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Abstract

This paper describes an ongoing project to develop a computer-integrated system to assist
surgeons in revision total hip replacement (RTHR) surgery. In RTHR surgery, a failing orthopedic
hip implant, typically cemented, is replaced with a new one by removing the old implant,
removing the cement and fitting a new implant into an enlarged canal broached in the femur.
RTHR surgery is a difficult procedure fraught with technical challenges and a high incidence
of complications. The goals of the computer-based system are the significant reduction of
cement removal labor and time, the elimination of cortical wall penetration and femur fracture,
the improved positioning and fit of the new implant resulting from precise, high-quality canal
milling and the reduction of bone sacrificed to fit the new implant. Our starting points are
the ROBODOCR system for primary hip replacement surgery and the manual RTHR surgical
protocol. We first discuss the main difficulties of computer-integrated RTHR surgery and identify
key issues and possible solutions. We then describe possible system architectures and protocols
for preoperative planning and intraoperative execution. We present a summary of methods and
preliminary results in CT image metal artifact removal, interactive cement cut-volume definition
and cement machining, anatomy-based registration using fluoroscopic X-ray images and clinical
trials using an extended RTHR version of ROBODOC. We conclude with a summary of lessons
learned and a discussion of current and future work.
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1. INTRODUCTION the old implant, removing the cement and fitting a new
implant into an enlarged canal broached in the femur. As
This paper describes an ongoing project to develop athe installed base of orthopedic implants grows and ages,
computer-integrated system to assist surgeons in revisionreplacement of existing implants, especially those relying
total hip replacement (RTHR) surgery (Joskowiez al., on bone cement for fixation and fit, is steadily increasing.
1995). In RTHR surgery, a failing orthopedic hip implant, In 1992, 23000 RTHR procedures were performed in the
typically cemented, is replaced with a new one by removing USA, and 27000 in 1997. The average cost per procedure
was $23774 with an average hospital stay of 10.9 days

:gg;‘ﬁ?’:ﬁ{gt‘gjﬁﬂtng (Orthopedic Network News, 1992).
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RTHR surgery is a difficult procedure fraught with tech-
nical challenges and a high incidence of complications.
Femoral cement removal and canal preparation present the
most difficulties (Turner and Emerson, 1982; Crenshaw,
1987). The goa is to remove as much of the old cement
as possible to facilitate the insertion of a new implant
and to provide an optima surface for bone support and
interdigitation. While the cement mantle in the proximal area
of the canal isvisibleand easily accessible, the cement mantle
and plug in the distal areaare hard to see and reach due to the
canal depth and the bowing of the femur. Removing cement
is tedious, time consuming and risky, taking on average
between 30 min and 2 h. Femoral canal preparation for a
revision is more difficult because there is less good bone left
and because the surgical manipulations are more delicate.
The reamers tend to follow the old canal, making axis and
canal position corrections virtually impossible. The femur
is fractured in about 18% of cases, and the surgeon breaks
through the cortical wall of the femur in another 10% of cases
(Schurman and Maloney, 1992). When errors occur, more
timeisrequired to repair the damage, additional blood islost
and the risk of infection increases.

None of the current techniques for cement removal are
fully satisfactory. Osteotomes and flexible reamers are
difficult to manipulate and have the tendency to follow the
pathway of the old canal. Hand-held high-speed drills cut
cement fragments but require fluoroscopic X-ray images
obtained with an intraoperative C-arm for careful guidance
to avoid perforating the femur walls. Fluoroscopic guidance
requires repeated imaging and is error-prone because it
provides static, uncorrelated two-dimensional (2-D) images
and results in cumulative radiation exposure to the surgeon.
Lateral femoral windows facilitate distal accessto the cement
but may compromise bone integrity. A recently developed
method uses low-viscosity cement that bonds to the old
cement to form a plug. The plug is then pulled out by
screwing in a threaded extraction rod and pulling out pieces
in short segments. This technique cannot be used when the
cement mantle widens distally or when cavities are present in
the side of the bone. New cement removal technologies, such
as cement softening with ultrasonically driven tools or cement
fracturing with alithotripster can lower the complication rate
but are unlikely to significantly improve accuracy or shorten
the procedure.

The growing numbers, greater difficulty and reduced
margin for error make RTHR surgery a natural target for
robotic machining. Our goals in developing the system are:

(i) the significant reduction of cement removal complica-
tions, specifically cortical wall penetration and bone
fracture;

(i) the significant reduction of cement removal labor and
time required;

(i) improved positioning accuracy and fit of the new implant
resulting from precise, high-quality canal milling;

(iv) the reduction of bone sacrificed to fit the new implant;
and

(v) the reduction of cumulative surgeon exposure to X-ray
radiation caused by the repeated use of the fluoroscopic
C-arm.

In addition to the direct patient benefits, these advantages
can save costs, both by reducing operating room cost and by
shortening the hospital stay and recovery time.

In 1995, weinitiated ajoint effort to develop an integrated
preoperative planning and intraoperative execution system for
RTHR surgery. Our starting points were ROBODOC® (Paull
et al., 1992; Taylor et al., 1994), Integrated Surgical
Systems’ (ISS) computer-integrated system for primary total
hip replacement procedures and the manual RTHR surgical
protocol. ROBODOC was developed clinically by ISS from
a prototype developed at IBM Research and is currently in
clinical use in Europe. Preclinical testing showed an order-
of-magnitude improvement in precision and repeatability in
preparing the implant cavity. Over 3000 human cases have
been performed to date (fall of 1998), with very positive
results documented in follow-up studies (Borner et al., 1998).
In primary total hip replacement (PTHR) procedures, the
damaged joint connecting the hip and the femur is replaced
by a metallic implant inserted into a canal broached in the
femur. The ROBODOC system allows the surgeons to plan
the procedure preoperatively by selecting and positioning an
implant with respect to a computer tomography (CT) study
and intraoperatively mill the corresponding canal in the femur
with a high-speed tool controlled by arobotic arm.

