliver Building
535 Smithfield Street
Pittsburgh, Pennsylvania 15222

Ph (412) 355-6288
Fax (412) 355-6501
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POS/6(10-99)
Approved for use through 91302000 OMB 0651-0031

Patent end Trademark Office U S DEPARTMENT OF COMMERCE
Paperwork Reduction Act of 1995 no persons are required to respond to a collection of Information unless It displays a valid 0MB control number

TERMINAL DISCLAIMER TO OBVIATE A DOUBLE PATENTING
REJECTION OVER A PRIOR PATENT

Docket Number (Optional)

97012CIP

In reApplication of DiGioia et al

Application No

Filed

09/189,9914
November 12, 1998

For COWvIUTER-AS S ISTED SLRGERY PLANNER AND INTRA-OPERAT IVE
GUI DANCE SYSTEM

The owner* Camn~egie W Ion UiiversJ :y 1 00 -percent interest in the instant application
hereby disclaims except as provided below the terminal part of the statutory term of any patent granted on the
instant application which would extend beyond the expiration date of the full statutory term defined In 35 U S C
T 9%0 1, 87grd 173 as presently shortened by any terminal disclaimer of prior Patent No

__________ The owner hereby agrees that any patent so granted on the instant application shall be
enforceable only for and during such period that it and the prior patent are commonly owned This agreement
runs with any patent granted on the Instant application and is binding upon the grantee Its successors or
assigns

In making the above disclaimer the owner does not disclaim the terminal part of any patent granted on
the instant application that would extend to the expiration date of the full statutory term as defined in 35 U S C
154 to 156 and 173 of the prior patent as presently shortened by any terminal disclaimer in the event that it
later expires for failure to pay a maintenance fee Is held unenforceable is found invalid by a court of
competent Jurisdiction Is statutorily disclaimed in whole or terminally disclaimed under 37 CFR 1 321 has all
claims canceled by a reexamination certificate is reissued or is in any manner terminated prior to the
expiration of its full statutory term as presently shortened by any terminal disclaimer

Check either box I or 2 below If appropriate

1 For submissions on behalf of en organization (o g corporation partnership university government agency etc ) the
I 'undersigned Is empowered to act on behalf of the organization

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 Impnisonment 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

2 LII The undersigned Is an attorney or record

5510 p
SignTureDate

Associate Provost
Typed or pninted name

1:3 Terminal disclaimer fee under 37 CFR 1 20(d) Included

Statement under 37 CFR 3 73(b) is required if terminal disclaimer Is signed by the assignee (owner)
Farm PTO/SB/96 may be used for making this statement See MPEP § 324

Burden Hour Statement This farm Is estimated to take 0 2 hours to complete Time wAIllvary depending upon the needs at the Indimtdual case Any comments on
the amount atflhme you are required to complete this form should be sent to the Chief Information Officer Patent and Trademark Office Washington DC 20231
DO NOT SEND FEES OR COMPLETED FORMS TO THIS ADDRESS SEND TO Assistant Commissioner for Patents Washington DC 20231

06/30/eM0 I
01 FURS4

-- I
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UNITED STATE,')EPARTMENT OF COMMERCE
Patent and Trademark Office
Address COMMISSIONER OF PATENTS AND TRADEMARKS

Washington D C 20231

APPLICAT19N NO I FILING DATE I FIRST NAMED INVENTORI ATTORNEY DOCKET NO

JONATHAN C PARKb
IRVFATFRICK & LOCKHART

151lu OLIVER EBUILD,INQ~
PITTSBURGH PA 15222

LM71/n9S21 EXAMINER

FREJI% , R

ART UNIT PAPER NUMPER

27E 3

DATE MAILED 09/21/011

Please f Ind below and/or attached an Office communication concerning this application or
proceeding

Commissioner of Patents and Trademarks

PTO 90C (Rev 2195) U S GPO0 1999 40U93 FieCpI He Copy

vpOF C"*
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Application No Applicant(s)r
09189 914 DIGIOIA IlI et al

Notice of Allowability Examiner Group Art Unit
RUSSELL FREJD 2763

U S Patent and Trademark Office

PTO 37 (Rev 9 95) Notic of AlowabIltyPart of Paper No 8

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

This communication is responsive to app,licants Terminal Disclaimer received 28-June-2000

