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Abstract

Measurement of the changes of the three-dimensional (3D) motion and surface kinematics of the knee under different external loading
conditions is essential for the understanding and evaluation of the function of the joint, as well as for relevant clinical applications. Knee
extension exercise (KEE) has been applied extensively in the rehabilitation programs of patients with various knee disorders. This study
measured the 3D knee kinematics of eight normal subjects during active knee extension for unloaded and loaded conditions using a voxel-
based method for the registration of fluoroscopic images with CT bone data. The knee kinematics during unloaded conditions were found to
be similar to previous findings. A mass of 5 kg at the ankle did not affect the joint angles but significantly altered the lateral contact positions
during knee extension, especially at knee flexion angles higher than 75°, and also reduced the asymmetry of the surface kinematics between
the medial and lateral condyles. The results of the current study may be useful for knee replacement design and for developing guidelines for
the use of KEEs for the rehabilitation of patients with knee disorders.

© 2008 IPEM. Published by Elsevier Ltd. All rights reserved.

Keywords: Knee; Kinematics; Fluoroscopy; Registration; Joint contact

1. Introduction

Measurement of the three-dimensional (3D) motion and
surface kinematics of the knee during movement is essen-
tial for the understanding and evaluation of the function
of the joint, as well as for relevant clinical purposes, such
as the design and implantation of replacement joints [1-3],
and the design of a suitable rehabilitation program for par-
ticular injuries [4,5]. Knee extension exercise (KEE), a
non-weight-bearing, open kinetic chain exercise, has been
applied extensively in the rehabilitation programs of patients
with various knee disorders, such as knee OA [6] and
patellofemoral pain syndrome [7], for patients following
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anterior cruciate ligament (ACL) reconstruction [8], and for
elderly people [9] to increase quadriceps muscle strength and
improve physical function. However, some studies discour-
aged the use of KEE in certain conditions such as during the
first year following ACL injury and reconstruction (e.g. [10]).
It seems that the correct inclusion of KEE in rehabilitation
programs requires a better understanding of the mechanics of
the knee and effects of external loading during this exercise.

Providing a detailed description of the mechanics of the
knee during KEE can be challenging because it is difficult
to assess directly the forces transmitted in the force-bearing
structures in vivo, including the articular surfaces, ligaments
and muscles [11-15]. However, since the kinematics of the
knee are a result of the complex interactions between the
force-bearing structures, changes in the knee kinematics dur-
ing KEE under different external loading conditions may be
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used to examine the overall response of these internal struc-
tures. An in vitro study has revealed the role of the ligaments
and articular surfaces in determining the passive kinemat-
ics of the knee [16]. However, the effects of muscle activity
in response to external loads on the knee kinematics during
movement have not been studied extensively. This is because
these conditions are difficult to simulate in vitro [17-19], and
the accurate measurement of the in vivo 3D joint kinematics
during dynamic movements is not straightforward [20-24].
To the best knowledge of the authors, no data have been
reported on the effects of load on the in vivo 3D knee motion
and surface kinematics during KEE.

Skin maker-based stereophotogrammetry has been widely
used for the measurement of the in vivo 3D kinematics
of human joints. However, errors due to undesired motion
between markers and the underlying bones, called skin move-
ment artifacts, are difficult to eliminate. The use of skin
marker-based methods to describe joint surface kinemat-
ics during motion is also difficult because of the lack of
joint surface information. Methods based on the registration
of two-dimensional (2D) fluoroscopic images and computer
models of the components of total knee replacements (TKRs)
have recently been developed for accurate 3D kinematic anal-
ysis of replaced knee joints [25,26]. However, the application
of this method to natural knee kinematics has been limited
[27,28] as human bones are of weaker contrast, and are thus
more difficult to identify in fluoroscopic images, than metal-
lic replacement components, leading to reduced accuracy. A
voxel-based 2D to 3D registration method for more accu-
rate measurement of the natural knee kinematics [29] can be
a useful tool for the study of in vivo 3D knee motion and
surface kinematics during KEE.

The purposes of the study were to measure the in vivo
3D motion and surface kinematics of the normal knee during
KEE in unloaded and loaded conditions using single-plane
fluoroscopy with a voxel-based 2D to 3D registration method.
It was hypothesized that the knee kinematics in unloaded
and loaded conditions during KEE would be different. It is
hoped that these accurate and detailed descriptions of the
knee kinematics during this exercise will be helpful for future
clinical applications.

