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Abstract

The purpose of this study was to build a visualization technique of the femorotibial contact in fixed-bearing total knee arthroplasty (TKA)
using X-ray fluoroscopy, and to apply this technique to a TKA patient during dynamic motion. In vivo kinametcis of the metallic knee implant
was determined using a 2D/3D registration technique, which uses computer assisted design (CAD) model of the implant to estimate the 3D
pose of radiopaque metallic femoral and tibial components from a single-plane fluoroscopic image. In fixed-bearing TKA, a 3D pose of
radiolucent tibial polyethylene insert can be determined from the estimated pose of the tibial component. To visualize femorotibial contact, the
proximity between surfaces of femoral component and tibial insert was calculated, and mapped onto the insert surface model. For the clinical
application, dynamic states of contact on the tibial insert were observed including axial rotation and unilateral loading during knee flexion,
and post-cam contact of posterior stabilized TKA. The present technique provided us new information and enabled us to better understand
the relationship between in vivo knee kinematics and articular shape of the implant.
© 2003 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction

Total knee arthroplasty (TKA) is an effective treatment
for functional disability and arthritic knees in which artic-
ular cartilage is damaged. TKA implants generally consist
of metallic femoral and tibial components and a polyethy-
lene bearing insert between them. The polyethylene insert
replaces the damaged cartilage of the tibial plateau and pro-
vides a low-friction surface for the metallic implant compo-
nent. Knee kinematics and the durability after TKA depend
on the variable articular shapes of the femoral component
and tibial insert. Wear in the polyethylene tibial insert,
which is one of the reasons for revision surgery, has been re-
garded to be the result of high contact stress on the articular
surface as well as from sliding and skidding motions[1,2].

Knowledge of joint contact and its area after TKA could
not only provide kinematic information dependent on articu-
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lar shape but also assist in improving the design of implants
that include tibial polyethylene insert. In previous studies,
joint contact in TKA was evaluated using a finite element
model[3] and pressure sensitive film or digital tactile sensor
[4,5]. These methods have provided information regarding
joint contact under staticin vitro conditions.

Recently, several laboratories have reported dynamicin
vivo kinematics of TKA prosthesis using 2D/3D registration
technique[6–8], which determine the spatial position and
orientation for metallic femoral and tibial component from
X-ray fluoroscopy and computer-assisted design (CAD)
model of the implant. These studies could provide informa-
tion regarding the relative movement of radiopaque femoral
and tibial components, but could not provide information of
radiolucent polyethylene insert. Therefore, it was difficult
to obtain the knowledge of actual contact between femoral
component and tibial insert.

In fixed-bearing TKA, however, this insert can be taken
as rigidly connected with the tibial component, so that the
3D pose of the radiolucent polyethylene insert can be de-
termined from the estimated pose of the tibial component.
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From 3D pose of TKA implants with tibial insert, femorotib-
ial contact can be reproduced. The purpose of this study
was to build a visualization technique of the femorotibial
contact in fixed-bearing TKA using X-ray fluoroscopy, and
to apply this technique to a TKA patient during dynamic
motion.

2. Materials and methods

In order to assess femorotibial contact of TKA implants
under dynamic in vivo conditions, we utilized a 2D/3D reg-
istration technique using X-ray fluoroscopy. This technique
is able to estimate 3D pose from a known geometrical 3D
object and a projected 2D silhouette image. In this study, the
fixed-bearing knee implant and its 3D computer model were
used. Although the tibial polyethylene insert is radiolucent
and does not appear on fluoroscopic images, the 3D pose
can be approximately determined from the 3D pose of the
tibial component. After pose estimation of each component,
the proximity between surfaces of the femoral component
and tibial insert is calculated, and mapped onto the insert
surface model. Thus, visualization of the femorotibial con-
tact consists of two steps; 2D/3D registration and proximity
calculation.