~JThe allowed claim(s) is/are 1 16 and 29

EThe drawings filed on ___________ are acceptable

ElAcknowledgement is made of a claim for foreign priority under 35 U S C § 119(a) (d)
Ml All MISome* [Bone of the CERTIFIED copies of the priority documents have been

Ml received

El received in Application No (Series Code/Serial Number)
Ml received in this national stage application from the International Bureau (PCT Rule 17 2(a))

Certified copies not received_______________________________________
Ml Acknowledgement is made of a claim for domestic priority under 35 U S C § 119(e)

A SHORTENED STATUTORY PERIOD FOR RESPONSE to comply with the requirements noted below is set to EXPIRE
THREE MVONTHSOM 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)

ENote the attached EXAMINER S AMENDMENT or NOTICE OF INFORMAL APPLICATION PTO 152 which discloses that
the oath or declaration is deficient A SUBSTITUTE OATH OR DECLARATION IS REQUIRED

~Applicant MUST submit NEW FORMAL DRAWINGS

El because the originally filed drawings were declared by applicant to be informal
~including changes required by the Notice of Draftsperson s Patent Drawing Review PTO 948 attached hereto or to

Paper No 5
Einciuding changes required by the proposed drawing correction filed on____________ which has been

approved by the examiner
Eincluding changes required by the attached Examiner's Amend ment/Comment

Identifying indicia 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 transmittal lettter addressed to the Official
Draftsperson

El Note the attached Examiners 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

Attachment(s)
El Notice of References Cited PTO 892
El Information Disclosure Statement(s) PTO-1449 Paper No(s)
El Notice of Draftsperson s Patent Drawing Review PTO 948
El Notice of Informal Patent Application PTO 152
El Interview Summary PTO 413

~Examiners Amend ment/Com ment

El Examiners Comment Regarding Requirement for Deposit of Biological MaterialV
PO, Examiners Statement of Reasons for Allowance

I

I
Notice of Allowability
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Serial Number 09/189 914

In re Aplcation of DiGioia Ill et al

Allowance of Application # 09/189,9 14

1 The following communication is in response to applicant s Terminal Disclaimer

received 28 June 2000 This application is a continuation in part of application

08/803 993 filed on 21 February 1997 now U S Patent No 5 880 976

Examiner's Amendment

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 31 2 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 Jonathan Park (Reg No 40 1 20) on 1 5 September 2000

3 In the Clm s /
claim 1 line 3/Ad joint after ankle

lie Cagz siuao]t iuao

clai 10 line 9 hange [stimulator] to simulator

Reasons for Allowance

4 The following is an Examiner s Statement of Reasons for the indication of allowable

subject matter The instant application is directed to a nonobvious improvement over the

Page 2
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Serial Number 09/189 914 Page 3

In re Application of DiGioia Ill et al

invention described in U S Patent No 5 880 976 to DiGioia Ill et al The improvement

comprises 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 This patentable distinction is included in each of the independent claims 1

1 0 and 29 The art of record fails to teach suggest or render obvious the < apparatus for

facilitating the implantation of an artificial component > having the corresponding structure

which is disclosed in the specification and equivalents thereof at least at <page 9 line 35

through page 23 line 1 5 and Figures 1 1 2c > In view of the foregoing the claims of the

present application are found to be patentable over the prior art

Response Guidelines

5 Any comments considered necessary by applicant MUST 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 this allowance should be

directed to Russell Fre)d telephone number (703) 305 4839 Monday Friday from
0630 to 1 500 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 f axed to (703) 308 9051 (for formal communications intended for entry) or
(703) 308 1 396 (for informal or draft communications please label
"PROPOSED" or DRAFT)

I

- -- I
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Serial Number 09/189 914 page 4

In re Application of DiGioia III et al

Hand-delivered responses should be brought to Crystal Park Yi 2121 Crystal Drive Arlington VA
Sixth Floor (Receptionist)

Date 15 September 2000
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NOTICE OF ALLOWANCE AND ISSUE FEE DUE
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APPLICATION NO I FILING DATE TOTAL, CLAIMS- EXAMINER AND GROUP ART UNIT DATE MAILED

First Named 101'41 it..1:4 A! A, 41rol:ily)I-

Applicant l I [,i k h t,dilhi'i N n'J- i t i i

INVENTION

ATTY S DOC KET NO CLASS SUBCLAssT BATCH NO APPLN TYPE - SMALL ENTIT FEE DUE DATE DUE

THE APPLICATION IDENTIFIED ABOVE HAS BEEN EXAMINED AND IS ALLOWED FOR ISSUANCE AS A PA TENT
PROSECUTION ON THE MERITS IS CLOSED

