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Abstract

Roentgen stereophotogrammetric analysis (RSA) was developed to measure micromotion of an orthopaedic implant with respect
to its surrounding bone. A disadvantage of conventional RSA is that it requires the implant to be marked with tantalum beads. This
disadvantage can potentially be resolved with model-based RSA, whereby a 3D model of the implant is used for matching with the
actual images and the assessment of position and rotation of the implant. In this study, a model-based RSA algorithm is presented
and validated in phantom experiments. To investigate the influence of the accuracy of the implant models that were used for model-
based RSA, we studied both computer aided design (CAD) models as well as models obtained by means of reversed engineering
(RE) of the actual implant.

The results demonstrate that the RE models provide more accurate results than the CAD models. If these RE models are derived
from the very same implant, it is possible to achieve a maximum standard deviation of the error in the migration calculation of
0.06 mm for translations in x- and y-direction and 0.14 mm for the out of plane z-direction, respectively. For rotations about the y-
axis, the standard deviation was about 0.1° and for rotations about the x- and z-axis 0.05°. Studies with clinical RSA-radiographs
must prove that these results can also be reached in a clinical setting, making model-based RSA a possible alternative for marker-

based RSA.
© 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction

In total joint arthroplasty, fixation of the implant in
the surrounding bone is of greatest importance for the
success of the procedure. To study the fixation of
implants, roentgen stereophotogrammetric analysis
(RSA) was developed by Selvik in 1974 (Selvik, 1989).
With this accurate three-dimensional measurement
technique, micromotion between the implant and the
surrounding bone can be assessed in an early stage
(Nagels et al., 2002; Valstar et al., 2002; Nelissen et al.,
1998; Ryd, 1992; Selvik, 1989). The reported accuracy of
RSA ranges between 0.05 and 0.5mm for translations
and between 0.15° and 1.15° for rotations (95%
confidence interval; (Kéarrholm, 1989; Valstar et al.,
2000).
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To guarantee the high accuracy of RSA, it has been
necessary until today to mark the implant and the
surrounding bone with tantalum beads. From the
projections of these markers, detected in a stereo-pair
of roentgen images, their three-dimensional (3-D)
positions are reconstructed, resulting in an accurate
calculation of the pose of the bone and the implant
(Borlin et al., 2002; Valstar et al., 2000; Vrooman et al.,
1998).

One of the major difficulties and disadvantages of
RSA is that the marking of the implants drastically
increases the costs of the implants and lengthens the
start-up period of an RSA study. It is also possible that
marking the implant jeopardizes the strength of the
implant, and the markers may also cause local stress
raisers in the bone cement resulting in cement cracks
that may jeopardize the strength of the fixation of the
implant in the bone. Another problem is that the
markers, which are attached to the implant, are often
overprojected by the implant itself.
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To avoid the requirement of using markers on the
implant for RSA, a model-based RSA method was
developed (Valstar et al, 2001; Jong, 1997). This
technique is based on minimizing the difference between
the virtual projection of a 3-D surface model of an
implant with the actual projection of the implant as it
appears in a roentgen image. If the implant is a non-
symmetric object, its projection is unique in most
instances. Therefore, the pose of an implant can be
estimated from its projection by finding the correspond-
ing pose of the model of this implant, such that minimal
differences remain. This technique originates from 3-D
vision (Wunsch and Hirzinger, 1996; Lowe, 1987) and is
also used in Roentgen Fluoroscopic Analysis. (Guéziec
et al., 2000; Zuffi et al., 1999; Sarojak et al., 1999; Hoff
et al., 1998; Banks and Hodge, 1996; Lavallée and
Szeliski, 1995).

In a pilot study carried out at our department (Valstar
et al., 2001), the non overlapping area (NOA) approach
was used as a measure of the difference between the
actual projection and the virtual projection. It was
concluded that the established accuracy of conventional
marker-based RSA could not be reached with this
specific approach for model-based RSA due to the
relatively large dimensional differences between the
computer aided design (CAD) model of the implant
and the actual implant. To overcome this problem, it
became clear that it is necessary to remove the unreliable
parts of the contours originating from inaccurate parts
of the model. These “drop-outs” in the contours are also
generated in the case of a partial overlap of the
projections of different prosthetic components.