The ROBODOC system consists of an interactive preoper-
ative planning system, called ORTHODOC® and a robotic
system for intraoperative execution. ROBODOC PTHR
surgery starts with a minor surgical procedure in which two
small pins are implanted in the distal and proximal femur
surface (earlier, athird distal pin was required). A CT scan
of the patient, showing the femur and the implanted pins,
is then acquired. Next, ORTHODOC processes the CT
dataset, locates the pins within the CT images, constructs
a three-dimensional (3-D) surface model of the bone, and
shows the surgeon three orthogonal planar slices through
it. The surgeon selects a desired implant model and size
and interactively positions a CAD model of it with a mouse
relativeto the slices. ORTHOD OC generates cross-sectional
displays of theimplant model showing the planned placement
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superimposed upon the planar sectional views selected by the
surgeon. In the operating room, surgery follows the usual
protocol up through the point where the femora head is
removed. The femur is then placed into a fixation device
attached to the robot’s base. The pins are exposed and located
in robot coordinates by a combination of force-compliant
guiding and autonomous tactile search by the robot. The
system then computes the transformation from CT (planning)
to robot and patient (actual) coordinates and machines out
the canal shape associated with the chosen implant while the
surgeon follows the progress on a screen. Once the shape is
cut, the robot is moved out of the way and the procedure is
completed manually as usual.

RTHR surgery is more complex than PTHR surgery: it
can have more uncertainty associated with it and requires
more system capabilities. Surgeons must plan for and
remove the old implant and cement before cutting the new
cana cavity. They must plan for the new cavity in the
presence of the old implant and cement with lower-quality
CT images containing imaging artifacts caused by the old
metal implant. They must foresee complications in implant
and cement removal, which might change or invalidate the
preoperative plan. Consequently, computer-assisted RTHR
surgery requires substantial extensions and modifications to
the ROBODOC PTHR surgery paradigm. To summarize, the
system must provide, in addition to the current capabilities,
cement removal planning and cutting, intraoperative plan
modification and uncertainty assessment, and the integration
of intraoperative fluoroscopic X-ray imageswith preoperative
CT data

In this paper, we discuss the main difficulties of computer-
integrated RTHR, identify the key technical challenges, and
investigate possible solutions. We propose a new system and
protocol for preoperative planning and intraoperative execu-
tion. We present a summary of methods and preliminary
resultsin CT image metal artifact removal, interactive cement
cut-volume definition and cement machining, anatomy-based
registration using fluoroscopic X-ray images and clinical
trials using an extended RTHR version of ROBODOC. To
obtain accurate anatomy-based registration, we describe
methods and experiments for fluoroscopic X-ray image
distortion correction, C-arm camera calibration, and X-ray
and CT bone contour and surface extraction. We conclude
with a summary of lessons learned and discuss current and
future work.

2. PROBLEM ASSESSMENT AND
REQUIREMENTS

To identify the requirements of computer-integrated RTHR
surgery and gain an understanding of the practical problems,

Figure 1. Origina cross-sectional dice of a failing implant (top)
and ORTHODOC reconstructed frontal view (bottom).

we follow the steps of the manual RTHR procedure with
the ROBODOC PTHR protocol. We identify the differences,
missing components and assess the adequacy of the current
techniques. We evaluate the relative importance of the
difficulties that arise and explore systematicaly possible
solutions to them.

2.1. CT images

X-ray CT images of body sections containing metal objects
are frequently corrupted by reconstruction artifacts that often
resemble streaks radiating from the regions of the image
where metal is present (Figure 1). Because metal objects
are opague to X-ray beams in the diagnostic energy range,
their scanning yields incomplete projection data. CT images
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reconstructed from this incomplete data contain imaging
artifacts, whose extent depends on the implant material and
volume. Imaging artifacts in CT datasets of RTHR patients
with metal femoral implants are most marked in the proximal
section, where the implant is the thickest. The imaging
artifacts make it difficult to determine the boundary between
the implant, the cement and the bone. Since the quality
and accuracy of the surgical plan depends directly on the
quality of the CT images, reducing image artifacts as much
as possibleis of great importance.

2.2. Preoperative planning

Preoperative planning of RTHR surgery consists of cement
removal and new implant planning. Cement removal planning
defines the cut volume that contains as much of the old
cement as possible. New implant planning determines the
type, size and position of the new implant and the associated
canal cut volume that guarantees a precise fit. Both steps are
interrelated, since the bone stock left after cement removal
determines the implant types, sizes and positions that can
be used. Conversely, the available implant types and sizes
determine the new canal shapes, which indicate what bone
and cement volumes should be removed and what contacts
and gaps will appear once the new implant isin place.

The main difficulties of RTHR preoperative planning stem
from the uncertainties associated with imaging artifacts, old
implant removal and cement removal. Specifically, four
issues must be addressed:

(i) determining the extent of the cement mantle and the
bone stock requires substantial experience and judgment
from the surgeon. Cement tends to partialy fill
porous bone, creating heterogeneous zones that must be
evaluated individualy;

(i) the cement cut volume must be defined individually for
each case. A fast, intuitive accurate method must be
developed to alow surgeons to define machinable cut
volumes from CT data;

(iii) determining the trade-offs between the cement cut
volume and the canal cut volume. The cement cut
shape must be compared with the implant cut shape to
identify discrepancies, such as cement pockets and lack
of surface support for the new implant. Becausethereare
no generally agreed upon criteria for the best strategy,
automatic cement cut-volume determination is unlikely;

(iv) determining the shape and extent of the cement mantle
that will be left after the old implant is removed. When
the old implant is not loose, bone detachment and even
femoral fracture can occur during implant removal, thus

invalidating the preoperative plan. The options are to
intraoperatively modify the plan, to create aternative
backup plans or to complete the procedure manually.

2.3. Intraoperative validation and re-planning
To account for the uncertainties introduced by the old implant
and cement removal, preoperative plans must be compared
and validated against the intraoperative situation. This vali-
dation is not necessary for the PTHR ROBODOC procedure
since the femoral anatomy does not change before the canal
is cut. It might be necessary for certain RTHR cases, when
the surgeon needs to gain confidence in the preoperative
plan and possibly to modify it with additional intraoperative
information. The modifications include changing the cement
cut volume and shape to allow for more or less cement
removal and adjustmentsto the new implant size and position.
The key difficulties are the integration of the intraoperative
data with the preoperative plan and the modification of the
preoperative plan. Currently, the sources of intraoperative
data are visual and tactile inspection and fluoroscopic X-ray
images of the canal and remaining cement mantle. To be
useful, this data must be integrated and correlated with the
preoperative plan and CT study. Any modifications to the
preoperative plan must be done quickly and accurately.