THE ISSUE FEE MUST BE PAID WITHIN THREE MONTHS FROM THE MAI4ING DATE OF THIS NOTICE OR THIS
APPLICATION SHALL BE REGARDED AS ABANDONED THIS STATUTORY ERIOD CANVNOT BE ETEDE

HOW TO RESPOND TO THIS NOTICE
I Review the SMALL ENTITY status shown above

If the SMALL ENTITY is shown as YES verify your If the SMALL ENTITY is shown as NO
current SMALL ENTITY status

A If the status is changed pay twics the amount of the APyFEDEsonaoeo
FEE DUE shown above and notify the Patent and APyFEDEsonaoeo
Trademark Off ice of the change inl status or

B If the status is the same pay the FEE DUE shown BFl eiidsaeeto ml niySau eoeo ihabove BFl eiidsaeeto ml niySau eoeo ih
payment of 1/2 the FEE DUE shown above

11 Part B Issue 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 B Issue Fee Transmittal
should be completed and returned If you are charging the ISSUE FEE to your deposit account section "4b" of Part
B Issue Fee Transmittal should be completed and an extra copy of the form should be submitted

Ill All communications regarding this application must give application number and batch number
Please direct all communications prior to issuance to Box ISSUE FEE unless advised to the contrary
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PA TENT
IN THE UNITED STATES PATENT AND TRADEMARK OFFICE

In re application of DiGioia et a[

Serial No 09/189 914 Group No 2700

Filed November 12 1998 Examiner R Frejd
Batch No S53

For COMPUTER ASSISTED SURGERY PLANNER AND INTRA OPERATIVE GUIDANCE SYSTEM

BOX ISSUE FEE
Commissioner for Patents
Washington, DC 20231

EXPRESS MAIL CERTIFICATE
Express Mail label number EF133025572US

Date of Deposit December 21. 2000

I 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
Commissioner for Patents Washington DC 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 senal 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

(Expresq Mail Certificate [8 3])
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Attorney's Docket No 9701-IP PTN

IN THE.UNI-FATES PATENT AND TRADEMARK OFFICE
In re application of DiGioiae al 0 kc

Serial No 09/189 914 Group No 2700
Filed November 12 19 DE Examiner R Frejd

,"7 Batch No S53

For COMPUTER ASSEISTE )0Qf~PLANNER AND INTRA OPERATIVE GUIDANCE SYSTEM

Commissioner for Patents
Washington, DC 20231

ATTENTION Box Issue Fee

TRANSMITTAL OF PAYMENT OF ISSUE FEE (37 C F R 1.311)
1Applicant hereby pays the issue fee for the attached Issue Fee Transmittal PTOL-85

2 Fee (37 CF R 1 18(a) and (b))
Application status is

Z small business entity fee
1: verified statement attached
Overified statement filed on 2/08/99

FlIother than a small entity fee

Rep,ular
S$620 00

R1$l1 240 00

Desigzn
LJ$220 00

nI $440 00

3 Payment of fee
SEnclosed please find check for $ 650

Z Charge Account 11 1110 for any fee deficiency
LCharge Account________ the sum of $__________

A duplicate of this request is attached

onathan C Parks
Reg No 40,120 (type or print name ofperson certifying)

Tel N (41) 3556288Kirkpatrick & Lockhart LLP
Henry W Oliver Building
535 Smithfield Street
Pittsburgh, PA 15222-23 12

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
[deposited with the Umited States Postal Service with sufficient Eltransmitted by facsimile to the patent and

postage as first class mail mn an envelope addressed to the Trademark Office
Assistant Commissioner for Patents Washington D C 20231

Date
Signature

(type or print name ofperson certifying)

(Transmittal of Payment of Issue Fee (37 C F R 1 311) [9-10] page 1 of 1)

PI 630914 vi 0201710-0343
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r PART B-ISSUE FEE TRANSMITTAL-

together wih8e , BoISUFEtogeter wth aP*Ay"eBox SRUEFEC E VED
Assisant Commissioner for Ptn
Washington D C 20231

Z 11MSEP 2 5 2000
MAILING INSTRUCTIONS This form should b 'ed for transmittin e ISSUE FEE Blocks 1
through 4 should be completed where appropniate rther corres nce including the Issue Fee
Receipt the Patent advance orders and notif ication o es will be mailed to the current
correspondence address as indicated unless corrected b irocted otherwise in Block 1 by (a)
specifying a new correspondence address and/or (b) indicating a separate FEE ADDRESS for
maintenance fee notifications
CURRENT CORRESPONDENCE ADDRESS (Note Legibly mark up with sny corredtons or use Block 1)
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15iin CILIVER BUIILL'INQi
1-L iir%E1DURI,-H F A 152.