2.1. Conditions and requirements

Pose estimation of knee implants using X-ray fluoroscopy
requires an accurate geometrical model of the implants and
geometrical parameters of the X-ray imaging system. With
this knowledge, an 3D pose of implants can be completely
determined. The 3D geometry of a knee implant is taken
from computer assisted design data of the implant (Fig. 1).

Fig. 1. Computer assisted design (CAD) data of the knee implant used.
Femoral (of −xf yf zf ) and tibial (ot−xtytzt) component coordinate systems
are shown.

Fig. 2. Scheme of the 3D pose estimation of the model using X-ray
fluoroscopy.

The parameters of the imaging system are determined us-
ing a 217-marker 3D calibration cube. First, the calibration
cube is placed in the viewing area of the imaging system
and X-ray images are acquired. Next, because the X-ray
images exhibit significant distortion introduced by image
intensifiers, images are corrected using non-linear distor-
tion correction[9]. Finally, parameters of imaging system
(principal point and principal distance) are determined
from 2D data (positions of the center of projected mark-
ers) on the corrected X-ray images and the known 3D data
(positions and orientation) of the calibration cube using a
non-linear calibration technique[10]. The principal point is
the location on the image plane where X-rays are incident
perpendicularly, and principal distance is the distance from
the X-ray focus to the principal point.

In vivo knee motion after TKA was recorded as a se-
ries of digital X-ray images (1024× 1024 pixels; 12 bits;
7.5 frames/s) using a 12 in. digital image intensifier system
(C-vision PRO-T, Shimadzu, Japan). Tests were typically
performed using X-ray parameters of 70 kV, 400 mA and
1.2–2.0 ms duration, enabling nearly blur-free imaging of
motion with higher per-frame exposure and image quality
than in standard video-fluoroscopy.

In X-ray fluoroscopic images, metallic knee implants ap-
pear much darker than the surrounding soft tissue because
of the high density of the material. Edge detection of the
metallic implant is, therefore, a relatively easy image pro-
cessing task. In this study, a Gaussian–Laplacian filter and
threshold was applied to extract knee implant contours, and
the obtained contours were utilized to estimate the 3D pose
of the implant.

Table 1
Pose estimation errors of femoral component relative to tibial component

Error Translation Rotation

In-plane Out-of-plane Out-of-plane In-plane

x (mm) y (mm) z (mm) x (◦) y (◦) z (◦)

RMS errors 0.57 0.31 1.03 0.25 0.56 0.62
Worst errors −0.84 −0.48 −2.09 0.46 0.84 0.80
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Fig. 3. 2D illustration in the medio-lateral view of a distance volume map
for the femoral component. The distance from pointpt on tibial insert
surface to femoral surface f is simply calculated by looking upDf for pt.

2.2. 2D/3D registration and the accuracy validation

The 2D/3D registration technique used was built on the
contour-based registration algorithm[8]. The basic concept
of the algorithm is that the 3D pose of a model can be deter-
mined by projecting rays from contour points in an image
back to the X-ray focus, and noting that all of these rays
are tangential to the model surface (Fig. 2). The tangent
condition therefore corresponds, in practice, to the mini-
mum distance condition between the projection rays and the
model surface. Then, a cost function is defined as the sum
of Euclidean distancedi from point qi on the projection
rays (corresponding to the pointpi on the contours) to the
closest pointsi on the CAD model surface. The distancedi

is given by

di = ±|qi − si|

Fig. 4. X-ray and CAD model images from a TKA patient during deep knee flexion. (a) Representative X-ray fluoroscopic image. (b) Image with femoral
and tibial CAD models overlaid. (c) Image of virtual tibial insert model between the femoral and tibial components.

where 0≤ i < N and N is the number of contour points.
In addition, negative values indicate rays that cross the
model surface. To reduce computation time for the distance
between projection rays and the model surface, a 3D dis-
tance volume map of the model was pre-computed[11].
The map stores the Euclidean distance from any point in
the neighborhood of the object to the closest point on the
model surface. In our study, a distance volume map with a
resolution of 0.25 mm was used.