2. Materials and methods
2.1. Subjects

Eight normal subjects (age: 20.7+0.9 years; mass:
64.8 5.5 kg; height: 168.3 £ 6.8 cm), who were free from
any disease of the neuromuskuloskeletal system, volunteered
to participate in this study. Each subject gave his/her writ-
ten informed consent before the experiment, clearance of
which was carried out and approved by the Institutional Ethics
Committee.

Each subject received a computed tomography (CT, PQ-
5000, Picker International) scan over a range from 15cm

superior to the knee joint line to 15 cm inferior, with a slice
thickness of 1 mm and a pixel size of 0.625 mm x 0.625 mm.
The CT data were segmented by applying a threshold filter
to the slices, and the external soft tissues were then digitally
removed. The remaining CT data of the femur, tibia, fibula
and patella were then used to obtain volumetric models of the
individual bones. These subject-specific volumetric models
preserved the scanned details of the bones, including their
external surfaces and internal structures, and were necessary
for subsequent registration with fluoroscopic images. With
several million voxels, volumetric models are expected to
describe the bones, and their positions and orientations at
an accuracy higher than the voxel size that is the best point
accuracy in CT [30].

2.2. Experimental procedure

Each subject sat on a chair and performed isolated active
knee extension tests in unloaded and loaded conditions under
dynamic fluoroscopic (Angiography, Advantx LCA, GE,
France) surveillance, Fig. 1. Subjects were asked to extend
their right knees from a fully flexed to a fully extended posi-
tion at an average speed of about 70°/s with the assistance of
ametronome. In the loaded tests, a 5-kg mass was fixed to the
ankle to impose a maximum moment of about 30 Nm at the
knee, which is a commonly prescribed rehabilitation activity
aimed at training of the quadriceps [13]. The fluoroscopic
video was converted to digital images at a sampling rate of
30 frame/s using an image grabber (PCI bus frame grabber,
Foresight, USA).

2.3. Fluoroscopy correction and calibration

For the registration of the fluoroscopic images with the
CT bone models, the fluoroscopy system was represented

Fig. 1. Schematic diagram showing a subject performing active knee exten-
sion under dynamic fluoroscopic surveillance. An extra 5 kg mass would be
fixed on the ankle for the loaded test conditions.
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by a perspective projection image formation model, with
a point X-ray source and an image plane, i.e., the pla-
nar phosphor. All the fluoroscopic images were corrected
for distortions through a calibration procedure based on
a modified polynomial method [31] using images of a
reseau plate (21 x 21 lead markers at a grid interval of
25 mm) placed on the intensifier tube. The mean (standard
deviation) of the residual distortion errors after calibra-
tion was 0.07 (0.03) mm. The position of the X-ray focus
was determined by minimizing the sum of the projection
errors of 160 lead markers distributed in a star shape on
a calibration plate (marker-to-marker distance=12.5 mm)
positioned 30cm away from the reseau plate. The mean
(standard deviation) of the projection errors was 0.13
(0.05) mm.
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2.4. Registration procedure

With the perspective projection model of the fluoroscopy
system, the registration of the voxel-based CT-to-fluoroscopy
images was performed by comparing systematically the flu-
oroscopic image with simulated 2D synthetic X-ray images
of the bone model called a digitally reconstructed radiograph
(DRR) [32], Fig. 2. A DRR was generated by casting X-
rays through the volumetric CT data of a bone model and
projecting onto the image plane to form an image resem-
bling a radiograph with detailed internal information of the
bony structures [33]. The 3D poses of the bones at each
image frame were obtained by searching for the pose of the
bone model using an optimization procedure to produce the
DRR which best matched the fluoroscopic image. A computer
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Fig. 2. The computer graphics user interface (GUI) program to assist the visualization of the registration and reconstruction of the 3D bone kinematics. The
fluoroscopy image can be reconstructed and, with the imported CT data of the bone(s), digitally reconstructed radiographs (DRRs) are generated on the image
plane for automatic registration through an optimization procedure. A surface rendered registered knee joint is shown from (a) the front and (b) the oblique

view, and the corresponding DRRs are given in (c) and (d).
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Fig. 3. The mean internal/external rotation (I/E) and abduction/adduction (Abd/Add) angles, and posterior/anterior (P/A) and medial/lateral (M/L) translations
with respect to the knee flexion angle during (a and b) unloaded and (c and d) loaded conditions. Shaded areas indicate one standard deviation.

graphics user interface (GUI) was developed to assist with the
visualization of the registration and reconstruction of the 3D
bone kinematics (Fig. 3). The registration method had previ-
ously been evaluated for its accuracy using a cadaveric knee,
giving means and standard deviations of the knee kinematics
errors of 0.24 +0.77 mm, 0.41 +3.06 mm and 0.59 £+ 1.13°
for in-plane translation, out-of-plane translation, and all rota-
tions, respectively, over 11 flexion positions ranging from 0°
to 100° [29].

