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A complete knowledge of tibiofemoral joint kinematics is essential for understanding the function of the
healthy and pathological joint. The objective of the present study was to establish a dual fluoroscopic
measurement protocol and a data processing approach for the creep response of the knee joint in order
to further evaluate the mechanical properties of articular cartilage and meniscus in vivo. A computational
approach was developed for the determination of 3D translations and rotations of the joints of young par-
ticipants with no history of injury using dual fluoroscopic images of loaded joints and joint geometry
reconstructed from magnetic resonance imaging of the unloaded joints. High-resolution X-ray images
were obtained for the distal femur and proximal tibia during 10-min standing when approximately ¾
body weight was slowly applied to the right leg and then kept constant for the rest duration of the test.
Anatomic coordinate systems were established for the 3D models of distal femur and proximal tibia.
Translations and rotations of the joint as functions of time were then evaluated using the X-ray images
and these coordinate systems with the JointTrack software. The displacements in the proximal-distal
direction obtained from two participants were consistent, showing a substantial increase in the initial
phase when joint loading increased from nil to ¾ body weight and a continued small increase over time
while the joint loading remained constant. The maximum anterior-posterior translations during 10-min
standing were approximately 4 mm for both participants, although one showed better stability than the
other. In conclusion, a creep loading protocol of the knee joint can be reasonably established for in vivo
conditions and evaluated with the image-based computational approach.
� 2019 Karabuk University. Publishing services by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

It is essential to understand tibiofemoral (TF) joint kinematics
in order to diagnose the early onset of osteoarthritis and develop
relevant therapeutic or surgical treatments [1–3]. In addition, the
results obtained from the kinematic analysis of the TF joint can
be used in the finite element analysis to understand the contact
mechanics of the tissues in the knee joint under loading. There
exist many in-vitro cadaveric and in vivo human studies on TF joint
kinematics in the literature. However, only a few of these studies
have considered the physiological weight-bearing stance [4–10].
With the development of medical imaging systems such as
magnetic resonance imaging (MRI), single-plane fluoroscopy, dual
fluoroscopy (DF), and computed tomography (CT), in vivo TF joint
kinematic analysis has received great attention [11–16]. As com-
pared with in-vitro studies, the results obtained from in vivo TF
joint kinematics studies may be more realistic and accurate, since
there are no TF contact shifts with the intact ligaments and
muscles [17].

There are two main approaches in in vivo TF joint kinematic
analysis: marker-based and markerless. In marker-based
approaches, markers mounted on the surface of the skin or subcu-
taneous bone are used for monitoring the bone movements in the
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TF joint [17–20]. The effect of soft tissue motion on joint kinemat-
ics must be mathematically corrected [21–24]. On the other hand,
in markerless approaches, the kinematic analysis is not compro-
mised by the soft tissue motion. In addition to their high accuracy
and resolution, the markerless approaches necessitate less time to
prepare the experimental setup and analyze the data [25]. One of
the most widely employed systems in the markerless approaches
is the high-speed and high-resolution DF system. Through a system
of two x-ray sources and two cameras, DF provides the bone posi-
tions of the TF joint with x-ray images from two different angles
[2,15,16,26], which can then be used to determine the translations
and rotations of the bones in all 6 degrees of freedom. Although
MRI and CT systems could also provide high spatial 3D tissue
geometry, they have low temporal resolution [27,28]. On the other
hand, a DF system combines high temporal with high spatial reso-
lution to capture joint motion [29]. Thus, a DF system was
employed in the present study to obtain the joint displacement
as a function of time during a weight-bearing standing.

The time-dependent TF joint contact was measured previously
by Hosseini and colleagues with two orthogonal fluoroscopes dur-
ing 300-s creep when a full-body weight was applied in about one
second [30]. The present study focused on the creep displacement
instead of contact area of the joint. Therefore, we applied a partial
body weight as slow as the participant can comfortably achieve
and maintain an almost constant loading as long as possible during
the measurement. A prolonged loading or creep phase may better
demonstrate the nonlinear time-dependent behavior of the joint.
Such loading protocols may be used to evaluate the mechanical
properties of articular cartilage and meniscus in vivo or validate
a computational joint model. The objective of the present study
was to establish a dual fluoroscopy measurement protocol and a
data processing approach for the creep response of the TF joint.

