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Abstract

Background: Several methods can be used to assess joint kinematics going from optoelectronic motion analysis to biplanar fluoroscopy. The aim
of the present work was to evaluate the reliability of the use of biplane radiography to quantify the sequential 3D kinematics of the femoro-tibial
joint.

Methods: Bi-planar X-rays (EOS imaging) of 12 lower limbs (6 specimens in vitro and 6 subjects in vivo) were taken for various knee flexion
angles. 3D personalized models of the femur and the tibia were registered on each pair of views. To quantify the bias, the kinematic parameters
calculated from the registered models were compared to those obtained from the tripods embedded in the specimens. Intra and inter-operator
repeatability of each parameter were assessed from the registrations made by 3 operators in vivo.

Results: In vitro, the bias of the tibia pose estimation obtained from the registration method was inferior to 1.6 mm and 0.4°. In vivo, the
repeatability of the sequential kinematic parameters was inferior to 0.3°, 2.1° and 1.8°, for respectively flexion, varus-valgus and medial-lateral
rotation and inferior to 1.8 mm for translations.
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Conclusion: Compared to simple fluoroscopy, the accuracy of our method based on sequential images was of the same order of magnitude, with
better results for the translation in the frontal plane. The low dose of radiation of the EOS system offers promising prospects for a clinical use of

this method to assess the femoro-tibial sequential kinematics.
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1. Introduction

The assessment of 3D femoro-tibial joint kinematics is es-
sential to understand the complex function of the knee and the
mechanism of degeneration. Indeed, some studies have already
shown that joint disorders such as osteoarthritis affect these
kinematics [1,2]. Howeyver, in vivo extensive evaluations remain
difficult due either to the radiant or invasive nature of direct
bone localization techniques [3—8] or to inaccuracies associated
to external measurement procedures like optical motion capture
[9-11]. Thus, the registration on 2D fluoroscopic images of a
3D model obtained from CT-scan is so far considered as the
gold standard for the capture of skeletal motion and the accu-
racy of the method has been evaluated through in vitro studies
[4,12,13]. Considering that this technique exposes the subject
to a high level of radiation, an alternative has been proposed
taking advantage of magnetic resonance imaging (MRI) to vi-
sualize bones during sequential knee joint motion. To overcome
the drawback of the lying position, some loading apparatus have
been developed [14—16] and a protocol combining supine and
upright MRI data [17] has recently been proposed. However,
the technic suffers from several drawbacks: the acquisition time
is long, the confine environment makes it difficult to reproduce
realistic weight-bearing on the lower limbs, the restricted field
of view limits the available information and the image process-
ing remains time consuming [18].

Currently, 3D modeling from low dose bi-planar radiographs
(BPR) is able to produce a 3D subject specific reconstruction of
the lower limbs from calibrated images in weight-bearing con-
dition [19,20]. The shape reconstruction algorithm relies on the
identification of several morphological features on the radio-
graphs and has been validated against CT-scan-based model for
both shape and derived morphological parameters [19,21]. Sev-
eral clinical applications have been investigated such as cere-
bral palsy [22], knee osteoarthritis [23] and hip osteoarthritis
[24]. Nevertheless, these analyses were performed in a stand-
ing posture, e.g. with an extended knee, and did not provide
any information about the joint kinematics.

In the same time, sequential analysis of the femoro-tibial
joint motion was proposed using multiple stereoradiographic
images of the considered joint in different knee flexion poses.
This kind of analysis requires the registration of the 3D per-
sonalized model on each pair of images acquired by the BPR
corresponding to one specific flexion pose of the joint. The
registration can be made manually and femoro-tibial joint kine-
matics derived from this procedure were previously used as
a reference to evaluate and compare several tracking methods
with marker cluster [25] or to test an automatic process based