2.5. Data analysis

The registered poses of the femur and tibia were used
to calculate the 3D kinematics of the knee, including joint
rotations and translations, as well as contact points and slip
ratios of the articular surfaces, described as follows.

Joint angles were calculated as the relative rotations
between the local coordinate systems of the femur and tibia.
Since the CT scans of the bones were performed at full knee
extension, the local coordinate systems of both bones were
taken to be coincident with each other and originated at the
most posterior point of the tibial attachment of the ACL. This
definition indicated that the knee joint had zero rotational
angles and translations at the fully extended position, which
matched clinical definitions. The positive Z-axis was defined
to be parallel to the inter-epicondylar axis and directed to the
right. The positive X-axis was normal to the plane defined by
the Z-axis and the longitudinal axis of the femur and directed
anteriorly. The positive Y-axis was orthogonal to both the

Z- and X-axes, following the right-hand rule, and directed
superiorly. The rotational angles were then obtained using
a cardanic sequence of Z-Y-X [16]. The translations were
defined as the displacements between the origins of the two
local coordinate systems and were expressed relative to the
tibial coordinate system.

Contact points of the medial and lateral femoral condyles
on the corresponding compartments of the tibial plateau and
the slip ratios between the articular surfaces were used to
describe the surface kinematics of the tibiofemoral joint. For
the description of the contact patterns, the origin of the tibial
coordinate system was set at the center of an ellipse that best
fitted the tibial plateau using points on the articulating sur-
faces. Contact points on one articular surface were estimated
as the centroid of the contact area defined by the points that
were within a distance of 2 mm from the corresponding points
on the other articular surface. This may be considered as a
first approximation of possible cartilage deformations, and
the resulting contact point can be related to the center of the
contact pressure. Previous studies have used the lowest point
of the femur, assuming a flat tibial plateau, and the point with
minimal distance between the articular surfaces to determine
the contact points [28,34,35]. Both methods assume point
contact between the articular surfaces, which may be sensi-
tive to rough surfaces associated with the noise from the CT
data.

The slip ratio was defined as the ratio of the length of the
femoral articulation between two successive contact points
and the length of the tibial articulation between the corre-
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Table 1

The means (standard deviations) of the total displacements of the medial and lateral contact points in the anterior—posterior and medial-lateral directions during

unloaded and loaded conditions

Anterior—posterior

Medial-lateral

Unloaded (mm) Loaded (mm) p-Value Unloaded (mm) Loaded (mm) p-Value
Medial 11.2(4.0) 11.5(3.9) 0.890 5.034) 5.8(24) 0.637
Lateral 16.5(2.1) 12.5 (3.3) 0.034 6.6(1.8) 4.9(1.2) 0.079
sponding contact points [36]. A slip ratio of 1 indicates pure 3. Results

rolling and O indicates pure sliding. The slip ratios were
calculated at 15° intervals, up to 120° knee flexion. Inter-
polation of the contact points was used when the data points
did not correspond to the intervals. To quantify the bilat-
eral asymmetry of medial and lateral condylar slip ratios,
a symmetry index (SI) was used and defined as follows
[37]:
(medial slip ratio — lateral slip ratio)

SI (%) = — — x 100
(medial slip ratio + lateral slip ratio)/2

An SI value of 0 indicates perfect bilateral symmetry.

2.6. Statistical analysis

For all calculated variables, paired #-tests were performed
to test for differences between conditions using SPSS Version
11.0 (SPSS Inc., Chicago, USA). The significance level was
set at o =0.05.

No statistically significant differences in the aver-
age speeds were found between the two test conditions
(»p=0.5367). During unloaded active knee extension, the tibia
rotated externally by about 8.8° from 114° to 30° knee flex-
ion, and by about 10° during the terminal 30° of flexion
(Fig. 3a). The knee remained at about 5° adduction before
returning to neutral during the terminal 30° (Fig. 3a). The
reference point on the femur translated relative to the tibia by
a mean of 29.6 mm anteriorly, 19.9 mm distally, and 4.9 mm
laterally as the knee extended (Fig. 3b). Under the loaded
condition, the angular and translational motion curves were
statistically the same as those during the unloaded condition,
although the mean joint rotation curves appear to be different
for flexion angles greater than 75° (Fig. 3c and d).