2. Material and methods

Two participants with no history of leg injury were recruited for
the study, a 24-year-old female of 59 kg and a 25-year-old male of
68 kg. The right knee joints were imaged. The combined MRI and
DF study was approved by the Conjoint Health Research Ethics
Board at the University of Calgary, Canada. The procedure for the
kinematic data acquisition of the TF joint of a human participant
involves the following steps: (1) obtaining the MRI of the unloaded
a)

Fig. 1. Schematic representation of MRI reconstruction of the kne
knee and the DF images of the knee joint and ground reactions of
the foot during 10-min standing; performing an MRI reconstruc-
tion to build a 3D model of the joint; (2) calibrating and correcting
the distorted DF images; (3) determining the anatomic coordinate
systems for the femur and tibia; and (4) matching the 2D undis-
torted images with the 3D model to determine the bone
displacement.
2.1. MRI and DF image acquisition

The MRI measurement was done on unloaded knees using a 3-
Tesla MRI unit (GE 750, GE, USA) at Seaman Family MR Research
Centre, Foothills Medical Centre at the University of Calgary. In
order to ensure the residual deformation of cartilages and menisci
at a minimum level prior to testing, either subject was taken from
her/his residence by a car in the early morning to the hospital and
then carried to the MRI center with a wheelchair. Furthermore, the
participant remained seated in an MRI compatible wheelchair for
at least 30 min prior to the MRI. She/he was then moved to the
Clinical Movement Assessment Lab, which is in the same hospital
with the MRI center, with a wheelchair for the DF measurement.
The participant avoided loading her/his right leg until the DF
measurement.

The MRI sequence was a high-resolution FIESTA scan of the TF
joints including 20 cm above and below the joint line (Steady state
free precision; Slice thickness: 1 mm; Field of view: 24 � 24 cm2;
200 slices; Slice spacing: 0.5 mm; Matrix: 512 � 512 pixels). The
images of the hip and ankle were also obtained but at lower reso-
lution; they were used to identify the anatomical coordinate sys-
tem for the femur and tibia [30]. MR images were transferred
into AMIRA software (Thermo Fisher Scientific, Carlsbad, USA) for
3D model reconstruction of the knee joint. Segmentation and
reconstruction of the female knee joint are demonstrated in Fig. 1.

DF imaging techniques were used to capture the six-degree-of-
freedom kinematics of the TF joints during 10-min standing after a
partial body weight was slowly applied in 5–7 s (Figs. 2 and 3). The
DF system consists of two high-speed X-ray generators and two
high-speed solid-state video cameras (Fig. 2). It is equipped with
low dose X-ray technology and high frame rates (6–250 Hz), even
its lowest imaging frequency would be more than adequate to pro-
vide the required temporal resolution to track the 3D translations
b)

e joint: a) Segmentation, b) Reconstruction of the 3D model.



Fig. 2. Dual fluoroscopic imaging system at the Clinical Movement Assessment Lab.
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and rotations of the bones of the TF joint during 10 min knee com-
pression [31].

The loading protocol was tested beforehand without X-rays and
found to be appropriate, as shown by the reaction forces measured
by the instrumented treadmill. Braces were used to constrain the
movement of the tested leg to full extension (Fig. 3b). The partici-
pant initially stood straight on her left leg with the aid of handrails.
She then gradually applied her weight onto her right leg by slowly
lowering her right foot to the treadmill floor but keeping her right
leg and body straight (Fig. 3), during which time (5–7 s) the force in
the right leg increased from nearly zero to approximately ¾ body
weight. She then tried to balance herself to keep the force in the
right knee unchanged for the rest duration of the test (10 min in
total). We did not ask her to apply an exact amount of weight to
the right leg, but the participant decided to stand still without
shifting additional weight to the leg whenever she felt comfortable
in her position.

It was reported in previous studies that the deformation rate of
soft tissues of TF joints was high during the loading phase but
decreased rapidly after the first minute [30]. In this context, in
order to track the translations and rotations of bones of the joints
precisely and, in the meantime, minimize the amount X-rays to the
participants, DF images were acquired from the cameras at a frame
rate of 6 Hz, continuously for the first minute, and at 6 Hz for 2 s
intermittently with 28-s breaks for the rest nine minutes. A total
a)

Fig. 3. Dual fluoroscopic measurement of the right knee: a) The right leg is loaded with a
was used to minimize the flexion and rotation of the bones of the TF joint. The particip
without the lead apron).
of 563 pairs of images with high-resolution were thus taken by
the two cameras.
2.2. Image calibration