on image processing [26]. Some authors also proposed a semi-
automatic method based on image processing to perform this
registration, which has been evaluated in two studies [27,28].
However, in these studies, the quantification of the accuracy of
the method relied on the use of simulated radiographs of 3D
models virtually positioned in different configurations. On the
contrary, some authors assessed the accuracy of similar registra-
tion technique through in vitro study for the patellofemoral joint
[29] and the scapulo-humeral joint [30]. It remains to be quanti-
fied in the context of the femoro-tibial joint motion. Therefore,
there is a need to perform a complete validation study to assess
the accuracy and the repeatability of the 3D femoro-tibial mo-
tion quantification from sequential bi-planar images of the joint.
Indeed, the reliability of the sequential kinematic parameters di-
rectly depends on the reliability of the registration method. The
hypothesis of the current study was that biplane radiography
can be used to reliably assess femoro-tibial sequential kinemat-
ics in weight bearing conditions.

In this framework, the aim of the study was to estimate the
uncertainties of the 3D sequential analysis of the kinematics of
the femoro-tibial joint obtained from bi-planar radiographies by
quantifying the registration reliability.

2. Methods

To quantify the reliability of the registration of 3D models
on 2D views, two sets of data collected in vitro and in vivo
were used. First, the accuracy of the registration was assessed
using an in vitro data set to compare the registration to refer-
ence values derived from marker clusters screwed in the bones.
Second, the intra and inter-observer repeatabilities of the regis-
tration method were quantified from an in vivo data set. Both
accuracy and repeatability of sequential kinematic parameters
of the femoro-tibial joint were calculated.

2.1. Invitro analysis

Six human cadaveric lower limb specimens were harvested
after approval of the ethical committee of the laboratory of
Anatomy of Caen University (Normandie, France).

Each specimen included the femur, the patella, the fibula, the
tibia and the intact joint passive structures. The ages of donors
were between 47 and 79 years old. Specimens were checked re-
garding trauma, surgery and evident deformity and were fresh
frozen, then thawed at room temperature during a twenty-four
hour period. Clusters made of three retro-reflective markers
each were screwed in the femur, the tibia and the patella in order
to get reference values for motion tracking. The specimens were
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Fig. 1. In vitro views in extension pose, in 20° and 40° flexion poses. Cluster markers in each bone are also identifiable.

set in a device adapted from Azmy et al. [31] and described pre-
viously [32] (Fig. 1). In this device, the femur was fixed and the
tibia was free to move. Knee flexion was induced by pulling the
extremity of the tibial pylon in order to reach successively 20°
and 40°. Beyond 40° of flexion, as the femur was fixed in the
device, the inferior part of the tibia was not visible anymore in
the measurement space. As the registering method consists in
matching skeleton contours of the 3D model with visible ones
on the images, it could therefore not be evaluated for flexion
angles higher than 40°. For the three knee poses (extended and
two flexion angles) two orthogonal digital radiographies were
simultaneously acquired using low dose bi-planar radiographs
(EOS®, EOS-imaging, France).

2.2. Invivo analysis

Six asymptomatic volunteers without any history of knee
trauma participated in the study after approval by the rele-
vant Ethics Committee (CPP 06036, Hospital Pitie Salpetriere
Paris). The characteristics of the volunteers were in average
35.7 years old (SD = 10.3 years old), 173 cm (SD = 10 cm)
and 67 kg (SD = 9.5 kg). The femoro-tibial angle, in the coro-
nal plane, of their left lower limb was in average 175.4° (SD =
1.4°), which corresponds to typical values of healthy subjects.
Firstly, an acquisition with the same bi-planar radiographic sys-
tem (EOS®, EOS-imaging, France) was taken in standing con-
dition according to the procedure described by Chaibi [19].
Each volunteer was then asked to stand in the EOS cabin tak-
ing successively three different angular poses of the left knee
corresponding to approximately 20°, 40° and 90° of flexion
(Fig. 2). For the 20° knee flexion pose, the foot remained flat.
For the 40° knee flexion pose, the heel was off so that the toes
were resting on the ground. For these last two knee flexion
poses, the partial loading on the flexed lower limb was quan-
tified by positioning a Wii balance board (WBB, Nintendo®,
Japan) under the foot. For the 90° knee flexion pose, the fore-
foot was supported on a step. Femur and tibia were mobile
between the different knee flexion angles. Compared to the in
vitro protocol, the in vivo analysis included an additional pose
(90° flexion). This is due to the clinical relevance of this con-