The 3D pose of the femoral and tibial component model
was estimated by minimizing the sum ofdi iteratively us-
ing a non-linear optimization technique[12]. The tibial
polyethylene insert, which is radiolucent and does not ap-
pear on fluoroscopic images, was assumed to be fixed on
the metallic tibial component and not to undergo any defor-
mation or movement. Hence, the 3D pose of the tibial insert
was approximately determined on top of the estimated pose
of tibial component.

The relative pose between the femoral component and the
tibial insert (or tibial component) was finally determined by
employing a three-axis Euler-angle system[13]. The pose
was then denoted by six variables, three translations and
three rotations.

In order to ensure the validity of 3D pose estimation of
each component, the accuracy of 2D/3D registration using a
single-plane fluoroscopic image was demonstrated through
in vitro tests. Femoral and tibial components were installed
in artificial bones, and fluoroscopic images of the artificial
knee implants were taken in 10 different relative poses. From
the collected images, the relative pose of the femoral com-
ponent with respect to the tibial component was estimated
using the 2D/3D registration technique described. Experi-
mental accuracy was assessed by comparing these estimates
with position measurements from the same knee implants
obtained using an accurate 3D digitizer (Optotrak 3020:
Northern Digital Inc., Canada). This digitizer is able to lo-
calize point coordinates in a 3D space using a dot probe and
has an accuracy of about 0.1 mm.
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Fig. 5. Relative movement between the femoral component and the tibial component with the tibial insert. The movement is shown as the positional
relationships at flexion angles of (a) 0.0◦, (b) 31.9◦, (c) 66.4◦, (d) 87.8◦, and (e) 110.7◦.

Table 1summarizes the relative pose estimation errors.
The root-mean-square (RMS) errors and worst errors are
given. The errors in translations and rotations were smaller
than those of previous reports[8], because a higher resolu-
tion image and distance volume map was used. The accuracy
was clinically sufficient for analyzing TKA kinematics.

2.3. Proximity calculation and visualization
of femorotibial contact

After performing the 3D pose determinations for femoral
component and tibial insert, the proximity between the CAD
model surfaces of the femoral component and the tibial insert
is calculated. The proximity between two surfaces is taken
as the normal distance from a point on tibial insert surface
to a corresponding point on femoral surface.

A geometric model of the tibial insert, which was subdi-
vided each triangular section having a side length of 1 mm,
consists of a number of triangular patches. A gravity center
for each triangle patch is computed as a representative point
of the patch. Thus, the normal distances from every repre-
sentative point in the insert surface to every femoral surface
are calculated.

In our study, distance from the representative point on
insert surface to femoral surface was calculated in a simple
and efficient way with the help of distance volume map of
the femoral component (described inSection 2.2). As shown
in Fig. 3, the femoral component has a surrounding distance
volume mapDf , over which the map is sampled. Therefore,
the distance from the pointpt on insert surface to femoral
surface f was simply calculated by looking upDf for pt.

The calculated proximity was mapped onto the insert sur-
face model by false color. The mapping was performed by

Table 2
Values of motion parameters of femoral component with respect to tibial component

Parameter Knee flexion angles (◦)

0.0 31.9 66.4 87.8 110.7

Internal (−)/external (+) rotation (◦) −0.5 1.1 8.0 14.6 10.6
Adduction (−)/abduction (+) (◦) 0.1 0.9 0.7 0.5 2.2
Posterior (−)/anterior (+) translation (mm) −6.4 −4.7 −6.2 −8.9 −14.6
Medial (−)/lateral (+) translation (mm) −0.2 0.3 0.1 −0.5 −0.3
Proximal (−)/distal (+) translation (mm) 27.3 28.2 30.1 31.2 32.1

adding the areas of the triangle patches related to the rep-
resentative points on the insert surface. In this study, dis-
tribution of the proximity was visualized within a range of
2.0 mm. The femorotibial contact was visualized as the re-
gion on the insert surface where the proximity is less than
0.5 mm threshold. The centroid of this region was also com-
puted separately for both the medial and lateral surfaces
as an approximation of the contact center in an attempt to
evaluate the translation of that region on the tibial insert
surface.