2.4. Image, patient and robot registration

Raobotic procedures require registering preoperative plans and
images to the robot and to the actua patient anatomy. The
ROBODOC system for PTHR surgery uses a proximal and
a distal pin implanted prior to surgery in the femur before
the patient is scanned. The robot is registered to the patient
by bringing its tip in contact with the fiducials. The robot
and the preoperative plan are registered by locating the pin
positions on the CT images. In RTHR surgeries, osteotomy
of the greater tronchanter is often necessary to provide better
exposure and ease the insertion of the new implant. Thus,
a new location that does not interfere with the cutting tool
or require more invasive surgery must be found. Alternative
methods, such as the use of external fiducials, the acquisition
of points on the bone surface or the use of fluoroscopic
images for anatomy-based registration require investigation
to determine the most practical and robust solution.

2.5. Cement and bone cutting

Once the femur has been fixated and the robotic arm has
been registered, the cement and the canal are machined. A
revision canal contains cement and is one-third to one-half
longer than a primary canal, extending below the bow of
the isthmus. Because of its extended length and curvature,
machining the new canal raises issues of robot reachability
and workspace capabilities, the stiffness of the robotic arm
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and cutting tool, and accessibility for curved machining paths.
Experiments must be carried out to determine the effects of
cutting cement with high-speed tools. stresses and femur
fracture analysis, accuracy, rough versusfinish cutting passes.
These will establish whether the ROBODOC tool wrist, as
well as the cutting strategy must be redesigned.

3. SOLUTIONSANALYSISAND PREVIOUSWORK

We have identified four major issues that must be addressed
to develop a practical RTHR surgery system:

(i) preoperative planning under uncertainty due to imaging
artifacts, old implant removal and cement removal;

(ii) cement cut-volume definition and implant selection for
each individual case;

(iii) intraoperative plan validation and modification; and
(iv) image, patient and robot registration.

3.1. CT imageartifact reduction and preoperative
planning

CT image metal artifact removal is a natural starting point

for attempting to reduce the uncertainty associated with pre-

operative planning. Several approaches have been suggested,

including:

(i) using implants made of materials with lower attenuation
coefficients or with smaller cross-sectional areas;

(if) using higher-energy X-ray beams that will not be
blocked by the implants;

(iii) averaging out the effect of the imaging artifacts by inter-
polating and reslicing the 2-D images stack (Robertson
et al., 1988);

(iv) averaging out the effect of the imaging artifacts by
combining multiple image sets, each scanned with the
gantry at adifferent angle;

(v) interpolating the missing projection data and recon-
structing the images from these completed projections
(Oppenheim, 1977; Hinderling et al., 1979; Glover and
Pelc, 1981; Kalender et al., 1987; Medoff, 1987; Klotz
et al., 1990); and

(vi) creating simulated projection data from the images,
interpolating the missing data in these projections and
then reconstructing the images (Tuy, 1992).

For reducing imaging artifacts in CT data of RTHR
patients, (i) is obviously not an option. The need for
limited patient dose and low energy to discriminate among
materials (biological tissue types and synthetic material such
as cement) rules out (ii). The averaging effect of (iii) reduces
not only image artifacts but also image resolution, while (iv)
requires longer scanning time and higher patient exposure to
radiation. In principle (v) can produce the best results, but
in practice access to raw projection data is problematic for a
clinically viable solution. Option (vi) is the most practical
and has the added advantage that any methods developed
can readily be applied to real projection data when these
are available. However, both (v) and (vi) are intrinsically
limited because crucial image details are mostly erased by the
imaging artifacts and cannot be recovered from the CT image
dataaone.

One way to improve the information available for pre-
operative planning is to complement the CT information
with X-ray images such as digitized multi-planar films,
fluoroscopic images or CT scout images. Since these images
have no reconstruction artifacts, they can provide some of the
missing contour information. To be useful, several images
must be captured, accurately registered to the CT study
and properly presented to the surgeon. It remains to be
determined how well the surgeon can position the implant
and define a cement cut volume with these two kinds of
images. A novel alternative is to use scout images taken at
the time of the CT study and use those to fill in the missing
data. The CT scanner providesthe precise datafor correlating
the scouts with the CT data. We describe this approach in
Subsection 5.1.

Another possibility is to use several co-registered X-ray
images instead of a CT study (in fact, a crude version
of this method is currently used to plan manual surgeries
with acetate overlays). The disadvantage is that much less
volumetric data is available for planning, athough it is
inexpensive. A key issue is the number of images necessary
and how to co-register them.

3.2. Cement cut-volume definition

A custom cement cut volume must be created for each patient.
The creation process must be fast, intuitive and produce an
accurate, machinable shape. Cut volumes can be created by
specifying, for each CT dlice, points defining a 2-D contour
bounded by splines. The stack of 2-D dlices definesa 3-D cut
volume. Adjusting the cut-volume shape to fit the cement
requires moving the points. While accurate, this method
requiresthe surgeon to input and manipulate many points. An
alternative is to define the contours in a subset of the dlices
and interpolate the rest automatically. This trades off the
number of input points for accuracy of the matching shape.
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Another option isto have one or more simple, parameterized
shapes, such as cones with elliptical cross-sections, and fit
them to the cement by varying the parameters. Although
modifying afew parametersisfast, this method is potentially
unintuitive and might take longer to produce the desired
results. A hybrid method which uses simple parameterized
shapesfor the rough fit and control point modification for fine
tuning could provide the best trade-off.

The cut-volume shape thus defined must then be approx-
imated to a machinable shape determined by the radius of
the cutter and the machining axis. The smaller the cutter
radius, the more accurate the shape, but the longer it takes
to machine. Multi-axis machining methods, in which the
cutter axis is repositioned during cutting, allow tighter fits
but require more complex computation. Once the cut-
volume shape has been defined, the new implant and its
associated canal must be selected and positioned. The
implant can be selected and positioned manually, as in the
current ORTHODOC system or by interactive definition of
implant and image landmark correspondences.

A comparison of the cement cut shape and the positioned
implant cut shape is necessary to identify discrepancies,
such as pockets and lack of surface support for the new
implant. The comparison can be left to the surgeon, by
overlaying the two volumes graphically and showing them
in different views. Reconciling discrepancies between the
two cut volumes can be difficult. An alternative strategy is
to define a single cut volume for both the cement cut volume
and the new canal cut shape by taking their union. In this
scheme, the new implant size and position is chosen so as
to contain al or most of the cement and the old cana. The
cut volume associated with the new implant is then used to
mill the old cement mantle, cement plug and new canal shape
simultaneously. The advantage of thisapproach isthat no new
cut shape needs to be defined or modified. The disadvantage
is that a trade-off must be made between removing al the
old cement and removing too much good bone. Lumping old
cement removal and new canal preparation assumes that the
preoperative plan is of high quality, since no intraoperative
adjustment is possible once the robot starts cutting the shape.
Also, it diverges from current practice, which views cement
removal and canal preparation as two distinct steps. This
was found to be acceptable in some cases, as discussed in
Subsection 5.8.

