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Abstract

The changes of tibiofemoral articular cartilage contact locations during knee activities represents a
physiological functional characteristics of the knee. However, most studies reported relative
motions of the tibia and femur using morphological flexion axes. Few data have been reported on
comparisons of morphological femoral condyle motions and physiological tibiofemoral cartilage
contact location changes. This study compared the morphological and physiological kinematic
measures of 20 knees during an /in vivo weightbearing single leg lunge from full extension to 120°
of flexion using a combined MRI and dual fluoroscopic imaging system (DFIS) technique. The
morphological femoral condyle motion was measured using three flexion axes: trans-epicondylar
axis (TEA), geometric center axis (GCA) and iso-height axis (IHA). At low flexion angles, the
medial femoral condyle moved anteriorly, opposite to that of the contact points, and was
accompanied with a sharp increase in external femoral condyle rotation. At 120° of flexion, the
morphological measures of the lateral femoral condyle were more posteriorly positioned than
those of the contact locations. The data showed that the morphological measures of femoral
condyle translations and axial rotations varied with different flexion axes and did not represent the
physiological articular contact kinematics. Biomechanical evaluations of the knee joint motion
should include both morphological and physiological kinematics data to accurately demonstrate
the functionality of the knee.
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2.1

Introduction

Accurate knowledge of the knee kinematics is critical for understanding of the joint
functionality and for development of surgical techniques such as total knee arthroplasty and
ligament reconstruction that are aimed to restore normal knee joint functions (Eckhoff et al.,
2007; Most et al., 2004). Various knee kinematics data during knee flexion have been
reported using different measurement methods (Churchill et al., 1998; Colle et al., 2012;
Dennis et al., 2005; Mochizuki et al., 2014; Mu et al., 2011). For example, the
morphological trans-epicondylar axis (TEA) and the geometrical center axis (GCA) have
been traditionally used to measure the medial and lateral femoral condyle translations and
axial rotations (Li et al., 2013; Oussedik et al., 2012; Victor, 2009; Walker et al., 2011). A
new flexion axis termed iso-height axis (IHA) was recently proposed that measured
minimum variations in femoral condyle heights with knee flexion (Rao et al., 2020). Several
studies have shown that different flexion axes could provide different kinematics data of the
same knee motion (Gromov et al., 2014; Hull, 2020; Tanifuji et al., 2013; Victor, 2009;
Walker et al., 2011). However, the tibiofemoral articulation of the knee, that is an articular
joint, is an integral part of the knee joint motion. It represents a physiological motion
characteristic of the knee, as articular contact locations directly affect the moment arms of
the knee muscles and joint reaction forces (Lerner et al., 2015). A few studies have
investigated the association of the morphological kinematics and the physiological
tibiofemoral articulation under various loading conditions (Asano et al., 2001; Pinskerova et
al., 2004; Qi et al., 2013; Walker et al., 2011). This information is instrumental for
investigation of the knee kinematics and for improvement of surgical methods to restore
normal knee functions.

In this paper, we measured /77 vivo tibiofemoral articular cartilage contact point changes
during a weightbearing, single leg lunge of the knee as well as the corresponding
translations and axial rotations of the femoral condyles using different morphological
flexion axes. Moreover, the contact point motions were compared with the femoral condyle
translation data. It was hypothesized that the femoral condyle motions measured using the
morphological flexion axes did not represent the physiological articular contact motion of
the knee during the full range of /n vivo weightbearing, single leg lunge.

Methods

Subjects

Twenty healthy knees of 20 subjects (14 men and 6 women; age 33+13 years; body mass
index: 25.5+3.5 kg/m?; 9 left and 11 right) were recruited and written consent was signed by
all subjects prior to participation in this study. A combined MRI and dual fluoroscopic
imaging system (DFIS) technique was used to measure knee kinematics (Li et al., 2004).
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The DFIS that was composed of two orthogonally positioned fluoroscopes (BV Pulserg;
Philips, Bothell, WA) (Fig. 1A). Each knee was imaged using a 3T MRI scanner (Siemens,
Erlangen, Germany) in sagittal plane. The images were used to construct a three-
dimensional (3D) surface model of the knee, including the femur, tibia, and their cartilage
surfaces, in a solid modeling software (Rhinoceros, Seattle, WA). Each subject performed a
quasi-static single-legged lunge with a 15° increment from full extension to maximal
flexion. During experiment, the knee kept stable at each target flexion angle for 1-3 seconds
while imaged using the DFIS. The 3D knee model and the fluoroscopic images were
imported into the software to create a virtual DFIS in computer (Fig. 1B). The projections of
the 3D femur and tibia models were matched to their corresponding fluoroscopic images to
reproduce the knee positions in space. It was reported that this technique has errors less than
0.1 mm and 0.3° in measuring tibiofemoral translations and rotations, respectively (Li et al.,
2008).