Our visualization system was implemented using a visu-
alization tool kit [14], with all programs written in Visual
C++. The system was run on an Intel Pentium III computer,
1.2 GHz, 512 Mb RAM, under Windows XP Professional
edition.

3. Clinical application and results

Estimation of the femorotibial contact was performed us-
ing images taken from a TKA patient during dynamic mo-
tion, together with estimation of the relative pose of the
femoral component with respect to the tibial component. The
object of the study was explained to the patient, and formal
consent was obtained. A time sequence of 80 fluoroscopic
images was collected during deep knee flexion.

Fig. 4a–cshow a representative X-ray fluoroscopic image,
an image of the femoral and tibial CAD models overlaid
on the X-ray image after pose estimation, and an image of
the tibial insert model on the tibial model, respectively. Al-
though the tibial insert is not appeared on the fluoroscopic
image, the model was virtually visualized on top of the es-
timated pose of tibial component.
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Fig. 6. Visualization of contact on tibial insert surface (proximal view) at flexion angles of (a) 0.0◦, (b) 31.9◦, (c) 66.4◦, (d) 87.8◦, and (e) 110.7◦. The
red area denotes where proximity is within the 0.5 mm threshold and is considered to be the virtual contact region.

Table 3
Values of virtual contact region on the medial and lateral surfaces of the
tibial insert at flexion angles of (a) 0.0◦, (b) 31.9◦, (c) 66.4◦, (d) 87.8◦,
and (e) 110.7◦

Medial/lateral Knee flexion angles (◦)

0.0 31.9 66.4 87.8 110.7

Medial surface (mm2) 295.9 283.5 176.6 137.4 0.0
Lateral surface (mm2) 497.9 634.7 220.4 91.1 133.2

Fig. 5 shows the sequentially measured movement of the
femoral component relative to the tibial component with the
tibial insert in a medio-lateral view. The movement between
the two components having an axis defined inFig. 1is shown
as the positional relationships at flexion angles of 0.0, 31.9,
66.4, 87.8, and 110.7◦. The values of the other motion pa-
rameters at each flexion angle are listed inTable 2.

Fig. 6visualizes the contact on the tibial insert surface in
a proximal view at the same flexion angles as those mea-
sured inFig. 5. The red area where proximity is within the
0.5 mm threshold was given as the virtual contact region,
and the region values on both medial and lateral surfaces
at each flexion angle are listed inTable 3. Anteroposterior
translation of contact center for each flexion angle is listed
in Table 4. Although the virtual contact region on the insert
surface was observed to lie within 0.5 mm, we could easily
understand the location and translation of the region during
deep knee flexion. In addition, the contact of the “post” of
the tibial insert as well as that of the medial and lateral sur-
faces was detected (Fig. 6c–e).

Table 4
Anteroposterior translation of contact center on the medial and lateral
surfaces of the tibial insert at flexion angles of (a) 0.0◦, (b) 31.9◦, (c)
66.4◦, (d) 87.8◦, and (e) 110.7◦

Medial/lateral Anteroposterior
translation

Knee flexion angles (◦)

0.0 31.9 66.4 87.8 110.7

Medial surface Anteroposterior
(xt) (mm)

−1.3 −2.6 −1.8 −1.1 −12.3

Lateral surface Anteroposterior
(xt) (mm)

−0.7 −4.2 −12.8 −16.6 −20.3

In clinical application, none of the pose estimations had
large mismatches or gross error, and final registration was
always obtained in less than 30 s. In addition, computation
time of visualization of the femorotibial contact was only
a few seconds for each pose due to the use of a distance
volume map.