Because the NOA method cannot handle contours
that contain drop-outs, we have developed an improved
model-based RSA algorithm that can handle contours
that contain drop-outs. This algorithm was tested in
model simulation experiments and it was shown that
theoretically the improved algorithm would be able to
accurately determine the pose of the implant. The
promising results of these simulation experiments have
stimulated us to validate the improved algorithm in
phantom experiments.

The aim of the present study is, therefore, to validate
the improved model-based RSA algorithm in phantom
experiments and to investigate the effect of using either
CAD models or models from reversed engineering.

2. Material
2.1. RSA set-up

In this study, an RSA set-up was used that contained
two synchronized roentgen tubes positioned at approxi-

mately 1.5m above the film cassette. Each roentgen tube
was directed towards one half of the roentgen film at an

angle of 20° relative to the normal vector of the
roentgen film. A carbon calibration box with 1-mm
tantalum markers was positioned underneath the roent-
gen table. This calibration box defines the laboratory
coordinate system and is used to accurately calculate the
positions of the roentgen foci. In the laboratory
coordinate system, the x-axis is defined inside the image
plane parallel to the line connecting the two foci. The y-
axis is defined inside the image plane perpendicular to
the x-axis and the z-axis is defined perpendicular to the
image plane. Fig. | shows the RSA-CMS software with
an RSA image showing the phantom that was used in
this study, calibration markers, and the laboratory
coordinate system.

2.2. Models and components

In this validation study the femoral and tibial
components of the Interax total knee prosthesis (Stryker
Howmedica Osteonics Corp., Rutherfort, USA) were
used. The implant manufacturer provided two femoral
components and two tibial components of the same size
and type. CAD models of both corresponding compo-
nents were also provided. These CAD models were
converted to triangulated surface models using the
MSC/PATRAN software package (Mac-Neal-Schwend-
ler GmbH, Munich, Germany). The model of the
femoral component consisted of 3600 elements and the
tibial model of 6290 elements. For the remainder of this
manuscript, we will refer to these models as CAD
models.

One of the femoral components and one of the tibial
components were also laser scanned, producing reversed
engineered (RE) models of 252978 and 571920 elements,
respectively. The accuracy of this reversed engineering
technique is 0.013 mm.The prosthetic components that
were used to generate the RE models are denoted:
scanned components. The other components are de-
noted non-scanned components.

2.3. Phantom

The phantom consisted of the femoral or tibial
component rigidly clamped inside a small carbon box
in which 17 beads were attached to the edges. This
phantom box was used in two different experiments: In
the first experiment, it was possible to accurately
translate the phantom box in x- and z-directions with
respect to the calibration box by means of a calibrated
micromanipulator attached to the calibration box
(accuracy 0.005 mm).

In the second experiment another construction was
used to rotate the phantom box in reproducible poses
with respect to the calibration box.
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Fig. I. RSA-CMS software showing part of an RSA image of the phantom with tibia component clamped inside and the laboratory axis system. All
RSA markers are detected and labelled. The connection lines of the phantom and tibia markers are also shown. In the lower left corner, the

laboratory axis system is shown.
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Fig. 2. The RE models that have been used in this study. Note that the tibia component is a constellation of a plateau and a cruciform part.

3. Method
3.1. Model reduction

For each component, less detailed RE models were
constructed by reducing the original RE model to 5000,
2500, 1000, and 500 triangular elements, respectively
(Fig. 2). This was not only necessary for obtaining an
acceptable calculation time, but also to establish the
relation between the number of triangular elements of
the model and the accuracy of the method. Therefore we
repeated all calculations using the CAD-models and
these reduced RE-models.