dition in vivo for the study of knee pathologies which ought to
modify the kinematics during high amplitude motions. Flexion
angles were manually controlled with a goniometer. For each
view, the radiation dose could be calculated by the value of the
emitted dose and the surface of the body that was irradiated.
Thus, the average dose for the 4 positions (FSP and 3 flex-
ion positions) corresponding to 8 stereoradiographies could be
quantified.

2.3. Digital bones models: reconstruction and registration

From both in vitro and in vivo acquisitions, for each consid-
ered knee, 3D subject specific models of the femur and the tibia
were obtained by using a reconstruction algorithm described
and validated in previous works from the pair of views of the
extended knee pose [19,33]. These 3D subject specific models
then served in a procedure of manual 2D-3D rigid registration
of the femur and the tibia on each pair of views for each knee
flexion pose (20°; 40° and 90°) (the views and steps of the
method in the “in vivo conditions” appear on Figs. 2 and 3).
Both tibial and femoral models were projected into the 2D flex-
ion views and their positions progressively adjusted so that the
contours of the projected models match the bones edges vis-
ible on the X-rays images. Three fully trained operators (one
surgeon, one physiotherapist and one engineer) contributed to
this study performing the registrations of the in vitro specimens
and two of them (the surgeon and the physiotherapist) also per-
formed the in vivo registrations. For each knee (in vitro and in
vivo), the operators performed three repetitions of the overall
process of reconstruction and registration.

In addition, for in vitro X-rays, the markers of each cluster
were identified on bi-planar X-rays and the 3D coordinates of
the centroid of each marker were obtained for each flexion pose,
thus providing reference data for the accuracy analysis.

2.4. Assessment of the sequential kinematics of the femur and
the tibia

From 3D personalized models of the femur and the tibia,
anatomical frames were computed and attached to the bones



Fig. 2. In vivo views in different poses of the current study: extension, 20°, 40° and 90° flexion of the knee (top). Illustration of the process from the left to the right
(bottom): the lower limb reconstruction in the weight-bearing condition (first pair of images) and the manual registration of the 3D skeletal models of the femur and

the tibia on each position of the knee flexion.
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Fig. 3. Illustration of the manual process on views of healthy subjects. From the left to the right: skeletal personalised 3D reconstruction (first pair of images); import
of the 3D surface model on flex knee position (second pair of images) and manual registration across flexion (here 20° flexion) on both sagittal and frontal views

(third pair of images).

according to the definition proposed by Schlatterer [34] for
each knee position and each repetition. First, the variations of
position and orientation of each bone relatively to the EOS
coordinate system was assessed for each knee flexion pose rel-
atively to the extended knee pose. They were expressed by 6
parameters per bone: anteroposterior (x), longitudinal (y) and

mediolateral (z) translations (Tx, Ty, Tz) and rotations (Rx, Ry,
Rz). Secondly, the variation of the position and orientation of
the tibia relatively to the femur was also calculated between the
different knee flexion poses giving also 6 parameters per pose.
These parameters characterize the angular and linear sequential
kinematics of the femoro-tibial joint.
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Fig. 4. Graph illustrating the method to compare both kinematics assessment techniques.

The three rotation angles were obtained using the Cardan
convention and the sequence “ZXY” from equivalence between
both position and rotational matrices. The linear parameters
were obtained by computing the variation of the position of
the center of the femur frame expressed in the tibia frame,
between two successive poses. The angular parameters charac-
terized the relative position of the tibia frame expressed in the
femur frame.

In summary, eighteen parameters were calculated to charac-
terize the sequential motion between the extended knee pose
and each flexion pose (20°, 40°, 90° in vivo and 20° and 40° in
vitro).