3.3. Intraoperative plan validation and modification

Fluoroscopic X-ray images provide the currently accepted
and most practical way for intraoperative plan validation.
Visual and tactile inspection rely on the surgeon’s ability to
mentally correlate the CT data to the intraoperative situation.
This correlation is qualitative, and is only effective for

detecting major discrepancies. Fluoroscopic X-ray images
provide more accurate information than visual or tactile
inspection but must be corrected for distortion and registered
with the CT data to be useful in a robotic procedure (Yaniv
et al., 1998). Other intraoperative imaging techniques, such
as CT or ultrasound devices, are either not yet available or
have not proven to be sufficiently accurate.

The preoperative plan can be validated by superimposing
the cut volume and the new implant projections on intraop-
erative fluoroscopic X-ray images. The surgeon can judge
their adequacy visually and modify the plan accordingly. One
approach is to choose the best of several preoperative plans.
Another is to have the surgeon change the shape and size of
the cut volumes interactively, asin the preoperative planning
phase, although this can be impractical in the operating room.
Itisbest to first determine the extent of the discrepancies and
the nature of the modifications required before committing to
a specific solution.

3.4. Image, patient and robot registration

Accurate robot-to-patient and robot-to-image registration are
essential for RTHR surgery. They can be achieved by severa
methods, which include:

(i) implanted fiducials, asin ROBODOC;

(if) acquisition of points on the bone surface by direct
contact of the robot tip (the ‘cloud of points’ approach
in Lavallée (1995); or

(iii) contactlessregistration using fluoroscopic X-ray images.

Methods based on implanted fiducias are reliable and
accurate, but require an extra procedure. For RTHR surgery,
a new position of the pins must be found. Cloud-of-point
methods are only practical when enough bone surface is
exposed to allow direct contact?. Pinless registration of X-ray
images to CT data attempts to use correspondences between
anatomical structure features in both images to achieve the
match. This type of 2-D to 3-D anatomy-based registration
has been discussed in Lavallée et al. (1994) and Lavallée
(1995), and more recently incorporated in a robotic system
by Brandt et al. (1997). It presents significant technical
challenges but has clear advantages over the other methods.

The main technical issues for efficient, robust and accurate
real-time anatomy-based registration of CT data with fluoro-
scopic X-ray images are:

(i) fluoroscopic X-ray images present geometric distortion
of up to several millimeters that must be corrected;
3 ntegrated Surgical Systems has recently demonstrated a variation of this

method for PTHR in the DigiMatch Single Surgery System. The system uses
a passive mechanical digitizing arm to collect the cloud of points.
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Figure 2. System for RTHR surgery.

(i) the C-arm intrinsic and extrinsic parameters must be
obtained for each dataset;

(iii) bone surface contours must be extracted from the CT
dataset and the fluoroscopic X-ray images; and

(iv) the extracted contours must be matched to obtain the
registration by minimizing the distance between the
corresponding contour features.

Related work in this area includes (Brown, 1996; Joskowicz
et al., 1995; Lavallée, 1995; Hofstetter et al., 1997; Viant
et al., 1997; Brack et al., 1998; Hamadeh et al., 1998).
We present algorithms for accurate image dewarping, C-
arm camera calibration, contour extraction and 2-D/3-D
registration in Section 5.

4. PROPOSED SYSTEM ARCHITECTURE AND
PROTOCOL

Figures 2 and 3 show the proposed experimental system
architecture and protocol for computer-integrated RTHR
surgery. Both are designed to accommodate a variety of
technical solutions for the different modules and steps of the

procedure. At any point intime, the actual system will consist
of specific instances of modules and steps, which are then
tested and refined based on experimental results and surgeon
feedback.

Preoperatively, a CT scan and/or X-ray images of the
femur with the failing implant are acquired. Fiducials will be
first implanted when the robot/image registration is fiducial
based. Externa fiducials are optionally attached to the table
or to the patient to register the CT and X-ray datasets. If
the X-ray images are CT scouts, thereis no need for external
fiducids or registration as the patient is kept still and the
gantry of the CT machine is controlled precisely. The CT
dices, together with the X-ray images and their view pose
information are then |oaded into the preoperative workstation.
The images are then registered if necessary. The system
then processes the CT images and additional X-ray images
to reduce imaging meta artifacts.

For preoperative planning, the system presents enhanced
CT images, or aternatively, when only X-ray images are
available, an image spreadsheet which keeps the images co-
registered and allows manipulating overlays on them is used.
In either case, the images are used to evaluate the extent of
the cement mantle, define a cut volume and select an implant
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type, size and position. The surgeon defines interactively the
cut cement volume and implant type and placement, and the
system produces a cut volume. The output is a set of co-
registered preoperative images and one or more preoperative
plans consisting of an implant type, size and position and the
shape and position of the cement cut volume.
Intraoperatively, manual surgery will proceed as usual
until the old implant is removed and the cement that can be
easily removed manually is out. To remove the remaining
cement, the surgeon will place the femur in a fixation
device rigidly attached to the robot. The fixator must be
designed so that it can hold fragile bones without damaging
them. Registration between the patient and the robot will
be achieved via the implanted pins or with intraoperative
fluoroscopic X-ray images. If the preoperative plan needs to
bevalidated, the system will display the outline of the volume
to be cut superimposed on the intraoperative fluoroscopic
X-ray images. The surgeon may adjust the surgica plan,
either by repositioning the cut volume or by modifying its
shape. To be practical, this process must take <10 min.
Once the surgeon has verified the plan, the designated
volume will be cut out using the same materia removal
strategy as that employed by ROBODOC for PTHR surgery.

Based on the surgeon’s evaluation and confidence in the
preoperative cut volume, the robot can then cut out either
the entire volume or cut only a conservative initial volume.
Additional images will be taken, registered and compared
with the planned cut volume. These images will be used to
assess what material till needs to be removed and to update
the registration of the robot to the patient. The surgeon will
then instruct the robot to remove additional cement volumes,
optionally acquiring additional fluoroscopic X-ray images,
and will select a final implant model and position using the
most recent images. The robot will then cut the final shape.
Once the femoral cavity for the new implant is prepared, the
robot will be removed from the surgical field and manual
surgery will proceed as usual.