3.2. Contour detection and model projection

The actual contour of the implant in the radiograph
was detected by means of the Canny operator (Canny,
1986). A human operator interactively removed those
parts of the contour that were clearly not part of the
boundary of the projection of the implant. This removal
usually takes less than a minute time of the operator and
no special skills of the operator are necessary. Note that
the contour can consist of multiple contour parts that do
not necessarily form a closed contour.

By means of computer graphic techniques, the 3-D
model of the implant was projected onto the image
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plane and a virtually projected contour was calculated
(Valstar et al, 2001). In contrast to the detected
contour, the calculated virtual contour is a closed
contour. The virtual contour can be described as a
function of the model, the pose of the model, and the
position of the focus:

Virtual Contour = F(Model, Model Pose, Focus). (1)

3.3. Contour difference

We define the actual contour and the virtual contour
as a chain of nodes:

Actual Contour :4; = (x,y,2) (i=1—np), 2)

(G=1-ny), A3)

in which n4 is the number of nodes in the actual contour
and nyp is the number of nodes in the virtual contour.
Note that because the xy-plane of the coordinate system
is defined as the projection plane of the roentgen system,
all z-coordinates of the projection contours are zero.
The difference between the actual contour and the
virtual contour is defined as the mean distance between
the nodes of the actual contour and the virtual contour:

DIF = F(Actural Contour, Virtual Contour)

> i = A7 /ma

i=1—np

Virtual Contour :V; = (x,y,z)

in which A4? is the closest projection of node i of the
actual contour onto the virtual contour (Fig. 3).

3.4. Minimisation of the contour difference

In order to calculate the three-dimensional position
and orientation of the implant, the contour difference
between the actual contour and the virtual contour must
be minimised. To accomplish this, first the pose of the
implant was set interactively by a human operator.
Secondly, an iterative inverse perspective matching
(ITPM) algorithm was used. This algorithm is based on
the work of Wunsch and the iterative closest point (ICP)
algorithm of Besl (Wunsch and Hirzinger, 1996; Besl
and McKay, 1992). For the final accurate pose
estimation, we used a minimisation algorithm that

Virtua Contour

Actua Contour

A+

Ali-)

Fig. 3. Closest connection line between point A; of the actual contour,
and its projection point on the virtual contour.

minimises the objective function, which is composed of
the differences between the virtual and actual contour
from the left and right image halve:

DIF = DIF; grr+DIFRiGHT ®)
with
DIFLgrT

= F(Actual Contour; gpr, Virtual Contoury ggr), (6)

DIFrigut
= F(Actual Contourgigyy, Virtual Contourrigur).

(7

In this objective function, the virtual contour is a
function of the model pose (1). The model pose, that
consists of the three position coordinates and three
orientation parameters, is the only unknown in the
objective function. For minimisation of this highly non-
linear function, a sequential quadratic programming
(SQP) minimization scheme is used, as described by
Spellucci (Spellucci, 1998). In this scheme, the partial
derivative of the objective function is calculated using a
finite difference method. See Fig. 4 for a detail of the
actual contour and the matched virtual contour. This
figure also shows an overview of the model with its
projection. A similar approach was used in a single focus
set-up by Fukuoka (Fukuoka et al., 1999).

4. Phantom Experiment I: small translations
4.1. Experimental set-up

To test the accuracy of the improved model-based
RSA techniques with different models, the phantom was
positioned in seven successive poses and an RSA
radiograph was acquired in each pose. By means of
the micromanipulator, which is considered as a gold-
standard for setting a position with respect to the
calibration box, the phantom was translated over a
distance of 1.0mm alternatively in the x- and z-
directions between the successive poses with a maximum
displacement of 3 mm in each direction. Translations in
the y-direction and rotations were not applied. The
position and orientation of the implant were assessed by
means of the model-based RSA algorithm. By using its
attached markers, the position and orientation of the
phantom box could be assessed with marker-based
RSA. In each measurement, the pose of the phantom
box and the implant were calculated separately. We
subtracted the succeeding calculated poses from each
other and compared this calculated motion between the
successive radiographs with the actual motion as was
applied by the micromanipulator. The standard devia-
tion of the differences between these calculated motions
and the actual motions is a measure for the accuracy of
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Fig. 4. Detail of the roentgen image with the actual detected contour (black) and the matched virtual contour (white). The size of the grid that is
shown in this image is | mm and the short lines perpendicular to the contours is a ten times the enlargement of the shortest lines connecting the actual
and the virtual contour. The inserted figure shows an overview of the model and one of the complete projections.