In the same time, the same variations of position were also
assessed from the clusters embedded in each bone. These clus-
ters were used to define technical frames. Then, the mathe-
matical relation between anatomical and technical frames was
obtained and used as an invariant to calculate the position of the
bone from the position of the cluster. The parameters obtained
through this procedure were considered as a reference since the
identification of markers has been proven to be highly repeat-
able [35].

2.5. Estimation of the reliability of the method

The reliability of the registration method was characterized
from both the accuracy and the repeatability of the sequential
kinematic parameters obtained from this method.

2.5.1. Assessment of the accuracy of the tibia registration from
in vitro data

For each knee (6 specimens) and each flexion pose (20° and
40°), the accuracy (bias) of the tibia registration was evaluated
by comparison of reference data (from clusters of markers) to
data obtained using the registration procedure.

Thus, for each parameter, the bias was calculated as the dif-
ference between the values of the reference data derived from
clusters and those calculated from the registration technique
after averaging the results of the different operators and repe-
titions (Fig. 4).

2.5.2. Assessment of the repeatability of the registration
From femur and tibia kinematic parameters, the reliability
of the registration method was assessed according to the ISO



Table 1
Mean (SD) of translation and rotation components with flexion movement (column 1: position ‘0 to 90°” Rotation around medio-lateral axis (Rz).): Translation
along posterio-anterior axis (Tx), disto-proximal axis (Ty), and medio-lateral axis (Tz). Rotation around postero-anterior axis (Rx) and disto-proximal axis (Ry).

Tx mm Ty mm Tz mm Rx ° Ry°
Knee flexion angle: Rz © (SD)
Position ‘0°’: 3.8° (3) —6.4(1.6) 23.8 (1.7) 3.9 (1.5) —-0.4(1.9) 7.2 (3.3)
Position 20°’: —21.5° (3.8) —-7.3(1.7) 22 (1.9) 5(1.3) —2.1(2.1) —9.7 (2.5)
Position ‘40°’: —42.5° (4.2) —6.7 (2.7) 21.7 (2.1) 4.2 (1.7) —3.4(2.9) —11.9 (3.9)
Position ‘90°’: —80.1° (3.2) —-9.6 (1.7) 21 (3) 4.4(1.6) —-3.7(2.9) —11.1(3.2)
Translation Tx Translation Ty Translation Tz
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Fig. 5. Translations parameters (top of the figure) of the center of the femur frame along postero-anterior x axis, disto-proximal y axis, medio-lateral z axis and
according to the three knee positions (pos_20°; pos_40°; pos_90°). Rotation parameters (bottom of the figure) of the femur relatively to tibia around postero-anterior
x axis (positive values for knee abduction/negative values for knee adduction) and around disto-proximal y axis (positive values for knee medial rotation/negative
values for knee lateral rotation) and according to the three knee flexion angle (pos_20°; pos_40°; pos_90°).

5725-2 standard (International Organization for Standardiza- 3. Results
tion (ISO), 1994) and involved both intra- and inter-observers
repeatability variances.

The ISO recommends to estimate the intra observer repeata-
bility as the average over the operators of the variances from all
repetitions (Srzl.) for each kinematic parameter of one subject (i).

The inter-observer variance represents the variance of mean

3.1. Invivo sequential kinematics of the femoro-tibial joint

Quantified by Wii® platform in the EOS system, the loading
on the flexed left lower limb was respectively, 44% (SD: 5%)
and 31% (SD: 5%) of the body weight in the 20° and 40° flexion
poses. These values correspond in average to 285 N (SD: 7 N)

values obtained by all operators (Szi). Then, the global variance
(SI%i) was calculated:

2 @2, @2
Ski =S+ SLi

1

6]

Finally, a global repeatability estimator (SR) considering all
the subjects was calculated as follows:

v Z?:l Sgi2

n

Sr = 2

where i is the ith subject and n the number of subjects.
2.6. In vivo sequential kinematics of the femoro-tibial joint