By nature of the imaging process, the DF images are distorted
because of the structure of camera lens and the distance of the
object to the cameras. Therefore, these images need to be corrected
so that the TF joint kinematics can be obtained accurately from the
undistorted images. An acrylic cubic calibration frame was used as
a reference, and an algorithm previously developed by Lichti and
colleagues [31] with MATLAB software (The MathWorks Inc.,
Version R2017a, Natick, MA, USA) was employed for the image cal-
ibration. The calibration frame enables the acquisition of external
and internal parameters of the system for the imaging data correc-
tion using a self-calibrating bundle adjustment method [14]. This
method has been proven to be of high accuracy and efficiency as
compared to other calibration approaches such as a two-step direct
linear transform method [31].
2.3. Determination of the coordinate systems for femur and tibia

The purpose of establishing the coordinate systems is to allow
us to calculate the absolute and relative positions of the femur
and tibia and to determine the position changes over time. The
coordinate systems of the femur and tibia (Fig. 4) were to be deter-
mined using the anatomy of the leg reconstructed from the MRI
[32]. In this context, the coordinate systems characterize the
specific knee joint and describe the joint motion, i.e. three relative
translations and three relative rotations (proximal–distal (PD),
anterior-posterior (AP), medial–lateral (ML), valgus-varus (VV),
internal-external (IE), and flexion–extension (FE)).

The coordinate systems for the knee joint were determined
using the 3D models of the knee, hip and ankle from MRI recon-
struction (Fig. 4). The long axes for the femur and tibia were
obtained through a MATLAB procedure developed by Sharma and
colleagues [14], which makes use of the point clouds selected
according to the anatomy of femur, hip, tibia and ankle (Fig. 5).
The point cloud selection process was conducted through open-
source ParaView software (BSD, Kitware Inc, NM, USA). The proce-
dure creates the coordinate system for each bone, as described as
follows. For the femur, two spheres are placed, respectively, in
the medial and lateral condyles, and an ML line is obtained by join-
ing the centers of the spheres [33]. The center of the ML line is then
b)

pproximately 3/4 body weight in full extension during 10 min standing; b) A brace
ant wore a lead apron during a test (photos shown were taken during a rehearsal



Fig. 6. The 2D-3D matching process for the female participant: a) Corrected DF
images of the knee joint obtained during 10 min standing; b) Markerless 2D–3D
registration of 3D bones with pairs of corrected DF images.

Fig. 4. Anatomic coordinate systems of the femur and tibia based on the anatomy of
the leg.
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selected as the origin of the coordinate system of the femur with
the lateral axis aligning with the ML line (Fig. 5). The long axis of
the femur overlaps the PD line which is the line from the origin
to the spherical center of the hip. Finally, the cross-product of
the PD and ML axes determines the AP axis, shown in Fig. 4 as
anterior axis. A similar procedure can be performed on the proxi-
mal tibia and ankle to obtain the long axis of the tibia [14,32].
a)

Fig. 5. The anatomic coordinate systems established using point clouds with ParaVIEW
(PD = proximal–distal).
2.4. 2D-3D matching process

JointTrack Biplane software (University of Florida, Gainesville,
FL, USA) was used to match the 3D model of the femur and tibia
with the 2D undistorted images. The software calculates and
b)

: a) the coordinate system for the femur; b) the coordinate system for the tibia.
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reports the 3D motions of bones through the matching process
until the silhouette of bones provides an optimal fit with the 2D
undistorted images that have been computationally obtained from
the initially distorted DF images (Fig. 6).

Cameras placed at different angles in the DF system provide two
images of the same bones of the TF joint from different angles for
any given time through two X-ray sources. In this way, data of 3D
position of the bones are acquired through these 2D images. The
silhouette of the bone was overlaid manually on the two undis-
torted images. This process was repeated meticulously, taking 56
and 61 pairs of samples from all 563 pairs of images obtained for
the female and the male participants, respectively. The samples
were taken at 1–2-s intervals for the first minute to capture the fast
motion of bones during the loading and early creep phases, and at
30 s intervals for the rest nine minutes of slow motion. This sam-
pling approach was found to be sufficient to obtain the time-
dependent translations and rotations of the bones for the 10-min
standing.

The results obtained from the JointTrack software are the
absolute motions of the femur and tibia with respect to their axes.
A custom MATLAB code was thus prepared using the Euler Angles
(ZYX sequence) equations [34] to obtain the relative motions
between the femur and tibia from the absolute motions, as the
relative motions are more relevant to the joint mechanics.
Angle (degree) 

a)

c)

)e

Fig. 7. The 3D relative motion of the TF joint for the female participant during 10 min st
with respect to the tibia; b, d & f) relative displacement of the femur with respect to th
3. Results

The TF joint kinematics for the female participant is shown with
its six degrees of freedom as functions of time (Fig. 7). These results
are relative motions of the distal femur with respect to the proxi-
mal tibia. The maximum relative rotations were 1.2, 4.3 and 0.54
degrees, respectively, in the VV, IE and FE rotations. The maximum
relative translations were 0.23, 1.84 and 1.32 mm, respectively, in
the PD, AP and ML directions (Fig. 7).