Table 1

Mean and standard deviation (SD) of the difference between calculated and applied motion of the scanned femur component (n=6)"

Model DIF X y z R, R, R.
CAD Mean 0.22 —0.003 —0.009 —0.011 —0.022 —0.001 0.001
3600 el. SD 0.01 0.025 0.150 0.090 0.119 0.051
RE Mean 0.38 —0.003 —0.010 —0.018 —0.002 0.037 0.008
500 el. SD 0.01 0.031 0.132 0.038 0.081 0.024
RE Mean 0.15 —0.001 —0.011 —0.019 —0.006 0.036 0.006
1000 el. SD 0.01 0.034 0.148 0.054 0.049 0.048
RE Mean 0.07 —0.003 —0.006 —0.017 —0.002 0.012 0.001
2500 el. SD 0.00 0.029 0.148 0.080 0.045 0.063
RE Mean 0.05 —0.004 —0.006 —0.019 0.000 0.017 0.000
5000 el. SD 0.01 0.028 0.147 0.067 0.044 0.058
Marker- Mean — —0.002 0.023 0.000 0.001 —0.003
Based SD — 0.014 0.073 0.022 0.036 0.015

In this experiment, the very same femur component was also used to generate the RE-model.
#DIF = Mean distance between the nodes of the actual contour and the virtual contour. Translations are labelled x, y, and z (in mm) and rotations

are labelled R,, R,, and R. (in deg).

the pose estimation algorithm, the mean of these
differences is also presented in this paper because it
shows that the algorithm has no systematic errors.

4.2. Results
Tables 1-4 show the results for this experiment. To

compare the results of model-based RSA with the results
of marker-based RSA in this experiment, the last row in

these tables shows the results for marker-based RSA.
Especially for the orientation, marker-based RSA is
more accurate than model-based RSA.

The results for model-based RSA show that for the
scanned femur component (Table 1), the standard
deviation of the x- and y-component of the measured
motion difference is less than 0.04mm for all tested
models. The standard deviation of the out-of-plane z-
component of the motion difference is about 0.15 mm.
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Table 2

Mean and standard deviation (SD) of the difference between calculated and applied motion of the non-scanned femur component (n=6)"

Model DIF X y z R, R, R.
CAD Mean 0.21 0.003 0.020 —0.027 0.040 0.020 0.014
6290 el. SD 0.01 0.078 0.041 0.277 0.033 0.079 0.158
RE Mean 0.13 0.002 0.015 —0.024 0.023 —0.018 0.011
2500 el. SD 0.00 0.039 0.046 0.206 0.041 0.015 0.020
Marker- Mean — —0.002 —0.005 —0.004 —0.007 0.004 —0.002
Based SD — 0.018 0.028 0.111 0.025 0.031 0.006

In this experiment, another same femur component was also used to generate the RE-model.
4DIF = Mean distance between the nodes of the actual contour and the virtual contour. Translations are labelled x, y, and z (in mm) and rotations
are labelled R,, R,, and R. (in deg).