4. Discussion and conclusion

This paper presented a visualization technique of the
femorotibial contact in fixed-bearing TKA using X-ray
fluoroscopy, and the application to a TKA patient during
dynamic motion. For long-life durability and high activity
of TKA implants, observing the contact of a tibial insert
is highly valuable, together with measurement of motion
parameters between femoral and tibial component. If the
femorotibial contact after TKA can be easily assessed un-
der in vivo conditions, particularly under dynamic loaded
conditions, it is possible to better understand the relation-
ship between knee kinematics and articular shape, and to
improve implant design or surgical strategies. For evalua-
tion of the femorotibial contact in TKA, several techniques
have been employed, including finite element modeling[3]
and recording systems using pressure sensitive film or digi-
tal tactile sensors[4,5]. However, these methodologies are
limited because they are only able to operate under static or
quasi-dynamic conditions, and cannot be physically applied
to TKA patients under dynamic in vivo conditions.

For visualization of femorotibial contact, the proximity
between surfaces of femoral component and tibial insert was
calculated, and mapped onto the insert surface model. This
technique has already been applied to analyze inter-bone dis-
tances in the field of static kinematics for the normal knee
joints using MRI[15]. In our study, the region for which
the tibial insert surface was found to be within 0.5 mm from
the femoral component surface was designated as the vir-
tual contact region (red area inFig. 6), because contact be-
tween the two components contributed to the relative pose
estimation accuracy, particularly the accuracy of longitudi-
nal (y-axis) translation (rms error of 0.31 mm inTable 1).
As reference data, the contact areas of the same type of
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Fig. 7. Representation of the contact areas of knee implants using a digital
tactile sensing system. The same type implant used in this study was
tested. The total values for the contact areas at flexion angles of (a) 0◦
and (b) 90◦ were 408 and 140 mm2, respectively.

implants determined using a digital tactile sensing system
(K-scan; Nitta Corporation, Japan; Teckscan Ltd., South
Boston, USA) are shown inFig. 7. The implants were loaded
at 2000 N and tested at flexion angles of 0 and 90◦. The to-
tal contact areas for each flexion angle were then found to
be 408 and 140 mm2, respectively. When compared to the
contact areas shown inFig. 7, the virtual contact regions
determined using our technique did not differ greatly (red
area inFig. 6). Although the virtual contact regions were
displayed with jagged shape, this may have been caused by
using polygonal model data of knee implant that do not have
a smooth curved surface. On the other hand, for quantitative
data (Table 3), our technique might give an overestimation
of the contact region due to its proximity threshold. How-
ever, the obtained data can be considered useful to assess
changes over time in the location and size of the contact
region during dynamic motion.

In comparison with the motion parameter values listed in
Table 2, the serial data shown inFig. 6 also enables us to
analyze the translation of the medial and lateral condyles of
the femoral component, in conjunction with data for inter-
nal/external rotation. In quantitative analyses, as shown in
Table 3, the virtual contact region of the tibial insert surface
decreased as the knee flexed. This means that the femoral
component was gradually approaching the edge of the tib-
ial insert, and conformity between the two components was
reduced. As knee flexion was reached a maximum, virtual
contact on the medial surface was not observed (Fig. 6e).
This phenomenon is called femoral condylar liftoff and can
be explained by the increased abduction angle, as shown in
Table 2. Furthermore, it is interesting to note the contact of
the “post” of the tibial insert as well as that of the medial
and lateral surfaces (Fig. 6c–e). The “post” functionally acts
as a substitute for the posterior cruciate ligament. Therefore,
detection of this “post” is valuable in evaluating the contact
mechanics during dynamic motion for patients with poste-
rior stabilized TKA.Table 4revealed that the contact center
moved in the anteroposterior direction during flexion. By
bending in that way, the posterior translation on the lateral
side was larger than that on the medial side, reflecting the
external rotation of the femoral component shown inTable 2.

Visualization and measurement of the femorotibial con-
tact or its region by the present technique resulted in some
error, such as in pose estimation accuracy and proximity

threshold. Therefore, complete data is not always obtained.
However, this technique enabled us to better understand or
predict the location, translation and size of the contact re-
gion during dynamic motion. This type of evaluation can be
helpful for improving implant design and optimizing TKA
surgical techniques. Improvements of the present technique
and validation of overall accuracy are tasks that should be
dealt with a subsequent study.
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