Knee Kinematics Analysis

To determine the contact point and femoral condyle motions, a knee joint coordinate system
was established (Qi et al., 2013) (Fig. 2A). The tibial long axis was parallel to the posterior
wall of the proximal tibial shaft constructed from MRI images. The tibial plane was defined
as vertical to the long axis. The medial-lateral axis was defined as a line connecting the
centroids of two circles fitting to the medial and lateral tibial plateau surfaces. The anterior-
posterior axis was perpendicular to the two axes in the tibial plane. The femoral long axis
was defined along the centroid of the distal femoral shaft constructed from MRI images
(Fig. 2A). The knee flexion was measured between the tibia and femur long axes in sagittal
plane. The GCA axis was defined as a line connecting the centroids of two circular planes
(GCA planes) fitting to the maximal cross-sections of the posterior portions of the medial
and lateral condyles in the sagittal plane (Rao et al., 2020). The TEA axis was defined by
connecting the medial and lateral epicondyles (Most et al., 2004; Walker et al., 2011), and
the two intersection points between the TEA and two GCA planes were used to determine
the condylar motions. The IHA was determined as the line connecting the two points in the
medial and lateral GCA planes, respectively that measured the least vertical shifts of the
respective condyles along the knee flexion path (Rao et al., 2020). The articular contact
point was defined as the centroid of the overlapping area of the femoral and tibial cartilage
surfaces at each knee flexion position (DeFrate et al., 2004; Qi et al., 2013; Yin et al., 2017)
(Fig. 2B).

The contact points and the flexion axes were all projected onto the tibial plane for
measurements of the anteroposterior translations of the contact points and flexion axes as
well as the axial rotations of the femoral condyles (Fig. 2C) (Dimitriou et al., 2016). The
articular contact point location path was used to represent the physiological motion and the
femoral condyle motion to represent the morphological motion of the knee.

2.3. Data Analysis

A repeated measure ANOVA and post-hoc Tukey analysis were used to compare the
physiological and morphological joint kinematics data. Paired t tests were used to analyze
the differences between the medial and lateral compartments. Independent variable was the
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knee flexion angles and motion measurement methods. The dependent variables were
defined as femoral condylar motions and rotations. A statistically significant difference was
determined when p<0.05.

3. Results

In the medial compartment (Fig. 3A), the contact point was positioned at 6.0+£3.9 mm
anteriorly at full extension and moved posteriorly until 60° knee flexion (-1.4+2.5 mm).
Thereafter, the contact point had minimal motion with flexion. All flexion axes measured
condyle positions posterior to the contact point at full extension (p<0.05). The TEA condyle
moved slightly posteriorly until 30° of flexion and moved posteriorly thereafter. The GCA
condyle moved anteriorly with knee flexion until 60° (p<0.05) and kept almost constant with
further flexion. The IHA condyle moved anteriorly with knee flexion until around 30° and
reached similar positions with the contact points. Beyond 45°, the condyle moved
posteriorly consistently with flexion angles. Overall (from 0° to 120° flexion, Table 1), the
contact point excursion (10.7+4.6 mm) was smaller than the TEA condyle excursion
(16.0£5.2 mm) (p<0.05), but significantly larger than those of the GCA (7.3+2.1 mm) and
IHA (7.94£3.5 mm) (p<0.05).

In the lateral compartment (Fig. 3B), the contact point was positioned at —0.3£3.4 mm
posteriorly at full extension and moved posteriorly to —=5.5+2.8 mm with knee flexion until
30°. Thereafter, the contact point continued posterior motion at a slower rate to —10+3.8 mm
at 120° flexion. The TEA condyle motion was similar to the contact point from full
extension to 30° of flexion, but moved posteriorly more quickly than the contact points
thereafter. The GCA condyle positions were about 5 mm posterior to the contact points
along the flexion path (p<0.05). The IHA condyle positions were slightly posterior to the
contact points until 75° of flexion. Thereafter, the condyle position moved posteriorly.
Overall (Table 1), the contact point excursion was 10.5+4.0 mm, significantly smaller than
that (22.4+4.4 mm) of the TEA (p<0.05), but similar to those of the GAC (10.8£3.3 mm)
and IHA (12.4+3.2 mm) (p>0.05).