Table 3

Mean and Standard Deviation (SD) of the difference between calculated and applied motion of the scanned tibia component (n=6)"

Model DIF X y z R, R, R.
CAD Mean 0.37 —0.006 0.001 0.043 —0.004 —0.003 0.021
6290 el. SD 0.00 0.041 0.026 0.080 0.091 0.117 0.058
RE Mean 0.42 0.003 0.005 0.034 —0.018 —0.052 0.002
500 el. SD 0.06 0.249 0.143 0.780 0.125 0.147 0.217
RE Mean 0.16 0.003 0.001 0.035 —0.015 —0.015 0.000
1000 el. SD 0.00 0.040 0.031 0.077 0.106 0.028 0.021
RE Mean 0.08 0.002 —0.003 0.031 —0.017 —0.011 0.005
2500 el. SD 0.00 0.037 0.023 0.080 0.123 0.076 0.031
RE Mean 0.06 0.002 —0.003 0.036 —0.017 —0.021 0.006
5000 el. SD 0.00 0.040 0.019 0.080 0.118 0.057 0.027
Marker- Mean — 0.011 —0.002 —0.026 —0.003 0.002 —0.005
based SD — 0.031 0.019 0.073 0.034 0.014 0.016

In this experiment, the very same tibia component was also used to generate the RE-model.
“DIF = Mean distance between the nodes of the actual contour and the virtual contour. Translations are labelled x, y, and z (in mm) and rotations
are labelled R,, R,, and R. (in deg).

Table 4

Mean and standard deviation (SD) of the difference between calculated and applied motion of the non-scanned tibia component (n=6)*

Model DIF X y z R, R, R.
CAD Mean 0.20 0.008 —0.003 0.027 0.025 0.011 —0.005
6290 el. SD 0.01 0.066 0.077 0.070 0.094 0.164 0.093
RE Mean 0.29 —0.001 —0.007 —0.007 0.013 —0.033 —0.009
2500 el. SD 0.01 0.090 0.057 0.097 0.170 0.137 0.037
Marker- Mean — 0.003 —0.011 0.005 -0.009 0.002 0.002
based SD — 0.032 0.023 0.110 0.040 0.042 0.027

In this experiment, another same tibia component was also used to generate the RE-model.
4DIF = Mean distance between the nodes of the actual contour and the virtual contour. Translations are labelled x, y, and z (in mm) and rotations
are labelled R,, R, and R. (in deg).

For the orientation, the standard deviation is less than For the scanned tibia component (Table 3), there is a
0.081° for all orientation parameters. For the RE model drop in the accuracy in the situation where the number
fitted on the non-scanned femur component (Table 2), of triangular elements equals 500; however if the model
the out of plane z-component of the motion difference is contains more than 1000 elements, the accuracy is even
about 0.2mm, but the standard deviations of the better than the accuracy obtained for the femoral

measured rotation differences are less than 0.04°. component.



B.L. Kaptein et al. | Journal of Biomechanics 36 (2003) 873-882 879

Table 5

Mean and standard deviation (SD) of the migration of the scanned femur component with respect to the phantom box (n=8)"

Model DIF X y z R, R, R.
CAD Mean 0.22 0.028 —0.026 0.053 —0.022 —0.052 0.056
3600 el. SD 0.02 0.155 0.080 0.283 0.289 0.278 0.150
RE Mean 0.39 0.022 0.006 —0.088 0.197 0.047 0.024
500 el. SD 0.01 0.185 0.111 0.387 0.203 0.586 0.490
RE Mean 0.16 —0.024 0.012 —0.047 0.080 0.023 0.026
1000 el. SD 0.01 0.068 0.048 0.148 0.101 0.165 0.119
RE Mean 0.07 —0.035 0.012 —0.030 0.008 0.022 0.002
2500 el. SD 0.01 0.047 0.039 0.147 0.063 0.127 0.055
RE Mean 0.05 —0.033 0.010 —0.030 —0.004 0.011 0.008
5000 el. SD 0.00 0.047 0.045 0.138 0.058 0.104 0.027
Marker- Mean — 0.022 —0.000 —0.002 —0.013 0.018 —0.021
based SD — 0.049 0.031 0.079 0.067 0.065 0.044

In this experiment, the very same femur component was used to generate the RE-model.
4DIF = Mean distance between the nodes of the actual contour and the virtual contour. Translations are labelled x, y, and z (in mm) and rotations
are labelled R., R,, and R. (in deg).