Note The certificate of mailing below can only be used for domestic
mailings of the Issue Fee Transmittal This certificate cannot be used
forany other EWqj Irchas a
assignment orlforniatrawInOmu f omailing

Certificate of Mailing
I hereby certify that this Issue Fee Transmittal Is being deposited with
the United States Postal Service with sufficient postage for first class
mail In an envelope addressed to the Box Issue Fee address above on
the date Indicated below

(Deposdtoes name)

(Signature)

(Date)
APPLICATION NO FILING DATE TOTAL CLAIMS EXAMINER AND GROUP ART UNIT DATE MAILED

M7 7 /j F- I 14 -I7 -I T:i'017 lz'IE'ID R 7 '76I3 I WL I/ II Fi

First Named Df at A 1 A'5 lq-i rd( 1-.'. 5~' , r I I I RR XEbatys

Applicant 17-M171L -R-JJS1F-)'-UIiL1( VI N I fNl141RP-ILF RAIIVLILiVM U 'iYv3IEF
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INVENTION

ATYS DOCKET NO CLASS-SUBCLASS BATCH NO I APPLN TYPE= SMALL ENTITY FEE DUE DATE DUE
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1 Change of correspondence address or Indication of Fee Address (37 CFR 1 363) 2 For printing on the patent front page list
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attorneys or agents OR aitemnatively (2) Lockhart L LP
LI Change of correspondence address (or Change of Correspondence Address form the name of a single firm (having as a
PTO/SB/1 22) attached member a registered attomney or agent) 2 _____________

and the names of up to 2 registered patent
DI Fee Address Indication (or Fee Address Indication form PTO/SB/47) 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 X3IseFe1
the PTO or Is being submitted under separate cover Completion of this form Is NOT a subsititue for iisuFe10
filing an assignment :0i Advance Order # of Copies
(A) NAME OF ASSIGNEE ________________________

Carnegie Mellion University 4b The foilowng fees or deficencyIn these fees should be charged to
(B) RESIDENCE (CITY & STATE OR COUNTRY) DEPOSIT ACCOUNT NUMBER 1 1-1 110
Pittsburgh, PA 15213 (ENCLOSE AN EXTRA COPY OF THIS FORM)

Please check the appropriate assignee category Indicated below (will not be printed on the patent) 40 Issue Fee
l Individual 99 corporation or other private group entity DI government X1 Advance Order # of Copies 1 0

The COMMISSIONER OF PATENTS AND TRADEMARKS IS requested to apply the Issue Fee to the application Identified above
(Aut zed Signature) 

(DateI I-L0 00 -DCEE
NqTq The Issue Fee will not be accepted from anyone other than the applicant a regi tered attomney D C EE
or ftnt or the assignee or other party In Interest as shown by the records of the Patent and
Trademark Off ice

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 TERRI NTSONto complete this form should be sent to the Chief Information Officer Patent and Trademark
Office Washington 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 12/26/2000 NNF~AE11 00000007 09189914
Under the Paperwork Reduction Act of 1995 no persons are required to respond to a collection 01 FC 242 Gdo 00 OIP
of information unless it displays a valid 0MB control number 02 FC 561 3O 00 01P

TRANSMIT THIS FORM WITH FEE

Complete and mail this form

PTOL 85B (REV 10 96) Approved for use through 06/30/99 OMB 0651-0033 Patent and Trademark Office U S DEPARTMENT OF COMMERCEMako   Exhibit 1002   Page  293
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0IN THE UNITED STATES PATENT AND TRADEMARK OFFICE

In re appi cation ofDioaetl

Senal No 09/189 914 Group No 2700

Filed November 12 1998 Examiner R Frejd
Batch No S53

For COMPUTER ASSISTED SURGERY PLANNER AND INTRA OPERATIVE GUIDANCE SYSTEM

Commissioner for Patents
Washington, DC 20231

Attention Official Draftsperson0

EXPRESS MAIL CERTIFICATE

Express Mail label number EF1 33025569US 0

Date of Deposit December 21. 2000

I hereby certify that the following attached paper or fee
TRANSMITTAL OF FORMAL DRAWINGS
14 SHEETS OF FORMAL DRAWINGS