Contact points on the medial and lateral tibial plateau
moved anteriorly during knee extension during both load-
ing conditions (Fig. 4a and b). The total anterior—posterior
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Fig. 4. The mean positions of the contact points on the tibial plateau under (a) unloaded and (b) loaded conditions at intervals of 30°, up to 120° knee flexion.
Comparisons of the contact positions between unloaded (thin, square markers) and loaded (thick, circular markers) conditions are shown in (c) for the medial
and (d) for the lateral condyle. Error bars indicate one standard deviation (*p-value <0.05).



T.-W. Lu et al. / Medical Engineering & Physics 30 (2008) 1004—-1012 1009

Unloaded Knee Extension

—_
8

~
-
(=]
F 3

o Medial
O Lateral |,

Slip Ratio

0 20 40 60 80 100 120
Flexion angle (deg)

Loaded Knee Extension

—_
(=2

=
-
o

o Medial
O Lateral

Slip Ratio

0 20 40 60 80 100 120
Flexion angle (deg)

Fig. 5. Slip ratios of the medial (thick, square markers) and lateral (thin, circular markers) condyles during (a) unloaded and (b) loaded conditions. Error bars

indicate one standard deviation (*p-value <0.05).

and medial-lateral displacements of the contacts in both tib-
ial compartments were not significantly different between
loading conditions, except for the total anterior—posterior dis-
placements of the lateral contact during the loaded condition
being significantly smaller (Table 1, Fig. 4a and b). At 75°,
90°, 105° and 120° of knee flexion, the lateral contact points
under the loaded condition were more anterior than during the
unloaded condition (Fig. 4d), while the medial contact points
were not significantly different between loading conditions
(Fig. 4c¢).

Slip ratios for both medial and lateral condyles at 15°
intervals are shown in Fig. 5. During unloaded extension,
the slip ratios of the medial compartment were all sig-
nificantly greater than those of the lateral, except for the
105°-120° interval (Fig. 5a). The slip ratios of the medial
compartment were less than 4 for flexion angles greater
than 60° and increased to a maximum mean value of 7.6
for flexion angles less than 60°, while the corresponding
slip ratios for the lateral compartment were 2.5 and 4.9,
respectively (Fig. 5a). Under the loaded condition, the slip
ratios of the medial compartment were not significantly
changed, but those of the lateral side were increased through-
out the whole range of extension and became statistically
the same as those of the medial side. This change was
also reflected in the SI values of the medial and lateral slip
ratios. Under the loaded condition, the asymmetry of the slip
ratios between the two compartments was largely reduced,
with significance in the range between about 40° and 80°
(Fig. 6).

4. Discussion

During unloaded knee extension, the tibia rotated exter-
nally with decreasing flexion angle, and about half of the total
range of external rotation (about 10°) occurred during the
terminal 30° (Fig. 3a), corresponding to the so-called screw-
home mechanism [16,18,38,39]. Patterns of the angular and
translational displacements of the knee were also similar to

those during passive motion reported in a cadaveric study
[16]. A longer path for the lateral contact on the convex tibial
plateau was found in the current study (Table 1), in agreement
with previous reports [28,34]. The longer path contributed to
the tibial external rotation during knee extension but, apart
from articular surfaces, ligaments also play an essential role in
guiding the motion of the femur relative to the tibia as shown
by Wilson et al. [16]. Although contact movement paths pro-
vided some information about the surface kinematics of the
joint, the slip ratio, proposed by O’Connor et al. [36], com-
bined the information of the contacts on the tibial and femoral
articular surfaces and provided more insight into the relative
motion between these articular surfaces. During active knee
extension, the slip ratios varied with flexion angle, and those
of the medial condyles were generally greater than those of
the lateral, but nowhere is the slip ratio equal to unity, corre-
sponding to pure rolling. With a 4-bar linkage model of the
knee, O’Connor et al. [36] reproduced the backward rolling
and forward sliding motion of the femur on the tibia during
passive knee flexion, and the slip ratio was used to quantify
the relative motion of the femoral and tibial articulations. The

30 : y
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20 * * 3 *

Sl of slip ratios (%)
=]

-10 . : ; . .
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Fig. 6. SI of the medal and lateral slip ratios against knee flexion angles
between unloaded (thin, square markers) and loaded (thick, circular markers)
conditions (*p-value <0.05).
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slip ratios obtained in the current study were in agreement
with those reported by O’Connor et al., except that higher
values were found for low flexion angles in the current study.
This may have to do with the involvement of muscles in the
current study.