Table 6

Mean and standard deviation (SD) of the migration of the non-scanned femur component with respect to the phantom box (n=8)*

Model DIF x y z R, R, R.
CAD Mean 0.22 0.054 —0.012 0.027 —0.040 0.005 0.104
3600 el. SD 0.01 0.133 0.089 0.288 0.331 0.146 0.133
RE Mean 0.13 —0.007 0.003 0.011 —0.015 0.047 0.039
2500 el. SD 0.01 0.074 0.050 0.080 0.068 0.275 0.056
Marker- Mean — 0.011 0.005 0.001 0.006 0.022 —0.004
based SD — 0.033 0.030 0.050 0.045 0.057 0.040

In this experiment, another femur component was used to generate the RE-model.
#DIF = Mean distance between the nodes of the actual contour and the virtual contour. Translations are labelled x, y, and z (in mm) and rotations
are labelled R,, R,, and R. (in deg).

In Table 3, we see that the results of the CAD model RSA algorithm was tested against the marker-based

are similar to the results of the RE model. For the non- RSA algorithm by calculating the migration between the
scanned tibia component (Table 4), the results are implant and the markers in the phantom box.

almost similar to the results of the scanned tibia Since the implant is rigidly clamped inside this box,
component. there is no change in relative pose between the implant

and the markers of the phantom box in between the
successive radiographs. Thus the migration that we

5. Phantom experiment II: larger rotations measure between the implant and the markers in the
phantom box is a measure for the error of the model-

5.1. Experimental set-up based RSA algorithm. To test the accuracy of marker-
based RSA in these experiments, the markers in the

In a second phantom experiment, the phantom was phantom box were divided into two groups and the

positioned in nine standardised poses within a range of migration between these two marker groups in between

knee poses we have encountered during our clinical RSA two successive radiographs was calculated.

studies (0-10-20° exo-rotation in all possible combina-

tions with 0—10-20° flexion). Because the centre of these 5.2. Results

rotations was external to the phantom, these rotations

also changed the position of the phantom with respect to Tables 5-8 show the results of the second phantom

the calibration box. In this experiment, the model-based experiment as the mean and standard deviation of the
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Table 7

Mean and standard deviation (SD) of the migration of the scanned tibia component with respect to the phantom box (n=8)*

Model DIF X y z R, R, R.
CAD Mean 0.36 0.025 —0.039 —0.095 -0.112 0.142 0.014
6290 el. SD 0.01 0.128 0.148 0.130 0.508 1.422 0.370
RE Mean 0.32 0.066 —0.005 0.085 0.037 0.150 0.129
500 el. SD 0.05 0.068 0.073 0.416 0.253 1.021 0.236
RE Mean 0.16 0.025 0.006 0.052 0.026 0.093 0.068
1000 el. SD 0.03 0.092 0.070 0.153 0.216 0.855 0.182
RE Mean 0.08 0.012 0.000 0.030 —0.008 0.058 0.041
2500 el. SD 0.02 0.070 0.054 0.076 0.134 0.323 0.109
RE Mean 0.06 0.001 0.001 0.012 —0.005 0.024 0.024
5000 el. SD 0.00 0.062 0.060 0.088 0.089 0.172 0.045
Marker- Mean — 0.012 —0.005 0.014 0.012 —0.002 —0.003
based SD — 0.023 0.015 0.051 0.054 0.055 0.025

In this experiment, the very same tibia component was used to generate the RE-model.
4DIF = Mean distance between the nodes of the actual contour and the virtual contour. Translations are labelled x, y, and z (in mm) and rotations

are labelled R., R,, and R. (in deg).