COPY OF THE NOTICE OF ALLOWABILITY

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 Commissioner for Patents
Washington DC 20231 Attention Official Draftsperon

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 senal 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])
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Aftorney's Docket No 97012CIP DEC 2 1 2000 PATENT
,a L

IN TILE UNITED STA PATE~ D TRADEMARK OFFICE
ADOA (

In re application of DiGoma et al

Serial No 09/189 914

Filed November 12 1998

Group No 2700

Examiner RI Freld
Batch No S53

For COMPUTER ASSISTED SURGERY PLANNER AND INTRA OPERATIVE GUIDANCE SYSTEM

Commissioner for Patents
Washington, D C 20231

Attention Official Draftsperson

TRANSMITTAL OF FORMAL DRAWINGS

In response to the NOTICE OF ALLOWABELITY mailed on September 21. 2000
(date)

attached please find
(a) the formal drawing(s) for this application

Number of Sheets 14

NOTE Identifying indicia if provided should include the application number or the title of the invention
inventor s 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 sheet of a drawing a minimum distance of 15S cm (5/8 inch) down from the top of the page
3 7C FR I184(c))

SEach sheet of drawing indicates the identifying indicia suggested in § 1 84(c) on the reverse side
of the drawing

(b) a copy of the NOTICE OF ALLOWABILITY

S (JATURE OF ATrORNEY
Jo athan C ParksReg No 40,120

Tel No (412) 355-6288

(type or print name ofperson certifying)

Kirkpatrick & Lockhart LLP
Henry W Oliver Building
535 Smithfield Street
Pittsburgh, PA 15222-2312

CERTIFICATE OF MAILING (37 C F R 1 8(a))
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 the sufficient postage as first class mail mn an
envelope addressed to the Conmssioner of Patents and Trademarks Washington, D C 20231

(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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Application No Applcant(s)
091189 914 DIGIOIA III et al

6V%01L9Exami'er Group%ArtsUnela l
716 xmnrUSSELLpFREJOU276RUSSELLFREJD 2763II11I

All claims being allowable PROSECUTION ON THE MERITS IS (OR REMAINS) CLOSED in this appiication If not included
herewith (or previously mailed) a Notice of Allowance and Issue Fee Due or other appropriate communication will be maiied
in due course

SThis communication is responsive to applicant s Terminal Disclaimer received 28-June 2000

~1The allowed claim(s) is/are 1 16 and 29

jThe drawings filed on ___________ are acceptable

LiAcknowledgement is made of a claim for foreign priority under 35 U S C § 119(a) (d)
r--jAullI--Some* ENione of the CERTIFIED copies of the priority documents have been

F] received

ni received in Application No (Series Code/Serial Number)___________

7D received in this national stage application from the International Bureau (PCT Rule 17 2(a))
*Certified copies not received______________________________________

Ej Acknowledgement is made of a claim for domestic priority under 35 U S C § 11 9(e)

A SHORTENED STATUTORY PERIOD FOR RESPONSE to comply with the requirements noted below is set to EXPIRE
THREE MONTHBROM THE DATE MAILED of this Office action Failure to timeiy comply will result in
ABANDONMENT of this application Extensions of time may be obtained under the provisions of 37 CFR 1 136(a)

SNote the attached EXAMINER S AMENDMENT or NOTICE OF INFORMAL APPLICATION PTO 152 which discloses that
the oath or declaration is deficient A SUBSTITUTE OATH OR DECLARATION IS REQUIRED

~Applicant MUST submit NEW FORMAL DRAWINGS

L51- because the originally filed drawings were declared by applicant to be informal
Sincluding changes required by the Notice of Draftsperson s Patent Drawing Review PTO 948 attached hereto or to

Paper No 5
Ij including changes required by the proposed drawing correction filed on ___________ which has been

approved by the examiner
i- including changes required by the attached Examinees Amendment/Comment

Identifying indicia 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 transmittal lettter addressed to the Official
Draftsperson

LNote the attached Examiners 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