The medial contact points were about 5 mm more anterior than lateral points along the
flexion path (p<0.05), but with similar translational excursions (p>0.05) (Table 1 and Fig.
4A). For all flexion axes, the lateral condyle is more anterior than the medial side at full
extension, and beyond 15° flexion, becomes more posterior than the medial side until
maximal flexion (Table 1 and Figs. 4B, C, D). The axial rotations of the femur were similar
in trends when measured using the three flexion axes (Fig. 3C). A sharp increase in external
condyle (internal tibial) rotation was measured from full extension to 30° of flexion.
Thereafter, the axial rotation continuously increased with flexion by using the GCA, but
with slower increasing rates using the TEA and IHA. Overall (Table 2), the largest range of
the femoral condyle axial rotations was measured by the GCA (17.5£4.7°), significantly
greater than those measured by the TEA (12.2+4.8°) and by the IHA (13.4+4.5°) (p>0.05).
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4. Discussion

This study compared the motions of the physiological articular contact points and
morphological femoral condyles of the same knee during a weightbearing knee flexion. The
morphological condyle positions were more posterior than those of the contact points. The
medial femoral condyle was shown to move in opposite direction with the contact points at
low flexion angles, corresponding to a sharp increase in external femoral condyle rotation.
These data indicated that the morphological femoral condyle motions varied with different
flexion axes and did not accurately represent the physiological articular contact kinematics
during the single leg lung of the knee.

Many studies have reported the knee motion using different coordinate systems
(Dabirrahmani and Hogg, 2017; Mannel et al., 2004; Miranda et al., 2010; Renault et al.,
2018). Oussedik et al. (2012) used a functional flexion axis and Kozanek et al. (2009) used
TEA and GCA to analyze femoral condyle translations during gait. Eckhoff et al. (2007)
indicated that a GCA can closely simulate the flexion axis of the knee compared to a TEA.
Most et al. (2004) and Walker et al. (2011) revealed that the TEA and GCA measured
different femoral condyle motions and axial rotations using cadaveric knees. For comparison
of the articular contact kinematics and the femoral condyle motion, Pinskerova et al. (2004)
showed more anterior positions at low flexion and similar positions at high flexion angles of
the contact points when compared to the femoral condyle positions during a squat on both
legs measured using sagittal plane MR images of the knee. Similar observations in the
medial side of knee were reported by Walker et al. (2011) using cadaveric knees.

The femoral condyle motions and the cartilage contact kinematics in this paper were
generally consistent in trend with previous data during knee flexion (Dimitriou et al., 2016;
Feng et al., 2016; Most et al., 2004; Pinskerova et al., 2004; Walker et al., 2011). The
differences in motion magnitudes could be due to variations in testing conditions among
different studies, such as /n vivo single leg lunge versus squat on both legs (Pinskerova et al.,
2004) or simulated loads on cadaveric knees (Walker et al., 2011). Furthermore, our data
showed that the medial and lateral contact points consistently moved posteriorly and the
lateral contact points were consistently more posterior than the medial side (Fig. 4A). This
physiological contact kinematics patterns could be due to the complicated articular surface
geometry and /in vivo loading conditions of the knee. The morphological flexion axes
measured more posteriorly positioned femoral condyles than the articular contact points.
The TEA had largest ranges of femoral condyle translations that almost doubled the articular
contact excursions since its location is more anterior and proximal than other flexion axes on
the femoral condyles. All flexion axes measured paradoxical anterior translations of the
medial condyle at low flexion angles (Fig. 4). The sharp increases in external femoral
rotations at low flexion angles correspond to the condyle motion patterns measured using
these flexion axes. The TEA only showed axial rotation center at medial side at low flexion
angles due to the minimal translation of the medial condyle (Fig. 4B). Both GCA and IHA
axes showed rotation centers at approximate tibial center due to similar magnitudes of
anterior translations of the medial femoral condyle and posterior translations of the lateral
femoral condyle at low flexion angles (Figs. 4C, D).
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These data confirmed that selections of flexion axes could affect the measurements of the
condyle translations and rotations. The morphological femoral condyle motions could not
represent those of the articular contact points along the flexion path. In knee joint kinematics
studies, TEA has been widely used since it can be conveniently identified using
morphological landmarks on skin surfaces or X-ray images of the knee (Berger et al., 1993;
Griffin et al., 2000; Victor, 2009; Yoshino et al., 2001). The GCA is determined using the
posterior femoral condyle geometries. The IHA axis is established by minimizing the
proximal-distal variations of the femoral condyles during knee flexion using accurate 3D
imaging technique (Rao et al., 2020). It is critically important to clearly describe the
reference coordinates when reporting knee kinematics. Surgical treatment of the knee may
need to be evaluated on restoration of both morphological and physiological knee joint
kinematics (Nakamura et al., 2015; Nicolet-Petersen et al., 2020).

There are several limitations in current study that should be noted. We only investigated a
quasi-static single leg lunge. Future studies should measure /7 vivo knee joint motions under
various dynamic loading conditions such as walking, stair-ascending and -descending.
Morphometry of the knee was not measured and therefore, it is difficult to provide a
geometric explanation of the measured knee kinematics. Future investigation should pursue
a correlation between the geometric characteristics and kinematics patterns of the knee.
Furthermore, the articular contact kinematics was measured using the centroids of the
tibiofemoral cartilage overlapping areas along the flexion path. Accurate definition of
articular contact kinematics is difficult due to the complicated cartilage structure including
inhomogeneous thickness distribution and surface shape. Future investigation should
develop knee computational models to consistently determine accurate articular contact
kinematics. Despite these limitations, this study presented quantitative data of morphological
and physiological kinematics of the knee during an /n vivo weightbearing single leg lunge.