5. PRELIMINARY RESULTS

We are currently implementing various steps of the pro-
cedure. The work has concentrated on CT imaging metal
artifact removal, interactive cut-volume definition, anatomy-
based registration using fluoroscopic X-ray images, image
spreadsheets, cement machining experiments and clinical
RTHR surgery experience with ROBODOC. To perform
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anatomy-based registration to the desired accuracy, we
devel oped methods and experiments for:

(i) fluoroscopic X-ray image distortion correction and
C-arm camera calibration;

(if) X-ray and CT bone contour and surface extraction; and

(iii) anatomy-based registration of CT and fluoroscopic
X-ray images.

We describe each briefly next.

5.1. Imaging metal artifact removal in CT data

We have devel oped a new method for reducing imaging metal
artifact noise in CT data using scout images. The scout
images, which are acquired in the same session as the CT
data, provide additional information necessary to reduce the
imaging artifacts. Scout images are produced by the CT
machine by keeping the X-ray tube in a fixed position and
moving the table in constant increments. The main advantage
of using scouts is that there is no need to register them to the
CT dlices. Also, the accuracy of the correlation between scout
images is the same as that of CT dlices and the residual error
is negligible for our application. Aswith any CT study, the
patient must lie still while being scanned.

Inprinciple, it is possible to reduce imaging metal artifacts
by first converting adense set of scout imagesinto adense set
of sinogram-like projections, then processing these projection
data, and finally obtaining reconstructed CT images using
a standard filtered back-projection method (Browne, 1988).
However, our experiments show that to obtain adequate
results, the number of scouts required is >100, which is
clinically unacceptable both in terms of scanning time and
radiation dosage. Instead, we have developed a method that
combines the data from a small number of scout images with
the noisy CT data. Our goas were to design an off-line
method to recover object boundaries in the region around the
metal implant, rather than recovering absolute pixel densities
over the entire image.

We developed MARCUS (Kalvin and Williamson, 1998),
an iterative algorithm that reduces the imaging metal artifacts
in CT data. The algorithm repeatedly modifies the corrupted
CT images by applying sets of image and projection con-
straints. Image constraints are based on information about
the physical properties of the objects in the image, while
projection constraints are imposed by scout data. MARCUS
starts by updating the CT images according to the image
constraints.  Then, the modified images are checked for
consistency with the scout data to reduce the inconsistencies
between the two. This process is repeated until the change
in the images in successive iterations is below a prespecified

Figure 4. Detail of a CT image before (top) and after (bottom) 50
iterations of MARCUS imaging metal artifact reduction.

threshold, or until an iteration limit is reached. In addition,
geometric bounds on the position of the implant contour in
the CT images are computed by detecting the edges of the
metal implant in the scout data and using the Radon transform
basic property, whereby each point in the projection space
corresponds to aline in image space.

We have tested the MARCUS algorithm on a realistic
custom-built RTHR phantom which consists of a cadaver
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femur, a metal hip prosthesis and bone cement. Figure 4
shows a CT image before and after the reconstruction
using 12 scout images. The effects of the imaging metal
artifacts have been reduced significantly, and details of the
implant boundary have been recovered. This experiment also
confirmsthat the ‘blooming’ nature of imaging metal artifacts
in CT data causes the complete loss of image information
in the region close to the metal. This blooming is not
simply a display artifact, e.g. resulting from saturation at
the high end of the gray-scale map. We thus conclude that
effective imaging metal artifact reduction cannot be achieved
by processing the noisy CT images alone.

5.2. Interactive cut-volume definition

We have augmented ORTHODOC with an interactive cut-
volume definition module. In the module, the surgeon first
segments out the bone cement by creating a contour that
defines the bone cement to be removed in several CT dlices.
The contour is created from control points supplied by the
surgeon in each CT dlice by first fitting a spline in each
slice and then connecting the resulting contours in successive

dices to form the volume. The splines can be modified by
moving, adding and deleting control points. Currently, the
volume is defined as a single connected piece, so the volume
creation process is straightforward. Figure 5 shows the user-
interface screen for interactive cut-volume definition.

The contour data are then input into a cut-path generator
algorithm which outputs a contour identifying the computed
robot cut path. The cut path is created by successively
processing from top to bottom all the contours that the user
has generated. The constructed single-axis machining cut
path takes into account the cutter radius and allows for
straight insertion along the vertical axis.

5.3. Fluoroscopic X-ray image distortion correction and
C-arm camera calibration
We have developed several methods for performing intrin-
sic and extrinsic calibration of fluoroscopic X-ray images.
Intrinsic imaging parameters include focal length, image
center, pixel scaling and image warping, and can be computed
by analyzing an image of a calibration object of known
geometry. Extrinsic parameters describe the position and



Computer-integrated revision total hip replacement surgery 311

Figure 6. Radiolucent X-ray image to robot calibration rod.

orientation of the X-ray source with respect to an external
reference frame such as the fixator or the femur. These
parameters are used for co-registering multiple fluoroscopic
X-ray images and for registering intraoperative X-ray images
to preoperative-operative images and models. We are
currently comparing them to determine which ismost suitable
for our particular intraoperative environment.

One method Guéziec et al. (1998) extends the NPBS
method of Champleboux et al. (1992) to provide a direct
registration of the robot to fluoroscopic X-ray images. Two
significant differences are: (i) the use of thin-plate splines
(Duchon, 1976; Bookstein, 1991) for dewarping interpola-
tionsand (ii) obtaining images of multiple known calibration
points. Rather than having the robot hold a complex
calibration object comprising one or more planar grids of
radio-opaque balls (Champleboux et al., 1992), we use a
radiolucent probe placed into the cutter collet of the robot
(Figure6). The probeis swept and imaged through two planes
to construct a virtual calibration grid. Image processing to
recover the ball centers is simple and robust since the only
difference between successive images is the position of the
balls. The exposure radiation to acquire the multiple images
is higher but still within acceptable limits. The advantage of
this method isthat it allows for more compact and convenient
fixturing than would be feasible with a conventional two-
plane grid. Our experiments show accurate 3-D localizations
within 0.1-0.4 mmwith aconventional C-arm (Guéziecet al.,
1998).