Attachment(s)
[-I Notice of References Cited PTO 892
ni Information Disclosure Statement(s) PTO 1449 Paper No(s)______
Li Notice of Draftsperson s Patent Drawing Review PTO 948
Li1 Notice of Informal Patent Application PTO 152

LInterview Summary PTO-413
~Examinees Amendment/Comment

3Examinees Comment Regarding Requirement for Deposit of Biological Material
PQ Examiner's Statement of Reasons for Allowance

U S Patent and Trademark office
PTO 37 (Rev 9 95) Notice of Allowability Part of Paper No 8

I

. -11-11 -1--, -
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PATENT APPLICATION FEE DETERMINATION RECORD
Effective Noiember 10, 1998

CLAIMS AS FILED - PART I
(Column 1) (Column 2)

FOR NUMBER FILED NME XR

BASIC FEE

TOTAL CLAIMS 2 minus 20= * 9
INDEPENDENT CLAIMS 10( minus 3=

MULTIPLE DEPENDENT CLAIM PRESENT

*If the difference in column 1 is less than zero enter T0 in column 2

CLAIMS AS AMENDED - PART 11
(Column 1) (Column 2) (Coluimn 3

gi I I %ow AIIII 6f-I %JIAl II

CLAIMS HIGHEST
REMAINING NUMBER PRESENT

~ '7AFTER PREVIOUSLY EXTRA
w ~AMENDMENT ____ PAID FOR ____

o Total *') Minus I

U InepndntMinus

FIRST PRESENTATION OF MULTIPLE DEPENDENT CLAIM

(_____Column 1) Counj2)rColumn 3)
CLAIMS HIGHEST

to REMAINING NUMBER PRESENT
AFEI-VOUL XR

w _______AMENDMENT____ PAID FOR ____

o Total * Minus *
z ____

UJ Independent *Minus

FIRST PRESENTATION OF MULTIPLE DEPENDENT CLAIM

-_____(Column 1) (Clmn2 (Column- 3)
CLAIMS HGET

.)REMAINING NUMBER PRESENT
I"AFTER PREVIOUSLY EXTRAz

U.1 ____ AMENDMENT____ PAID FOR ____

o Total *Minus *
z
LU Independent *Minus

FIRST PRESENTATION OF MULTIPLE DEPENDENT CLAIM

Application or Docket Number

189914
SMALL ENTITY
TYPE

FEEE

X$ 9=

X39=

+130=

TOTAL

SMALL ENTITY

SRATE ITIONAL

1IX$9=IE
X39=

+130=
TOTAL

ADDIT FEE

RATE

X39=

+130=

TOTAL
ADDIT FEE

RATE

X$ 9=

X39=

+130=

ADDI
TIONAL

FEE

ADDI
TIONAL

OTHER THAN

OR SMALL ENTITY

RATE FE

ORX$8

OR X8

ORE

OR TOTAL

OR

OR

OR

OR

OR

OR

OR

OR

OR

-IOR

76000

WO

SMALL ENTITY

RATEf TIONAL

X$18=I
X78=

L2
TOTAL

ADDIT FE

RATE

X$1 8=

X78=

+260=

ADDI
TIONAL

FEE

*If the entry In column 11Is less than the entry In column 2 write 0 In column 3 TOTuuAL uuOuTAO
'~If the Highest Number Previously Paid For" IN TIS SPACE Is iess than 20 enter 20 ADI FE ::j ORADI UE

**If the Highest Number Previously Paid For" IN THIS SPACE Is less than 3 enter 3
The Highest Number Previously Paid For' (Total or Independent) Is the highest number found In the appropriate box In column 1
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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

 

1
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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
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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 07/23/2014 10:01 AM 

Patent 
Number: 

6205411 
Application 
Number: 

09189914 

Issue Date: 03/20/2001 Filing Date: 11/12/1998 

Title: 
COMPUTER-ASSISTED SURGERY PLANNER AND INTRA-OPERATIVE 
GUIDANCE SYSTEM 

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): 

09/20/2012 
09/22/2008 
09/20/2004 
07/23/2004 

Payment of Maintenance Fee, 12th Yr, Small Entity.  
Payment of Maintenance Fee, 8th Yr, Small Entity.  
Payment of Maintenance Fee, 4th Yr, Small Entity.  
Payor Number Assigned.  
--- End of Maintenance History ---  

Address for 
fee purposes: 

COMPUTER PACKAGES, INC. 
414 HUNGERFORD DRIVE 
ROCKVILLE MD 20850 
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