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Abstract

The purpose of this study was to test the hypothesis of whether the center of rotation (COR) in the
transverse plane of the knee is in the medial side during normal walking in a manner similar to that
previously described during non-ambulatory activities. The kinematics for normal knees was
obtained from 46 knees during normal walking using the point cluster technique. The center of
rotation of the medial-lateral axis of the femur relative to the tibia was determined during the stance
phase of walking. The hypothesis that the COR is in the medial side during stance was not supported
by this study. The average center of rotation during the stance phase of walking was in the lateral
compartment for all 46 knees. In addition, the instantaneous COR occurred on the medial side on
average less than 25% of the time during the stance phase. Thus, while the COR is predominantly
on the lateral side of the knee during walking, the normal function of the knee during walking is
associated with both lateral and medial pivoting. These results also demonstrate the importance of
describing knee kinematics in the context of a specific activity or the constraints of the test conditions.
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INTRODUCTION

The normal function of the knee requires a subtle balance between stability and mobility that
depends on the interaction between the ligaments, joint surfaces and muscles spanning the
joint. While the joint provides a high degree of mobility for large flexion motion, there is a
range of laxity (Markolf, 1978) in other degrees of freedom that is required for normal function
during certain activities. For example, there is a unique combination of flexion, anterior-
posterior (AP) translation and internal-external (1E) rotation that occur during walking (Dyrby,
2004) that is different than what would occur during deep squatting or a passive flexion/
extension motion. The direction and phasing of these relationships between the primary
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(flexion) and secondary movements (AP and IE) will determine the location of the center of
rotation (COR) of the knee in the transverse plane (Banks, 2004).

The location of the transverse plane COR represents the motion of the medial and lateral
condyles of the femur relative to the proximal tibia during a specific activity and is an important
factor in attempting to restore normal function after reconstructive surgery such as total knee
replacement (TKR) and anterior cruciate ligament (ACL) reconstruction.

Asymmetry in the motions in the medial and lateral compartments depends on the internal-
external rotation and can be influenced by internal structures in the joint. For example, the
anatomy of the knee suggests that the medial compartment has a more conforming contact than
the lateral compartment (Kapandji, 1987). In addition, the lateral meniscus is more mobile than
the medial meniscus (Kapandji, 1987, McMahon, 2006) suggesting that the COR of the knee
is in the medial compartment. In addition, an in vivo study of knee kinematics during deep knee
bending and chair rising (Komistek, 2003) as well as in vitro studies of flexion/extension
motion (Blaha, 2003, Freeman, 2005, lwaki, 2000) reported that the tibiofemoral contact points
had larger AP movement in the lateral than medial compartments. While the above studies of
non-ambulatory activities suggest that the knee predominantly translates on the lateral side and
thus the COR is in the medial side of the knee, it remains to be seen whether these observations
can be extrapolated to walking. In fact, studies of ambulatory activities (Andriacchi, 2003,
Dyrby, 2004, Lafortune, 1992) demonstrate that knee kinematics are uniquely dependent on
the specific activity and suggest that the AP motion of the knee is not predominantly in the
lateral compartment during ambulation.

Given that walking is the most frequent activity of daily living and understanding the relative
movement between the femur and tibia during walking can influence the success or failure of
various reconstructive procedures of the knee, it is important to quantitatively assess the
location of the COR which represents the relative movement between the femur and tibia in
the medial and lateral compartments during walking.

The purpose of this study was to test the hypothesis that the transverse plane COR is in the
medial side of the knee, which represents greater tibiofemoral AP movement in the lateral than
medial compartments during normal walking as suggested in previous studies of non-
ambulatory activities.

This study measured knee kinematics during walking to determine the movement of the axes
of the femur with respect to the tibia. The average location of the transverse plane COR was
determined during stance phase, from heel strike to toe off, using a previously described method
(Banks, 2004). The percentage of time that the instantaneous COR was medial to the center of
the tibia or lateral to the center of the tibia was tested to determine the frequency of time the
knee pivoted medially or laterally during the stance phase of walking.

Twenty three healthy subjects (14 males and 9 females, age 37+12 (s.d.) years, body mass
index 23.622.4 (s.d.) kg/m?) without knee pain or injury histories were recruited for the study.
The study was approved by the IRB and an informed consent was obtained from each subject
before the test.

The subjects were tested bilaterally at a self-selected normal walking speed and six degrees of
freedom knee joint kinematics were measured using the point cluster technique (PCT)
(Andriacchi, 1998). With the PCT, clusters of nine and seven reflective markers were
distributed on the thigh and shank, respectively, to predict the movements of the underlying
femur and tibia (Figure 1). Cluster coordinate systems were calculated for the marker clusters
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on the thigh and shank separately by calculating principal axes assuming a unit weight for each
marker. During a static reference trial, markers placed on bony landmarks in addition to the
clusters of markers were used to establish the femoral and tibial anatomic coordinate systems.
The details of the coordinate systems have been previously described (Andriacchi, 1998,
Dyrby, 2004). The relative position between the marker clusters and the anatomical coordinate
systems were calculated from the marker locations in the reference run for the thigh and shank,
separately. At each time frame of normal walking, locations of the marker clusters were tracked
in three-dimensional space and the cluster coordinate systems of thigh and shank were
calculated. Using the information about the relative locations of the anatomic coordinate
systems to cluster coordinate systems obtained in the static reference trial, the locations of the
femur and tibia were calculated.