Table 8

Mean and standard deviation (SD) of the migration of the non-scanned tibia component with respect to the phantom box (n=38)"

Model DIF X y z R, R, R.
CAD Mean 0.23 0.008 0.018 —0.019 0.113 —0.179 —0.070
6290 el. SD 0.03 0.209 0.123 0.103 0.386 0.811 0.680
RE Mean 0.28 —0.020 0.053 —0.038 —0.021 —0.121 —0.039
2500 el. SD 0.02 0.202 0.088 0.211 0.361 1.256 0.338
Marker- Mean — 0.017 —0.008 0.025 0.000 —0.009 —0.014
based SD — 0.044 0.025 0.071 0.057 0.053 0.020

In this experiment, another tibia component was used to generate the RE-model.
4DIF = Mean distance between the nodes of the actual contour and the virtual contour. Translations are labelled x, y, and z (in mm) and rotations

are labelled R,, R,, and R. (in deg).

calculated migration. The last rows in these tables
demonstrate that for this experiment, marker-based
RSA is more accurate than model-based RSA and can
be used as a gold standard to validate the improved
model-based RSA algorithm. The mean values of the
calculated migration of both the model-based RSA as
well as the marker-based RSA were low relative to the
standard deviation. For model-based RSA, the standard
deviation of the x- and y-component of the measured
translation is less than 0.05mm when using a model of
5000 elements for the scanned femur component (Table
5). For the out-of-plane z-translation, the standard
deviation is about 0.14 mm.For the measured rotation,
the standard deviation reaches a maximum of about
0.1° for the R, _component. Note, that for the non-
scanned femur component in Table 6, the standard
deviation for translations in the z-direction is smaller
than for the scanned femur component (0.09 mm), but
the standard deviation for the rotation about the y-axis
is relatively large (0.28°).

For the CAD model, the accuracy of both the scanned
and the non-scanned femoral components is the same.
The largest standard deviation for the translations is
about 0.3 mm for the z-translation and for the rotations
about 0.3° for rotations about the x-axis.

For the scanned tibia component, the standard
deviation is about 0.06 mm for x- and y-translations
and 0.09mm for translations in the out-of-plane z-
direction (Table 7). For rotations, the largest standard
deviation is 0.17° for rotations about the y-axis and
about 0.09 and 0.05° for rotations about the x- and z-
axis, respectively. Note that for the non-scanned tibia
component (Table 8), the standard deviations are
relatively large compared to the standard deviations of
Table 7. These results show that for the tibia compo-
nent, the difference between the scanned and non-
scanned component is much larger than for the femoral
component.

For the CAD model there is again not really a
difference between the scanned and non-scanned tibia
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component. The largest standard deviation of the
translation parameters is about 0.2mm and for the
rotation parameters even 1.4°.

6. Discussion

The goal of this study was to validate the new model-
based RSA algorithm and to investigate the effect of
using either CAD models or models from reversed
engineering.

When we study the differences between the results of
experiments I and II, the following conclusions can be
drawn: In experiment I, where only small translations
are applied, the difference between the results using the
CAD model and the results using the RE model is
smaller than in experiment II. Also the difference in
results between the scanned and non-scanned compo-
nents in experiment I is smaller than in experiment II.
The results also demonstrate that the relationship
between the difference measure and the accuracy of
the pose estimation is stronger in experiment II than in
experiment I.

We believe that this relatively high accuracy for less
accurate models, such as the non-scanned components
and the CAD models, in experiment I, is caused by the
small displacements of the phantom between the
different radiographs in this experiment. These small
displacements make that the differences between the
projections are also small. A shape difference between
the model and the actual implant will show-up the same
in each radiograph, and thus cause the same error in
pose estimation for each radiograph.

From this phenomenon, we conclude that for
phantom experiments, where we need high sensitivity
for model-component differences to test the algorithms,
it is important that the phantom is placed in different
positions and orientations within the clinical range. In
clinical experiments, where we require low sensitivity for
model-component differences, the patient should be
positioned as well as possible the same for each
radiograph.

The differences between the results of experiment I
and experiment Il are even stronger for the tibia
component. This is caused by the fact that the tibia
component is a constellation of a cruciform stem and a
plateau. The relative position between these two parts is
not uniquely defined, resulting in larger differences
between the different tibia components.