We have aso investigated an alternative approach for
intrinsic and extrinsic calibration on the same set of images by
imaging a partialy radiolucent aluminum plate mounted on
the C-arm’simage intensifier. The plate has 3/16 in thick and
1/16 in wide grooves machined in a square pattern on 1/4 in
centers. The grooves appear as pale lines on the fluoroscopic
X-ray images (Figure 7) and can be segmented with standard
image processing techniques. The dewarping map is obtained
by locating the image points of each grove's centerline, fitting
a fifth-order Bernstein polynomial to them, and computing

the dewarped image point positions with ascan line algorithm
(Wolberg, 1990). The scan line algorithm computes the
intersections between each horizontal scan centerline line
in the image and the vertical Bernstein-based curves. The
intersection points on the scan line are then used to fit a
piecewise cubic spline by relating their location on the scan
line against their ideal locations. The resampled imagein the
horizontal direction is obtained by interpolating all the pixels
on the scan line using the cubic spline line. The same process
is used to dewarp the grid in the vertical direction. Figure 7
illustrates the process. The advantages of our method over
methods which use a grid of radio-opaque spheres (Boone
et al., 1991; Eldridge et al., 1996; Schreiner et al., 1997) are
that it allows arbitrary C-arm poses and that the fiducials do
not completely obscure any part of the image, athough the
image contrast is reduced.

For extrinsic calibration, our strategy relies on identifying
points and lines within a single fluoroscopic X-ray image of
a known spatial arrangement of fiducials and computing the
camera transformation parameters. Thisis simpler and more
effective than using a calibration object holding radio-opaque
spheres arranged in a spiral pattern (Eldridge et al., 1996) or
including fiducial lines in the bone fixator. Having the robot
hold a calibration object either inside the femoral cavity or
very close to the bone provides a common reference to co-
register the intraoperative fluoroscopic images and to obtain
directly the transformation between the robot’s end-effector
and the patient’s femur, expressed in robot coordinates.
We have integrated radio-opague features into a radiolucent
calibration object that can either be built into the surgical
cutter bearing sleeve or else can be quickly mounted directly
on the surgical cutter. The geometries are designed to permit
the estimation of the relative position and orientation from
single 2-D fluoroscopic X-ray images. Four fluoroscopic
images—two for the dewarp grid and two roughly orthogonal
for calibration—are the minimum number of images that
were deemed to be sufficient to obtain the desired accuracy
results.

Figure 8 shows the set-up of a positioning experiment
performed with the Johns Hopkins University/IBM LARS
robot (Eldridge et al., 1996) and a C-arm. The LARS robot
held a ball probe and was positioned in the interior of a
radiolucent box into which /8 in steel balls had been inserted
at known positions. Theinside surface of the box was covered
with copper foil and electrical contact between thefoil and the
ball probe could be detected by the LARS controller. After
initial calibration to determine the transformation between the
robot’s tool holder and the calibration object, the robot was
guided manually so that the ball was inside the box. Then,
fluoroscopic X-ray images were taken from two roughly
orthogonal orientations. After locating the coil and balls in
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Figure 7. lllustration of the dewarping process: a fluoroscopic X-ray image of a smoked ham and a dewarping calibration plate: (a) before
dewarping; (b) after groove location; and (c) dewarped. The white lines correspond to grooves cut into an aluminum dewarping calibration

plate mounted on the X-ray detector.

Figure 8. Experimental set-up at The Johns Hopkins University for
image-guided positioning showing the C-arm with the dewarping
grid plate mounted on its image intensifier (left), the LARS robot
arm holding the probe (center top) and abox (center bottom).

both images, the relative difference in position and orientation
of the C-arm between the two views was computed, and the
spatial positions of the ballsrelative to the coil were estimated
by triangulation. The positions were then used to compute
the pose of the box relative to the robot. Finally, the robot
located the interior surfaces of the box by moving in desired
directions until electrical contact was made. Comparing
the observed distances moved to the distances predicted
from the images, we measured errors that were <1 mm for
motions of up to 25 mm, and <0.3 mm for motions of
6 mm or less. These encouraging preliminary results suggest

that the progressive refinement strategy, consisting of initial
undercutting followed by re-registration before the finish cuts
are made, isindeed viable.

5.4. Fluoroscopic X-ray and CT image contour
extraction
We have developed a method for extracting contours from
fluoroscopic X-ray and individual CT dlice images, and a
method for extracting surfaces from a set of CT dlices.
While both problems have been studied extensively in the
literature, no robust, reliable and fully automatic method
is yet available. Extracting bone contours reliably from
fluoroscopic X-ray imagesis difficult because the images are
noisy, have limited resolution, exhibit non-uniform exposure
variation across the field of view and have varying contrast
and exposure from shot to shot. The bone structures are
surrounded by tissue, contain overlapping contours and have
internal contours. In the CT data, the individual 2-D image
quality is significantly better, but the spacing between dlices
can be significant (up to 6 mm), making it difficult to use
iso-surface voxel techniques to extract the surfaces directly.
To find bone surface contoursin fluoroscopic X-ray images
and individual CT dlices, we use a modified, semi-automatic
active contour models technique (Kass et al., 1987). In this
method, an initial user-defined spline contour is stretched
and bent according to an energy function acting through a
potential field. The potential field is defined by the norm
of the image intensity gradient. We use a smoothed image
gradient norm for the potential and an initial polygonal
contour model defined by a few user-supplied points in the
vicinity of the structure of interest. The initial contour is
deformed and fitted to the image data by minimizing its
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Figure 9. Extracted contours of a fluoroscopic X-ray image (top,
black pixels indicate the extracted bone contours), and extracted
contoursfrom distal femur CT image slice (bottom). The continuous
line (black pixels) is the contour obtained by our active contour
method. The spurious gray contours is the best attempt produced
by iso-contour-based segmentation and show that this method is
inadequate even for asingle CT dlice.

energy by solving a partial differential equation using the
finite-difference method. To define a longer range potential,
we have implemented a two-step process. First, the initial
deformable model is attracted by a smoothed low-resolution
potential. Then, the result is used as the initial model for a
second deformation step at full potential resolution. Because
the contour topology is relatively simple, consisting of at
most two disconnected contours, this method yields good

apparent
contour
Z
Y
X-ray X
path

Figure 10. A directed X-ray path ‘pierces’ an apparent contour if
the three vectors X, Y and Z form aright-handed frame. Vector X is
the shortest distance between the bone contour and the X-ray path,
Y isthe oriented tangent of the bone contour and Z is the direction
of the X-ray path.

results. For CT dlices, we use the points in the neighboring
dlice as initial estimates for the following dlice. Figure 9
shows examples of extracted contoursin afluoroscopic X-ray
imageandinaCT dlice.