An equation for the line representing the medial-lateral axis of the femur projected on to the
transverse plane of the tibial coordinate system was calculated from the AP translation and IE
rotation of the femur relative to the tibia obtained from the PCT. The equation of the medial-
lateral axis at frame i was written as

a;ix+b;y=c (1)

where x and y represent the medial-lateral and AP directions, respectively, as shown in Figure
2.

The average COR of the medial-lateral axis of the femur (Figure 2) was calculated by solving
the least-squares system of equations of the lines (Banks, 2004) defining the medial-lateral
axis projected on the transverse plane of the tibial axis during the stance phase of walking.

ag b 1 C1
ay b x &)
y =
a, by Cn (2

The system of equations (2) describes the medial-lateral axes for time i =1 through n samples.
Thus, the average COR (X, Y.) for the entire stance phase (n samples) is

ar b " la 1 b . ar b "le 1
x| ay by ay by a b (&)
» ] - : : : :
a, b, a, b, a, b, Cn 3)

The instantaneous CORs between two consecutive time frames were calculated as shown above
and the percentage of time (frequencies) when the COR was medial to the center of the tibia
during the stance phase of walking was obtained.

For statistical analysis, a one-sample Z-test was used considering the correlation between the
measurements from left and right knees of each subject in calculating variance. The x. value
of the average COR (Equation 3) was tested to determine if it was medial or lateral to the center
of the tibia. We also tested whether the COR was in the medial side for more than 50% of the
time during the stance phase of walking.

Since skin movement can affect the calculation of the average COR from PCT, its robustness
was tested by adding Gaussian random noise in the AP translation and IE rotation for each
frame. This process was repeated 1000 times to calculate the empirical 95% confidence interval
of the average COR for each gait trial. During this process, the standard deviation of the
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Gaussian random noise was set to 1, 2 and 3 mm for AP translation and 1, 2 and 3 degrees for
IE rotation to calculate the robustness at different levels of noise.

The hypothesis that the transverse plane COR of the knee is in the medial side during stance

was not supported by this study. The average COR calculated during the stance phase of normal
walking was in the lateral compartment for all 46 knees (p<0.01) (Figure 3). The average (9.0
+3.7 (s.d.) cm) and median (8.7 cm) locations of the average COR were lateral (extra articular)
to the center of the tibial surface. The subjects walked at an average speed of 1.41+0.18 (s.d.)
m/s.

In addition, both the average (24.9+11.6 (s.d.) %) and median (20.5%) percentage of time when
the instantaneous COR was in the medial side during stance were significantly (p<0.01) less
than 50% indicating that the knee spent a significantly greater amount of time pivoting laterally
during walking. The average time when the instantaneous COR was in the medial side was
less than 50 percent during the stance phase of walking for 44 knees out of the 46 knees (Figure
4), suggesting that the instantaneous COR was predominantly lateral to the center of the tibia
during the stance phase of walking.

When all the instantaneous CORs during stance phase for each subject’s gait trial were pooled,
the median of the total instantaneous CORs was 6.2 cm lateral to the center of the tibia and
74.8% of the instantaneous CORs were in the lateral side of the knee.

The robustness of the calculation of the average COR was tested for 9 different levels of
Gaussian random noise in the AP translation and IE rotation as shown in Table 1. Even when
the standard deviations were 3 mm and 3 degrees for the Gaussian noise for AP translation and
IE rotation, respectively, the average COR was significantly in the lateral side for 40 knees
(87%). None of the knees had an average COR significantly in the medial side for any level
of noise.

DISCUSSION

The results of this study did not support the hypothesis that the transverse plane COR of the
knee was predominantly on the medial side during walking. Rather, the average COR was in
the lateral (extra articular) side of the knee. While the instantaneous COR does move to the
medial side during a portion of stance the vast majority (44 of 46) spent, on average, more than
70% of time with a COR in the lateral side.

These results are consistent with previous kinematic studies of walking (Andriacchi, 2004
Lafortune, 1992) that report AP and IE motions. These studies show that at heel strike the
femur is rotated internally and translated posteriorly relative to the tibia (Figure 6 (a) and (b)).
Throughout the stance phase of walking, the femur rotates externally and translates anteriorly
relative to the tibia. The combination of the translation and rotation during the stance phase of
normal walking suggests that the COR of the knee is on the lateral side for most of the time
during the stance phase of normal walking.

Studies of patients with ACL deficient knees (Andriacchi, 2005) showed a pattern of AP and
IE motions that are consistent with the patterns found in healthy knees in this study suggesting
that the COR of the knee is predominantly in the lateral side in both healthy and ACL deficient
knees. These results are consistent with studies of patients with certain types of TKR (Banks,
2004) that show the average COR is in the lateral side of the knee.
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While the majority of the instantaneous CORs were distributed close to the center or just lateral
of the center of the tibia (Figure 5), there were extreme values on both the medial and lateral
sides. An extreme COR value indicates that there is almost pure AP translation occurring during
this instant in the stance phase of normal walking.