In general, we see that when RE models are used, the
results are always superior to the results for CAD
models, even when a non-scanned component is used.
This implies that the difference between the CAD model
and a component is larger than the difference between
the components themselves. So one of the important
things we showed in this paper is that one should not

assume that a CAD model as provided by the
manufacturer is the best model for model-based RSA
without doing some tests. We realise that in this paper,
this is only tested for this specific implant, but in general
we think that for model-based RSA, an RE model is
always better, or equally good as a CAD model.

Great advantages of the presented algorithm are that
it has no systematic errors, as were found in the study of
Valstar et al. (Valstar et al. 2001) and it can handle
contours that contain drop-outs.

When we compare the results presented in this paper
with the results obtained by Valstar et al. (Valstar et al.,
2001), who also used the Interax knee prosthesis, the
following observations can be made: For the CAD
models, the standard deviation for translations in the x-
and y-direction in this study is similar to the results in
the study of Valstar, but the standard deviation of the
translations in the z-direction is larger in this study
(0.29mm compared to 0.17mm). For rotations, the
study of Valstar shows a standard deviation of about
0.5° around the y-axis compared to a maximum of
about 0.3° in this study. For the mean values, this study
has a maximum 0.05mm for translations in the x-
direction, and 0.1° for rotations around the z-axis, while
Valstar found a maximum of —0.10 mm for translations
in z-direction and 0.26° for rotations around the y-axis.

For the tibia component, the CAD model that was
used in this study was not exactly the same as the CAD
model that was used in the study of Valstar because the
relative position and orientation between stem and
plateau of the model was different. This might be the
cause that the standard deviations for the CAD model
are larger in this study compared to the study of Valstar,
but the mean values are smaller.

Therefore, we can conclude that the improvements of
the algorithm show-up for the most part in the reduction
of the mean values (systematic errors), and that the
improved algorithm also works with incomplete con-
tours.

Because other research groups only tested their
algorithms in single focus experiments, it is difficult to
compare our results with their results. But when we do,
we see that Banks and Hodge calculated, by means of
fluoroscopy, the relative motions between a femoral and
a tibia component in an in vitro experiment. They
published standard errors of 0.19, 0.14, and 3.90 mm for
X, y, and z translations, respectively. For the rotations,
they found standard errors of 1.3°, 1.2°, and 1.1°
around the x-, y- and z-axis, respectively (Banks and
Hodge, 1996).

Fukuoka et al. used single focus X-ray images to
calculate wear in a total knee prosthesis. They presented
results for an in vitro study with maximum standard
deviations for translations of 0.09 mm in-plane and
0.87mm out-of-plane, and for rotations 0.08° in-plane
and 0.13° out-of-plane (Fukuoka et al., 1999).
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We observe, as was to be expected, that with stereo
images, the out-of-plane translation can be estimated far
better than with single focus images. In a future study,
we will also test our algorithm in a single focus set-up.

Compared to marker-based RSA, we see that the
accuracy of model-based RSA is always lower. We think
that by slightly increasing the number of patients
included in a clinical trial, it is possible to reach the
same power as marker-based RSA.

7. Conclusion

In this paper we have presented an improved model-
based RSA algorithm and tested it in phantom
experiments. This work demonstrates that using models
obtained by reversed engineering of actual components
provides accurate results, as opposed to using CAD
models. We showed that if the RE-models are derived
from the very same prosthetic component, it is possible
to achieve a standard deviation of the error in the
migration calculation that stays within 0.06 mm for
translations in x- and y-directions and 0.14 mm for the
out of plane z-direction, respectively. For the rotations,
the largest standard deviation was about 0.1° for
rotations about the y-axis and 0.05° for rotations about
the x- and z-axis, respectively. For the femur compo-
nent, it was also possible to reach accurate results for
non-scanned components. For the tibia component, this
was not possible because of the larger differences
between the different tibia components.

Studies with clinical RSA-radiographs must prove
that these results can also be reached in a clinical setting,
making model-based RSA a possible, but less accurate,
alternative for marker-based RSA to study the migra-
tion of prostheses.
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