Thanks to both angular (position of the tibia relative to the
femur), and linear (position of the center of the femur frame
expressed in the tibia frame) parameters, the sequential kine-
matics were given for each knee pose.

at 20° and 213 N (SD: 55N) at 40° knee flexion. In average over
the 6 subjects, the flexion angles calculated from the 3D models
were respectively —4° (SD: 3°), 21° (SD: 4°), 42° (SD: 4°) and
80° (SD: 3°) for the targeted flexions of 0°, 20°, 40° and 90°.

The average radiation dose produced by the system over all
the subjects was 1.18 mGy (SD: 0,28 mGy) for the entire proto-
col (4 positions). The average of femoro-tibial joint sequential
kinematic parameters over the six subjects is given in Table 1.
The evolution of each sequential kinematic parameter accord-
ing to the flexion angle, for each subject (SS_1 to SS_6) is
illustrated on the Fig. 5.

Results show that knee flexion is characterized by an inter-
nal rotation (Ry) and by a slight posterior displacement (Tx)
simultaneous to the flexion angle (Rz).

3.2. Invitro accuracy

The bias estimated from the in vitro study is presented in
Table 2.



Table 2
Bias of the estimation of the reference tibial pose from the manual registration.

In vitro accuracy

Tibia
Global 20° 40°
Linear parameters Tx (mm) 1.2 0.9 1.5
Ty (mm) 1.6 0.8 24
Tz (mm) —-0.3 0.0 —0.5
Angular parameters Rx (°) 0.3 0.2 0.4
Ry (°) —-0.4 —0.6 —-0.2
Rz (°) —0.1 —0.2 0.0

3.3. Repeatability from in vivo data

The SD repeatability (Sr) of the registration method was
calculated for the assessment of the variations of respectively
the tibia absolute position, the femur absolute position and the
tibia position relatively to the femur between the different knee
poses. Detailed results are presented in Table 3. Results are
shown for each knee flexion pose and for each translation and
rotation parameter. Regarding angular parameters, the femur
and tibia registration highlighted more reliable results around
the medio-lateral axis with CI 95% inferior to 0.6°. About
the translation results, the femur repositioning is homogeneous
along the three axes with CI 95% inferior to 1.8 mm. The tibia
registration is slightly less reliable than the femur one both in
translation (CI 95% inferior to 2.8 mm along z axis) and rota-
tion.

4. Discussion

The goal of this study was to evaluate the reliability of a
method to analyse the 3D kinematics of the femoro-tibial joint
from a sequence of bi-planar radiographic images. The method
is based on the manual registration of the 3D models of the
femur and the tibia bones. The accuracy of the method was as-
sessed in vitro and the repeatability was quantified in vivo.

4.1. Femoro-tibial knee kinematic patterns

Linear and angular parameters obtained for the 6 knees in
vivo represent a reference data base of the sequential kinemat-
ics of the femoro-tibial joint of an asymptomatic population.

The translations and rotations for the 6 subjects of the study are

Table 3

illustrated as a function of the knee flexion angle in Fig. 5. In-
deed, in the literature, few studies gave accurate quantification
of femoro-tibial joint kinematics in similar conditions. That is
to say: 1/ asymptomatic knees [2,14,36-38], 2/ direct analysis
of bone kinematics (opposite to skin marker based kinematics),
3/ semi-active flexion under partial loading for the 20° and 40°
knee flexion poses.