To construct asurface model from aset of CT diceimages,
we connect the extracted contours in successive CT slices
by creating a triangular mesh. The mesh is constructed
by finding corresponding points on the upper and lower
contours and connecting them with an edge. Finding the
correspondences is relatively straightforward because the
femur anatomy is simple and known. The agorithm builds
a surface patch connecting the two contours using a variation
of the method described in Fuchs et al. (1977). The algorithm
maximizes the sum of the quality measures (e.g. the ratio
of the positive area by the sum of squared side lengths) of
each surface triangle. The resulting surfaces are simplified
with a tolerance between 0.0 and 0.3 mm using the variable
tolerance method (Guéziec, 1995). Figure 11 show details of
the constructed surface of the proximal and distal portion of
afemur.

5.5. Anatomy-based matching of fluoroscopic X-ray
imagesto CT datasets

We have developed a new method for matching fluoroscopic
X-ray images to CT datasets. The method finds a rigid
transformation optimizing the position and orientation of the
bone surface such that its projections on the fluoroscopic
X-ray images at the computed camera locations best match
the bony anatomy observed in such images.

The fluoroscopic C-arm camera can be modeled as a
pinhole projective camera with known focal length. The
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(d)

Figure 11. Proximal and distal femur surface models and X-ray paths: (a), (c) before registration and (b), (d) after registration using one

proximal marker in addition to the fluoroscopic X-ray images.

pinhole center defines a set of lines emanating from it: when
the bone surface model pose corresponds to the imaging pose,
the lines emanating from the pinhole and grazing the bone
surface correspond to points on the bone contour, as seen on
the fluoroscopic X-ray images. We call the contour defined
by the lines the apparent contour (Figure 10). A bone surface
model which is at a location that does not match the bone
contour in the X-ray camera pose can be brought closer to it
by minimizing the distance between the apparent contour and
the line bundle (Figure 11).
The iterative registration proceedsin four steps:

(i) compute the apparent contour on the bone surface;
(if) for each line, find the closest apparent contour point;

(iii) compute, after eliminating outliers, a rigid transforma-
tion (rotation and tranglation) that minimizes the sum of
squared distances between the apparent contour points
and the lines; and

(iv) apply the transformation to the bone surface.

This process is repeated until the magnitude of the incremen-
tal rotation and trandation is below a pre-specified threshold
or the maximum number of iterationsis reached. We describe
each step briefly next (see Guéziec et al., 1998 for details).
The bone surface apparent contours for a given C-arm
camera pose are computed as follows. For each surface
triangle, the viewing direction is defined as the vector
originating from the pinhole center to the triangle centroid.
The triangle is said to be visible if its normal, defined by
the cross product of ordered oriented triangle edges, makes
an obtuse angle with the viewing direction, otherwise it is
invisible. Surface apparent contours are the subset of surface
edges such that the triangle on one side of the edgeisvisible
and the triangle on the other side of the edge is invisible.
The apparent contours are constructed by linking these edges
to form non-planar closed polygona curves in space. The
algorithm builds the apparent contour by first identifying the
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edges belonging to it and orienting them so that the visible
triangle is to the left of the edge. It then picks an edge and
adds edges of neighboring trianglesiteratively until the circuit
is closed. This process is repeated on the remaining edges
until all apparent contours are found.

The closest points of the apparent contours to each line
are computed by first computing the closest point from the
line in al apparent contours and then selecting a particular
apparent contour and its corresponding closest point. For
the first step, we use a hierarchical decomposition of the
polygonal apparent contoursinto segments with an associated
bounding region that compl etely encloses the contour portion
of the segment. The hierarchical decomposition allows us to
find aclosest point in O(log n) average expected time, where
n is the number of edges in the apparent contour. For the
second step, the algorithm tests whether the line ‘ pierces’ the
apparent contour (Figure 10). If so, the algorithm keeps the
pierced apparent contour for which the distance to the closest
point isthe largest. Otherwise, it keeps the one for which the
distance to the closest point isthe smallest.

To find the transformation matrix that minimizes the sum
of squared distances between the apparent contour points and

the lines, we use the following formulation:
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where p; are closest apparent surface points, ¢; isthe camera
pinhole position, v; are the unit direction vectors of the
lines, and Q and t are the unknown rotation matrix and
trandlation vector, respectively. We use the Cayley rotation
parameterization, which states that if U is a skew-symmetric
matrix obtained from a vector u, then the matrix

Q=(1-U(+u)™* (©)

is a rotational matrix. The advantage of this form is that for
small rotations, Q ~ | — 2U. The problem becomes
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where P; is the skew-symmetric matrix derived from p;.
Following Kumar (1992), we use the Tukey weighting
function to scale each distance error. After some additional
computations detailed in Guéziec et al. (1998), we obtain a
linear system that we solve for the desired transformations.
We have conducted a series of experiments to assess
the accuracy of our method. In one experiment, we used

Figure 12. Experimental result of pinless X-ray image-based
registration. The image shows a proxima femur surface model
built from CT data (center) and two distortion-corrected X-ray
fluoroscopic images (left and right) after registration in their original
positions. The dark line segments emanating from the X-ray
fluoroscopic image bone contours represent X-ray paths.

implanted fiducials on a cadaver bone and ROBODOC to
obtain precise and reliable transformations that can be
compared with the image-based method. We found that the
femur is appropriate for 2-D/3-D registration because the
images show more than just the femur shaft. The condyles
and the anatomical featuresthat areleft in the proximal part of
the femur provide sufficiently unique asymmetric and unique
features for matching. A measured registration error of
2.3 mmwas recorded in the dataset of Figure 11. Theerror is
the maximum of the distances between the geometric location
of the pins as measured by the robot and the computed ones.

In a second experiment (Figure 12), we used a different
calibration rod and no pins and obtained a maximum registra-
tion error measured at each marker location of between 1.2
and 3.6 mm. The main cause of the error is the effect of
angular errors on along shaft: an angular error of 1°, which
is common in such applications, on a femur 450 mm long
causes adisplacement of 8 mm at thetip or 4 mm if the center
of rotation isin the middle of the femur.