In summary, our data indicated that both medial and lateral contact points translate
posteriorly with flexion and the medial side is more anterior than the lateral side. The data of
femoral condyle translations and rotations are sensitive to the selection of morphological
flexion axes. The morphological condyle motion did not accurately represent the
physiological articular contact point motion. Biomechanical descriptions of the knee joint
motion should include both physiological and morphological kinematics data to accurately
demonstrate the functionality of the knee.
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A)

Fig. 1.
(A) The dual fluoroscopic imaging system (DFIS) set up for measurements of knee joint

motion during a quasi-static single leg lunge. (B) Illustration of the 3D-2D registration that
reproduce the kinematics of the knee in a virtual DFIS by matching the projections of the 3D
knee model to the two fluoroscopic images captured along flexion path.
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Projection
of an axis

Fig. 2.
(A) Definition of the tibial coordinate system and femoral flexion axes for measurements of

femoral condyle translations. (B) Determination of tibiofemoral articular cartilage contact
points by the centroid of the overlapping areas of the tibiofemoral cartilage surfaces. (C)
Measurements of femoral condyle translations and axial rotations on the tibial coordinate
plane using the projections of the femoral condyle axes.
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Fig. 4.

Comparison of the motions of the medial and lateral femoral condyles using (A) articular
contact points, (B) TEA, (C) GCA, and (D) IHA axes during the knee flexion. For each
motion description, the upper plots graphically present the medial and lateral femoral
condyle motions projected onto the tibial plane. The contact points / axis end points of the
medial and lateral condyles at each flexion angle are connected by straight lines. The
vertical and horizontal bars represent + one standard deviations of the anteroposterior and
mediolateral location measurements. The lower plots quantitatively describe the
anteroposterior locations of the medial and lateral femoral condyles from 0° to 120° of
flexion using different motion descriptions. The shaded bands represent + one standard
deviation.
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Table 1.

Anteroposterior translations of the articular contact (AC) points and femoral condyles at different ranges of
knee flexion (“+” = anterior; “~" = posterior)

0-30° 30-60° 60 - 90° 90 - 120° Overall (Max - Min)

M L M L M L M L M L

AC -4.644.7% | -5.124.1% | -2.8+2.4° | -1.5+2.1° | -0.4%1.7¢ | -1.5+1.3° | -1.4+2.3° | -15+3.12 | 10.7+4.6° | 10.5+4.0%

TEA | -1.0+2.1° | -6.8+3.6% | -5.0+1.82 | -54+2.28 | -51+2.72 | -55+2.08 | -4.1#3.3% | -4.3£3.72 | 16.045.2¢ | 22.4+4.4°

GCA | 45#25° | -3.643.7> | 0.8+1.9° | -1.64¢2.3° | -0.3+1.6° | -2.1+2.1P | -1.8+2.20 | -2.3#3.32 | 7.3x2.12 | 10.8+#3.32

IHA | 3.64#2.5¢ | —-3.5+3.70 | -0.8+1.9° | —2.042.4> | —2.4+1.7° | -2.842.1P | -3.5+2.4% | -3.243.42 | 7.9+3528 | 12.4+3.22

Note:
Multiple comparisons (i.e., ANOVA + Tukey post hoc tests): for each column, each letter subscript represents a group within which there are no
significant differences (p > 0.05); the subscripts in an alphabetical order were assigned to the groups with the means in an increasing order.

Different subscripts mean significant differences between groups (p < 0.05).

Student t-tests: the significant differences in the ROMs between the medial and lateral sides were indicated by bo/d.
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Table 2.

Axial rotation ranges of the femoral condyles during knee flexion (“+” = internal rotation and “-" = external
rotation of the femur relative to the tibia)

0-30° 30 - 60° 60-90° | 90-120° | Overall (Max - Min)
TEA | -6.6+4.82 | -0.4+2.6° | -0.5+4.42 | -0.3+4.52 12.2+4.82
GCA | -9.3+4.92 | -2.9+3.02 | -2.2+#3.52 | —0.7+4.02 17.5+4.7°
IHA | -8.145.08 | -1.4+3.13b | —0.7#3.52 | 0.3+3.92 13.4+4.52
Note:

Multiple comparisons (i.e., ANOVA + Tukey post hoc tests): for each column, each letter subscri represents a group within which there are no
significant differences (p > 0.05); the subscripts in alphabetical order were assigned to the groups with the means in an increasing order.
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