Concerning the axial rotation of the tibia during knee flex-
ion, we found a medial rotation motion for the majority of the
subjects between the extended and the 20° knee flexion poses
with a range (average of 16°) greater than the method uncer-
tainties. In comparison, previous studies revealed controversial
results as concerns the range of the medial rotation. Akbarshahi
et al. measured for 3 out of 4 subjects a slight medial rotation
which essentially occurred around 20° of flexion [36]. Farrokhi
et al. quantified a medial rotation of 6° during the stance phase
of slope descent when the knee is flexed at 20° [2]. Benoit et al.
showed a slight lateral rotation motion during the stance phase
of gait under loading flexion for 8 subjects [37]. The appar-
ent discrepancy of these results can be attributed to both the
different experimental conditions and the choice of coordinate
systems. In a study using the same modality and definition of
femur and tibia coordinate systems, Zeighami et al. reported an
amplitude of medial rotation during the first 20° of flexion of
the knee of 11.8° in average for ten healthy subjects close to
the value obtained in the present study [27].

4.2. Invitro accuracy

First, compared to previous studies using the same kind of
techniques for other bony structures, the accuracy of the 3D ab-
solute angular and linear position estimation of the tibia was
of the same order of magnitude as already reported for the
patellofemoral joint [29] or the scapulo-humeral joint [30].

Concerning the femoro-tibial joint, Zeighami et al. reported
RMS errors of in average 0.63° for all rotations and 0.8 mm
for all translations using the same modality (EOS system) and
a semi-automatic method of registration [27]. These results are
similar to the ones obtained in the present study (Table 2) by
using a manual method. In addition, in the present study, the
gold standard of the knee kinematics was obtained from clus-
ters screwed in cadaver knees put in motion through a specific
device. On the contrary, Zeighami et al. quantified the accuracy
with simulated images from 3D models of femur and tibia vir-
tually positioned in different configuration of flexion. We also

Standard deviation (Sg) reliability for each of the 6 parameters of the femur and tibia pose in vivo.

Knee In vivo reliability
positions Femur Tibia Tibia relative to femur
20° 40° 90° 20° 40° 90° 20° 40° 90°
Linear parameters Tx (mm) 0.6 0.5 0.6 0.6 0.8 0.8 0.9 1.1 1.2
Ty (mm) 0.5 0.6 0.6 0.8 0.7 0.9 1.0 1.1 1.7
Tz (mm) 0.7 0.7 0.9 0.9 1.1 14 1.2 1.5 1.8
Angular parameters Rx (°) 0.4 04 0.7 0.4 0.9 1.4 1.0 1.4 2.1
Ry (°) 1.8 1.5 1.6 2.6 2.2 24 1.8 1.5 1.6
Rz (°) 0.2 0.3 0.3 0.2 0.2 0.2 0.3 0.3 0.3




Table 4

Accuracy of each angular and linear parameters in the current study, compared to results of 2D fluoroscopy studies [4,12,13].

Accuracy regarding angular parameters Accuracy regarding linear parameters Experimental Range of

Rx (°) Ry (°) Rz (°) Tx (mm) Ty (mm) Tz (mm) conditions flexion
Current study 0.3 —-0.4 —0.1 1.2 1.6 —-0.3 Quasi static conditions 0° to 90°
Acker et al. (2011) 0.3 —1.1 —2.1 1.3 —0.5 1.9 0° to 80°
Mathouz et al. (2003) —0.1 0 0.3 0 —0.1 1.1 Dynamic conditions 0° to 120°
Lebel et al. (2011) 0.1 0.5 0.1 —0.5 0.1 0.7 0° to 105°

reported the value of accuracy for each flexion pose. It allowed
to observe the deterioration of this accuracy when the bones
superposed showing the importance of quantifying this accu-
racy in physiologic conditions. Finally, it can be noticed that
the semi-automatic process remained time consuming with a
90 min process for 5 poses against 20 min for 4 poses with our
manual method.