During loaded knee extension, the patterns of the joint
angles and translations were statistically similar to those dur-
ing the unloaded condition, while the contact positions in
the lateral compartment were significantly different for flex-
ion angles higher than 75° (Fig. 4d). These results appear
to suggest different effects of load on the joint kinematics.
However, since the bone-embedded coordinate systems were
consistently attached to bones for all the subjects, the results
may be due to the fact that the surface kinematics are deter-
mined by both the rigid-body kinematics and the articular
surface geometry. Under the constraints of the articular sur-
faces, changes of contact positions under loading appeared
to be more consistent between subjects than the rigid-body
kinematics.

The change in the lateral contact reduced the total dis-
placement of the contact path (Table 1) and led to the increase
of the lateral slip ratios (Fig. 5b), which further decreased
the asymmetry of the slip ratios between the two compart-
ments (Fig. 6). Between 75° and 90° flexion, as the femur
was horizontal and fixed relative to the chair, the lower leg
and the weight were in front of the knee joint, generating
an extensor moment at the knee. Since the patellar tendon is
directed posteriorly at these angles [40], it pulled the tibia
posteriorly while balancing the external moment. At flexion
angles greater than 90°, the weight and the lower leg would
cause a flexor moment at the knee, requiring the contractions
of the hamstrings, which would also pull the tibia posteri-
orly. These posterior shear forces in response to the external
weight would lead to the more anterior movement of the con-
tact points on the tibial plateau during the loaded condition.
The reason why the contact position changes occurred in the
lateral compartment may be related to the net effects of the
muscle and ligament forces on the external tibial rotation,
including the patellar tendon and posterior cruciate ligament
(PCL) forces. The shape differences of the two tibial plateaus
also contributed to the observed phenomenon. While the ante-
rior displacement of the contact in the anterior part of the
concave medial plateau will increase the articular resistance
to posterior shear forces and reduce the loads in the PCL, that
in the posterior part of the convex lateral plateau will have
the opposite effects [41].

The anterior shift of the contact points may lead to a
greater load in the PCL or lateral collateral ligament because
these two ligaments provide the posterior and lateral stabil-
ity of the knee joint. These reasons suggest that KEEs at
higher flexion angles may not help in protecting an injured
PCL or a PCL graft, but they may be safe for training in
ACL-deficient patients. External loads appeared to reduce
the relative motions of the femoral and tibial articular sur-
faces between medial and lateral compartments, as revealed
by the reduced SI of slip ratios. These changes in joint surface

kinematics may be relevant to the rehabilitation of patients
with knee OA. The 3D in vivo data on the knee motion
and surface kinematics in the current study may also be
helpful for theoretical estimation of the forces transmitted
in the knee joint during active KEEs for the rehabilita-
tion of patients with knee injuries [11]. These data may
also provide a useful reference for future knee replacement
design.

The voxel-based method used in the current study for the
registration of the fluoroscopic images with the CT bone mod-
els was shown to be highly accurate, with sub-millimeter
accuracy in in-plane (i.e., anterior—posterior) translations.
Therefore, the changes on the surface kinematics could be
obtained. Although not as accurate as “quasi-static” mea-
surements using roentgen stereophotogrammetric analysis
(RSA), CT or MRI, the method has the advantage of mea-
suring more natural knee motions in 3D, dynamic, and
weight-bearing conditions. Further study may include inves-
tigation of the effects of higher loads on the knee kinematics,
and the estimation of the forces transmitted by the force-
bearing structures by combining the accurate in vivo knee
kinematic data with an appropriate knee model. A more
advanced fluoroscopy system may be needed for the study
of faster knee motions.

5. Conclusions

In vivo 3D knee motion and surface kinematics during
active knee extension under unloaded and loaded conditions
were measured using single-plane fluoroscopy with CT bone
models. The knee kinematics during the unloaded condition
were similar to previous findings. A weight at the ankle did
not affect the joint angles but did significantly alter the lateral
contact positions during knee extension, especially at knee
flexion angles higher than 75°, and also reduced the asymme-
try of the surface kinematics between the medial and lateral
condyles. The results may be useful for knee replacement
design and for developing guidelines for the use of KEEs for
rehabilitation purposes.
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