The point cluster technique uses skin markers to predict the motion of the underlying bones,
so the accuracy in detecting bone motions can be affected by skin movement (Alexander,
2001). Thus, the robustness of the calculation of the average COR was tested by adding
Gaussian random noise in measuring AP translation and IE rotation. Even after considering
the uncertainties in the measurements, the majority of knees (87%) had lateral pivoting patterns.

A simple flexion/extension motion of cadaver knees showed that the lateral compartment has
a larger AP range of movement than the medial compartment (Blaha, 2003, Freeman, 2005,
Iwaki, 2000) suggesting that the COR of the knee is in the medial compartment during passive
knee mations. The COR of the knee also has been shown to exist in the medial compartment
during in vivo open chain activites but it has not been shown during normal walking. Based on
the studies of on-ambulatory activities it has also been suggested that designs of TKR should
incorporate articular surface shapes that guide medial pivot movement (Blaha, 2004, Schmidt,
2003). Though a previous study reported that the COR of the knee is in the medial compartment
during walking for healthy subjects (Komistek, 2003), the tests were conducted at an
unrealistically slow speeds; 0.28-0.56 m/s while normal speed is ~1.24 m/s in healthy subjects
(Mundermann, 2004).

The results of this study indicate that knee kinematics during walking are different than
kinematics measured during non-ambulatory activities (Blaha, 2003, Dennis, 2005, Freeman,
2005, Iwaki, 2000, Komistek, 2003, Li, 2006, Mahfouz, 2004) or observations of passive knee
anatomy (Kapandji, 1987) that report that the COR of the knee is in the medial compartment.
Taken together with the findings of other studies the results support the conclusions that knee
joint kinematics are highly dependent on the specific activity (Andriacchi, 2004, Dyrby,
2004) and knee kinematics should be described in the context of the activity.

While the COR is predominantly on the lateral side of the knee during walking, the
instantaneous COR does occur on the medial side about 25% of the stance. Thus, the normal
knee function is associated with pivoting in both the medial and lateral sides of the knee. The
results of this study indicate that TKR designs should permit lateral pivoting motions during
normal walking (the most frequent activity of daily living) while permitting the capacity for
medial pivoting motions during non-ambulatory activities such as squatting. The results also
suggest the importance of describing knee kinematics in the context of a specific activity or
the constraints of the test conditions. Thus, it is not possible to extrapolate knee kinematics
from non-ambulatory activities to ambulatory kinematics.
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Figure 1.

Point cluster technique is used to measure the kinematics of the femur and tibia. Clouds of skin
markers (blue markers) were used to track the motions of the thigh and shank which were
translated as the motion of femur and tibia through the markers on bony landmarks (red
markers) on the femur and tibia.
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Figure 2.

Medial-lateral axis of the femur projected on the fixed tibial coordinate system is shown at
each instance during the stance phase of walking. COR was calculated from the lines in a least
square sense.
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Figure 3.

Histogram of the locations of the transverse plane COR for 46 knees: In the x-axis, zero
represents the middle of the tibial surface in the medial-lateral direction and negative values
represent the lateral side of the knee. For all tested knees, the COR was on the lateral side of
the center of the tibia.
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Figure 4.
Histogram of the percentage of the medial pivoting motion during the stance phase of walking
for 46 knees: Majority of knees had less than 50% of medial pivoting motion during the stance

phase.
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Figure 5.

Medial-lateral location of

instantaneous center of rotation (cm)

Histogram of all instantaneous CORs from the stance phase of all subjects’ trials
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Figure 6.

Typical patterns of (a) internal-external rotation and (b) anterior-posterior translation of the
femur relative to the tibia during the stance phase of normal walking are shown. (c) The lines
represent the locations of the medial-lateral axis of the femur projected on the tibial surface at
the beginning and end of the stance phase of walking. These patterns would result in the lateral
pivoting in the knee.
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The robustness of the calculation of the average COR was tested for different levels of Gaussian random noise in the

AP translation and IE rotation.

Gaussian noise for AP

Gaussian noise for IE rotation|

COR significantly in the

COR significantly in the

translation lateral side medial side
Mean=0, sd=0 mm Mean=0, sd=0 degree 46 0
Mean=0, sd=1 mm Mean=0, sd=1 degree 45 0
Mean=0, sd=1 mm Mean=0, sd=2 degrees 44 0
Mean=0, sd=1 mm Mean=0, sd=3 degrees 41 0
Mean=0, sd=2 mm Mean=0, sd=1 degrees 45 0
Mean=0, sd=2 mm Mean=0, sd=2 degrees 44 0
Mean=0, sd=2 mm Mean=0, sd=3 degrees 41 0
Mean=0, sd=3 mm Mean=0, sd=1 degrees 44 0
Mean=0, sd=3 mm Mean=0, sd=2 degrees 44 0
Mean=0, sd=3 mm Mean=0, sd=3 degrees 40 0
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