In the literature, several studies investigated the accuracy of
the in vitro estimation of tibia and femur poses from 2D flu-
oroscopy associated with the 3D model against optoelectronic
devices [4,12,13] (Table 4). However, the comparison to previ-
ous results must be made with care as several conditions dif-
fered. First, contrary to the present study based on the analysis
of 6 in vitro knee specimens, these studies relied up on a unique
cadaver specimen implanted with a knee prosthesis which CAD
description was matched with radiographic contours. Secondly,
fluoroscopy allows dynamic analysis of the flexion of the in-
strumented knee contrary to stereoradiography. Only Acker et
al. proposed to evaluate the method on 6 static poses. Finally,
the reported pose could be the one of the femur [4], of the tibia
(present study) or of the knee joint [12,13]. The average dif-
ference between each position parameter and the cluster-based
gold standard is summarized in Table 4. The inaccuracy of the
estimation of the out-of-plane translation in fluoroscopic stud-
ies was pointed out in all studies. Our results show that the
frontal view of the stereoradiography allows us to overcome this
limit with an accuracy of the translation Tz clearly enhanced
(average on all tibia positions: —0.3 mm).

The accuracy of angular parameters, obtained by our method,
is equivalent to the one obtained in fluoroscopic studies [4,12].
In the same time, linear parameters in the sagittal plane (Tx and
Ty) are slightly less accurate. These results must be put in per-
spective with the conditions of the present study which are less
favorable than the one of fluoroscopic studies. Indeed, consid-
ered specimens are not implanted and the registered 3D model,
obtained from reconstruction, is obviously less accurate than
the CAD model of the prosthesis. Moreover, our study involves
6 specimens, thus taking into account the interindividual vari-
ability.

When analyzing in more details the results obtained for the
different knee flexion poses (20° and 40°) reported in Table 2,
we can observe that the accuracy of the positional parameters
in the sagittal plane (Rz, Tx and Ty) are better in the 20° knee
flexion pose than in the 40° knee flexion pose. At 40° of flexion,
there is an overlapping of the distal part of the femur with the
proximal part of the tibia due to the experimental apparatus in
which the femur is fixed and faced the radiographic plane in the
frontal view. Moreover, in this position, the distal part of the

tibia was not visible on the sagittal view due to the dimensions
of the image. It suggests that accuracy of the method could be
enhanced by using a mobile femur device which would prevent
this limit.

To sum up, the proposed method, allows us to estimate the
tibia bone pose with an accuracy equivalent to those reported
in studies combining 2D fluoroscopy and 3D modeling of the
joint. Currently, in comparison with studies reported in the lit-
erature which focused on cadaver TKA knees, the present con-
tribution performed this estimation for non-implanted knees.

The use of a CAD model corresponds to the best case sce-
nario with high contrasted, well defined edges due to the dense
metal components. To transfer the method to non-implanted
knee, the alternative is to obtain the 3D model with the CT-
scan, which increases the overall radiation dose of the protocol.
By comparison, based on recent studies, the radiation doses of
digital radiography and CT scanner are respectively 20 times
[39] and 74% [40] higher than biplanar radiography with EOS
system. Therefore, stereoradiography with low dose radiation
system [41] represents a valuable alternative when considering
in vivo kinematics evaluation. Indeed, both reconstruction and
registration can be derived from the same modality. In addition,
the dimension of the images and the presence of an additional
view compared to fluoroscopy ensure, as showed by our result,
a better accuracy in the out-of-plane parameters estimation.

4.3. In vivo repeatability

For in vivo data acquisition, the protocol was slightly differ-
ent than for in vitro set up as both femur and tibia of healthy
knees were mobile. Thus, it has been possible to individualize
the repeatability of 3D tibia registration from 3D femur regis-
tration on bi-planar views.

The repeatability evaluated in vivo was shown to be the best
for the flexion/extension of the tibia relative to the femur (95%
CI of Rz inferior to 0.7°). From the results, we also showed
that the registration of the femur is better than the one of the
tibia in particular as concerns the medial/lateral rotation and
the translations in the three directions. For the rotation, this can
be explained by the shape of the distal extremity of the femur,
which facilitates its identification on the frontal view compared
to the proximal part of the tibia. Femoral condyles are easier
to discriminate than tibial plateaus on this view. These results
are in favor of a stereoradiographic protocol in which the tibia
would remain fixed throughout the sequence.