5.6. Image spreadsheet

We are developing an image spreadsheet for selectively
viewing X-ray images, CT cross-sections and 3-D volumetric
reconstructions (Figure 13). The spreadsheet maintains the
images co-registered and alows manipulating overlays on
them. It includes standard image-processing tools, such
as histogramming, intensity adjustments, and zooming and
panning. It allows the user to specify the number of windows
desired (four in Figure 13) and maintains a scrollable window
(bottom window) containing thumbnail views of the case
images, which can be displayed by dragging and dropping
them in any window. New images can be generated, saved
and added as thumbnail images to the bottom window.
Volume data, such as CAD implant models and cut volumes
can be overlayed on bitmap images.
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Figure 13. Image spreadsheet with four windows and thumbnails.

The user can directly manipulate and position the implant
and the volumes with the mouse. The spreadsheet algo-
rithm computes the projection and keeps them co-registered.
Another aternative, not yet implemented, is semi-automatic
positioning using surgeon-defined correspondences. The
surgeon can use the mouse to designate points on the implant
that should align with points in individual X-ray and CT
images. The system then computes an implant position

and orientation that brings the selected pairs of points as
close together as possible by formulating and solving a least-
sguares minimization problem, achieving an optimal place-
ment with respect to the specified correspondences. By in-
teractively adding, deleting and modifying correspondences,
the surgeon can quickly find the best implant or volume
position. This method is potentially less time consuming
because it reduces divergences on several individual views
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simultaneously. However, it requires the surgeon to get used
to a different kind of positioning, which has not yet been
found necessary by ORTHODOC users.

5.7. Cement machining

We have conducted severa experiments to assess the cement
remova process. In one experiment, we tested whether
the cutters currently used in ROBODOC PTHR surgery are
adequate to cut bone cement by cutting circular shapesin a
hard plastic material with a density similar to that of bone
cement. To determine accuracy, the diameter of the cavities
was measured and compared with the planned diameter,
obtaining satisfactory results for shape and position accuracy.
In another experiment, we tested how deep we can cut in
bone cement and still achieve the accuracy needed. With the
current instrumentation, the ROBODOC system can cut an
implant cavity ~300 mm deep along the axis of the bone.
We found that proper irrigation with a sterile saline solution
is very important for cement machining. Full quantitative
evaluation is part of future work.

5.8. Clinical RTHR surgery experiencewith
ROBODOC

Two surgeons at the Berufsgenossenschaftliche Unfal-
Iklinik (BGU) in Frankfurt, Germany, conducted four
ROBODOC RTHR surgeries at the end of 1996 under the
supervision of |SS engineers. The system used wasthe PTHR
ROBODOC system augmented with imaging metal artifact
reduction and interactive cut-volume definition software
(Figure 5). The cases were carefully chosen to be within the
specifications of the extended system.

The surgeries were successful in al four cases, and
demonstrated the need for improvements in the cement
cutting procedure.  With the origind ROBODOC PTHR
surgery settings, the cutter had great difficulty machining the
cement, causing frequent ‘force freezes', i.e. excessive force
when cutting, which causes the cutting to stop during the
procedure. In the first surgery, there were 73 force freezes,
requiring a cement cutting time of over 2 h (versus the
expected 0.5 h). To improve the cement cutting performance
of the robot, the ISS team modified the cavity generation
software to reduce the amount of cement that the robot had
to machine at each pass and improved the recovery capability
from the force freezes. The second surgery required slightly
over an hour of cement cutting time, with only 29 force
freezes. During the third surgery, the robot machined the
proximal portion of the cement mantle for ~10 min, at which
time the surgeons noticed that the whole mantle had come
loose and removed it manually. This was considered a very

good clinical result: it is likely that the robot loosened the
cement mantle by machining away the proxima part. By
the fourth case performed at the beginning of 1997, the
software user interface had improved to the point where ISS
engineers were involved only in the planning phase remotely
via modem.

To alow the surgeons to perform al parts of the planning
without | SS assistance, the following software improvements
were made.

e Added a graphica indication of the minimum volume
required for cutter clearance on each cross-section.
Without this indication, the system will fail to create a
cavity without a meaningful error message if the user
created a contour that was too small for the cutter.

e Allow the user to insert new contours in between
existing contours. This was necessary if the surgeon
spaced the initial contours too far apart to create an
accurate cavity.

e Improvethe reliability of the cavity generation software
so that it works in >90% of the cases, and will fail
gracefully otherwise, i.e. create the correct cavity or no
cavity at all.

e Create a tool for the surgeon to mark the top of the
bone. Thisinformation is passed to the cavity generation
software so that it can generate proper cutter paths for
the ‘precut’ areq, i.e. the bone proximal to the cement
cavity.

The improved software was tested successfully on April 17,
1997 at BGU where the surgeons performed the first revision
case without any involvement from ISS. Since then, the
software has been used by surgeonsat BGU for several RTHR
procedures. The primary limitation of the current system is
that the femoral fixator cannot be used for weak bones (asis
often the case in revision patients) because it can damage the
bone. We are currently investigating new fixator designs that
can accommodate weaker bones.

6. CONCLUSION

We have presented the concept and preliminary results for
a computer-integrated system to assist surgeons in revision
total hip replacement (RTHR) surgery. Our starting points
were the ROBODOC system for primary hip replacement
surgery and the manual RTHR surgical protocol. We iden-
tified four key issues that must be addressed in developing
the system:

(i) extended preoperative planning to reduce imaging metal
artifactsin CT data;

(i) interactive cement cut-volume definition;
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(iii) intraoperative plan validation and modification; and

(iv) image, patient and robot registration.

We described methods for dealing with the above prob-
lems, and results of experiments for better understanding
the technical feasibility of alternative solutions. Clinical
trials were conducted with an extended RTHR version of
ROBODOC, which included CT imaging metal artifact
removal and interactive cement volume definition.  Our
preliminary results indicate that the proposed approach is
viable and could form the basis of a practical system for
clinical use. We believe that some of the solutions devel oped
specifically for RTHR surgery will be applicable to many
orthopedic and other surgical problems.

Theimaging metal artifact reduction algorithm has proved
to be of great use and will be incorporated into ISS
ORTHODOC product. Version 1.0 of the RTHR system
has just been released.  Short-term plans include the
design of a new femora fixator that can handle weaker
bones, the combination of the cement and implant cavity
machining (currently, the system only machines cement), and
automating the method for identifying the cement cut volume.
Further improvements and clinical validation of fluoroscopic
registration methods are required.
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