4. Discussion and conclusion

The study objective was to establish a measurement protocol
and a data processing approach for the creep response of the
human knee joint in vivo. A creep loading protocol was thus devel-
oped with standing weight bearing and tested on two participants
(Fig. 8a, b). The images and results indicated the validity of the
measurement and computer methods, although more measure-
ments must be performed to gain confidence in the creep data.
The creep displacement developed rapidly during the first minute,
which is consistent with a similar study when the full body weight
was applied in about one second and creep data were acquired for
300 s [30]. The loading rate used in the present study was much
lower (�75%/6s = 12.5%/s as compared to 100%/s), and the creep
Displacement (mm) 

b)

d)

)f

anding with approximately 3/4 body weight: a, c & e) relative rotation of the femur
e tibia.
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Fig. 8. Comparison of the TF joint kinematics for the female and male participants during the 10-min creep with approximately 3/4 body weight: a) & b) the relative
displacement in the PD translation; c) & d) the relative displacement in the AP translation.
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test was extended to 600 s. The extended loading phase may be
better used to evaluate the nonlinear properties of the tissues
in vivo, and the prolonged creep phase may be used to estimate
multiple characteristic times of the tissues, as the short-term
response is mainly determined by the fast spectrum of the time
dependence.

Both participants applied approximately ¾ body weight to the
tested legs, although there was no control on the load application.
The participants were only expected to apply slightly more than
half the body weight. However, this result was reasonable because
their left legs were higher and bent to reduce the rotations of the
right legs during the load application.

A creep test of the human knee joint in vivo can be possibly per-
formed with participants using the partial bodyweight as loading,
as demonstrated by the vertical displacement (Fig. 8a & b; force
curve not included). However, the transverse displacements and
rotations of the joint were difficult to control (Fig. 7a–e). Interest-
ingly, the maximum change in AP translation during the 10 min
standing was approximately 4 mm for both participants (Fig. 8c
& d). Furthermore, the femur of both participants generally moved
in one direction with respect to the tibia. However, the male par-
ticipant seemed to have better motion control than the female
on both AP (Fig. 8d vs c) and ML translations (the latter not
included), possibly because he regularly played volleyball and
had better knee stability from the muscles. This is supported by
the finding that athletes may maintain a more stable stance than
non-athletes during one-legged stances [35].

Creep of the knee joint would definitely take more than 600 s to
complete (Fig. 8a, b), although the contact area was reported to
remain constant after 50 s [30]. The two findings may be consistent
with each other because the distance between the proximal tibia
and distal femur can be further reduced after the contact in the
knee has almost reached its maximum. Our finding is consistent
with specimen testing [36], porcine joint testing [37] and previous
human knee joint modeling [38], where a creep test takes at least
an hour to reach a complete equilibrium.

In addition to the poor control on the transverse displacements
and rotations of the joint, a major limitation of this study is the
manual 2D-3D matching process with the JointTrack software.
Because of human factors, it is difficult to foresee the errors in this
matching process. For this reason, the quantitative results may
need to be verified with further studies. Alternatively, the mea-
surement and data processing approaches developed in the present
study may be further tested with femoral and tibial prostheses of
known geometry [14]. The general methods used in this study
were validated in previous studies [14,15].

The data obtained from the combinedMRI andDFmeasurements
will be used to validate and refine a viscoelastic poromechanical
model developed previously [38]. A validated model can be used
to understand joint injuries and cartilage mechanobiology in vivo.
On the other hand, the present study may be used to evaluate the
properties of cartilage and meniscus in vivo in order to determine
early tissue degeneration, when the data obtained from measure-
ments are further interpreted with a finite element analysis.

In summary, dual fluoroscopic images of the knee joint were
used to determine the kinematics of the tibiofemoral joint of
human participants during a prolonged standing weight-bearing
task. The 3D motion of the bones was found when comparing the
undistorted 2D images with the 3D models of the distal femur
and proximal tibia reconstructed from magnetic resonance imag-
ing. The prolonged standing reasonably approximates a creep
response of the joint and may be used to evaluate the mechanical
properties of cartilage and meniscus in vivo using a validated com-
putational model of the joint.
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