In the current study, the maximum uncertainty was found
for the rotation around the longitudinal axis ranging from 3.6°
to 5.5° (CI 95%) according to the knee flexion pose. The re-



peatability of the medial/lateral rotation estimation from our
registration technique is of the same order as the one of the
lateral/medial rotation estimated from the reconstruction of the
3D model in standing position, reported to be lower than 4° or
5° in previous studies [19,22].

As concerns translations, our results showed values lower
than 1.8 mm (Sg) (CI 95%: 3.6 mm) which is consistent with
the results of Zhang et al. when computing the linear position of
the humerus relative to the scapula from a similar method (CI
95% lower than 3.4 mm) [30].

The comparison of the results obtained for each knee flexion
pose showed that the registration is less reliable when the knee
is 90° flexed. In this pose, radiographic images showed a super-
position of the two bones, since the joint space width decreases
with flexion [42].

For semi-automatic registration, the repeatability of the
method was investigated by Kanhonou et al. and was shown
to be very good with values inferior to 1 mm and 1° [28]. These
values are slightly better than ours which could be expected
due to the use of image processing to assist the registration
but should be completed by an evaluation of the accuracy in
physiologic configurations to ensure the unbiased nature of the
measurement.

Compared to methods of quantification of the knee kinemat-
ics reported in the literature, the method proposed in the cur-
rent paper has several advantages. Currently, the gold standard
method to assess knee kinematics in vivo is through a bi-planar
fluoroscopy [6]. This technic necessitates a 3D model of the
studied knee. In the absence of a prosthetic knee, this model is
often obtained from CT-scan [3]. In the present study, the recon-
struction of the 3D model and the registration can be realized
with the same modality. Indeed, the overall method necessitates
also a reconstruction step which accuracy was already quanti-
fied [22]. However the influence of the morphology was not
evaluated in this Assi et al. study. Moreover, contrary to marker
based 3D motion analysis, the method is not sensitive to skin
movement during the flexion of the knee.

Most often, clinical quantification of knee kinematics is per-
formed by motion capture of skin markers inducing a high un-
certainty due to soft tissue artifact [10,43,44]. However, it can
be expected that knee pathologies such as osteoarthritis or liga-
ment injuries would modify the kinematics of the femoro-tibial
joint [27]. The quantification of the kinematic pattern alteration,
in particular for translation modification, requires very accurate
techniques.

5. Limits of the study

This study has some limitations. First, the different knee
flexion poses were performed sequentially resulting in differ-
ent muscles activation compared to a dynamic condition. This
could have slightly modified the sequential kinematics of the
femoro-tibial joint, in accordance with the results of Marin et
al. [45]. However, the consistency of the sequential kinematics
with previous results from dynamic analysis allows us to mod-
erate this comment. Second, the number of subjects could be
increased to better represent the interindividual variability of

knee kinematics. Third, the method is manual and the time re-
quired for the whole process is around 20 min (reconstruction
and registrations in every position). Finally, the last limitation
of the study is that the effective dose was not directly measured
by a dosimeter preventing direct comparison with other modal-
ities of imaging. Indeed, the dose was not the main focus of
the study but a gross estimation of the emitted dose was made.
This yields values inferior to 2 mGy per subject are in accor-
dance with the protocol approved by the ethics committee and
consistent with the low dose radiographic system.

6. Conclusion

The EOS system offers the possibility to obtain a 3D subject-
specific model of the whole lower limb from bi-planar X-rays
captured in weight-bearing conditions while limiting the inva-
siveness of the procedure. The low dose associated with the
X-rays acquisitions using the EOS system allows multiple ac-
quisitions of the joints for a sequence of poses particularly in
vivo. The results of the current study confirmed the accuracy
and the reliability of the combination of 3D reconstruction and
manual registration of the femur and the tibia for different knee
flexion poses to estimate the knee sequential kinematics. By
comparing with other methods of motion capture, we showed
the feasibility of using the current EOS-based method for clin-
ical examination of the femoro-tibial joint.
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