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INTRODUCTION

Roentgen stereophotogrammetric anaysis (RSA) is a measurement
method that can provide quantitative information for the objedive
evaluation and comparison of orthopaedic implant migration.
Migration cdculations rely on the aility to determine the paosition and
orientation d implant comporents. To provide this functionality, RSA
requires either a marker based approach, which requires the
modification o ead implant comporent by the aldition d sphericd
markers, a model-based approach, which requires acarate 3D models
of ead comporent, or a feaure-based approach, which requires
speda inherent implant feaures. Together, these techniques provide
the aility to perform RSA on amost any implant, but they also have
severa limitations. A new RSA methodto determine implant position
and aientation withou the requirement for modification, or acarate
3D models is described. This method is an extenson and
generdlization o more spedfic feature-based methods and is based on
the geometric inter-relationship between image and feaure pairs.

Current methods and limitations

Traditionally, sphericd radio-opague markers are dtached to implant
comporents and inserted into the host bones to define these objeds for
kinematic measurements. One limitation d this technique is that
markers can be obscured by metalic comporents of the implant
rendering them invisible in x-ray images. Also, the adition of markers
to an implant is often impradica with prohibitive cetification and
cost implications. Newer methods exploit spedfic geometric feaures
and eliminate the need for additiona markers but have limited
applicability to a few spedfic types or clases of implants. The most
general marker-less approach, the model-based approach [1],
substitutes the need to modify implants with the need to aauire an
acarrate geometric model of ead implant. This method is aso
geometricdly limited by manufaduring tolerances and can be time
consuming.
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METHODS

Two genera relationships can be exploited in a feature-based RSA
method The first arises from the aility to visualize and charaderize
matching implant feaures between x-ray images, and the second arises
from photogrammetric principles. An implant feaure is charaderized
to some degreeby its contour, which can be identified and separated
from the x-ray image using Canny edge detedion [2]. The 3D position
and pose of the implant can be derived by augmenting this contour
information with phaogrammetric information. The required
photogrammetric relationship is determined by a cdibration process
that defines the mathematical transformation ketween ead 2D image
and the corresponding 3D space Together, these yield the fundamental
matrix, and the epipolar geometry that inter-relate the two images.
Epipolar geometry defines a plane by three points (Fig. 1); two
epipoles (el,e2) that are known from the cdibration, and any single
image point (x1). This plane is coplanar with the plane cntaining the
two x-ray foci and the 3D point that produced the image point. This
plane interseds the seand image on the epipolar line. The projection
of the 3D point (X) on thisimage (x2) will li eon thisline.

Figure 1. The epipolar relationship for an RSA arrangement.
The points (X, F1, F2, x1, x2, el, e2) are dl coplanar.

By seleding a contour point on one image, and wsing both the goipolar
and fedure relationships, a single matching point can be determined.
This unique paint exists at the intersedion d the eoipadar line and the
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feature @ntour. Once apair of matching points is determined a 3D
paoint can be reconstructed. Several 3D points generated in this manner
points kinematicdly define the implant.

Validation

A Trilogy© metalic ecetabular shell (Zimmer, USA) was used to
validate the method Two simple geometric features of the aip were
exploited with the generaized feature-based RSA method the
hemisphericd shell and the planar base drcle. The visible portion of
the base drcle outline defined a unique dlipse on ead image, the
parameters of which were determined by aleast squares fitting method
[3]. Points on this feaure airve in ore image produced epipolar lines
that interseaed the feaure airve in the seoond image (Fig. 2). Since
the matching points had to lie on this line and also on the feaure airve
in the second image, any intersection of these two entities produced a
potential match. For the éliptical curve there were two intersedions
(x2, x2) for each origina point (x1) and therefore two passible
reconstructed 3D points. Multi ple reconstructions were performed and
the points separated into two sets, which were planar fit to define two
degrees of freedom for the ap via the planar normal vector. The
projedion of the center of the hemisphericd feature was reconstructed
to a 3D point that defined an additional threedegrees of freedom. The
last degree of freedom, angular paosition about the acis of symmetry,
could not be determined hy either of these two features.

Figure 2: The intersedions of an epipdar lines and feaure airve
(x2, x2") provide possble matching points for aseleaed pant (x1)

Six stainless $ed sphericd markers were rigidly attached to the
aceabular shell via acylic rods. The rods placed the sphericd markers
outside the radio shadow of the aup and were used for a marker-based
definition o the aip. A custom jig assembly alowed the aup with
attached markers to be positioned in either approximately 30 a 50
degrees of tilt and 10 @ 20 degrees anteversion with resped to the jig
base. Eleven rigidly fixed markers defined the base, which emulated a
human pelvis. The ap paition and pose was determined by a Bright©
(Mitutoyo, Japan) coordinate measuring machine and wsed as the
baseline definition for comparing the RSA measurements. RSA
determinations of position and pose were cdculated using both the
generalized fedure based method and the marker-based method.
Coordinate transformation into a cmmon reference frame were
performed using the Soderkvist algorithm [4].

The RSA arrangement was cdibrated using a biplanar cage with an
approximate volume of 35x35x40 cm, which enclosed the positioning
jig. A pair of x-ray exposures were taken for eah o the four cup
positions and a minimum of 20 cdibration markers were visible in
ead x-ray image. The resulting films were digitized ona Scanmaster
DX (Howtek, USA) x-ray scanner at a resolution of 300 pixels per
inch edge deteded and processed. The mmplete RSA processfrom x-

ray image data to pasition and orientation results and statistics was
implemented in Matlab (The Mathworks Inc., USA).

Results
Method Position (mm) Orientation (deg.)
X Y V4 Tilt Anteversion
Marker-based Mean Error 0.019 0.001 0.017 -0.168 0.138
95% C.I. +0.046 +0.073 +0.046 +0.179 +0.149
Feature-based Mean Error 0.010 0.000 0.005 0.093 -0.087
95% C.I. +0.043 +0.064 +0.069 +0.183 +0.149

The measurement error for ead of the five degrees of freedom was
defined as the difference between the RSA based measurements and
the CMM based measurements. The mean error for ead degree of
freedom was the average of the measurement error over the four trials.
A t-distribution with t=3.1824 was used to obtain the 95% confidence
interval for the measurements.

DISCUSSION / CONCLUSION

These results demonstrate that the generadized feadure-based RSA
method compares favorably with the marker based RSA method for
position and pase determination for metal backed acetabular cups. The
mean errors were lower in al cases and the 95% confidence intervals
were similar. The generdized feaure-based RSA method poduces
similar or dightly improved results to the aip position and pcse
method poposed by Vastar [5] who reported maximum errors in
position d 0.09 mm, 0.07 mm and 034 mm along each axis and mean
errors in pase determination o 0.41° with a confidence interval of
+0.13. By comparison, the maximum pasition errors for the feature
based method were 0.05 mm, 0.06 mm and Q07 mm aong ead axis
whil e the largest mean pcse error was 0.06° +0.18,

The new generdlized feaure-based pcsition and pose determination
method has been proven as a simple and acarrate dternative to the
more aommonly used discrete marker based method This method is
also methoddogicdly simpler and more dired (non-iterative) than
both model based and more spedfic feaure-based methods. The new
method is easly applied, as it uses the same paradigm for 3D
measurement and same primary agorithm as used for markers, which
is already a part of the cmde in a marker-based RSA program. This
method can be extended to use avariety of other implant feaures and
therefore fadlit ate marker-lessRSA for a number of implants without
the need for acairate geometric models of ead spedfic size and type.
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