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Abstract
A new technique is presented that utilizes relative velocity vectors between articulating surfaces to
characterize the internal/external rotation of the tibio-femoral joint during dynamic loading. Precise
tibio-femoral motion was determined by tracking the movement of implanted tantalum beads in high-
speed biplane x-rays. Three-dimensional, subject-specific CT reconstructions of the femur and tibia,
consisting of triangular mesh elements, were positioned in each analyzed frame. The minimum
distance between subchondral bone surfaces was recorded for each mesh element comprising each
bone surface, and the relative velocity between these opposing closest surface elements was
determined each frame. Internal/external rotation was visualized by superimposing tangential relative
velocity vectors onto bone surfaces at each instant. Rotation about medial and lateral compartments
was quantified by calculating the angle between these tangential relative vectors within each
compartment. Results acquired from 68 test sessions involving 23 dogs indicated a consistent pattern
of sequential rotation about the lateral condyle (approximately 60 ms after paw strike) followed by
rotation about the medial condyle (approximately 100 ms after paw strike). These results imply that
axial knee rotation follows a repeatable pattern within and among subjects. This pattern involves
rotation about both the lateral and medial compartments. The technique described can be easily
applied to study human knee internal/external rotation during a variety of activities. This information
may be useful to define normal and pathologic conditions, to confirm post-surgical restoration of
knee mechanics, and to design more realistic prosthetic devices. Furthermore, analysis of joint
arthrokinematics, such as those described, may identify changes in joint mechanics associated with
joint degeneration.
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1. Introduction
Studies that have measured in vivo bone kinematics during walking and running have reported
internal rotation of the tibia relative to the femur accompanying knee flexion (Lafortune et al.,
1992; Levens and Blosser, 1948; Reinschmidt et al., 1997; Tashman et al., 2007). The axis of
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this internal/external rotation between the femur and tibia has been approximated by projecting
flexion facet centers onto the tibia or by measuring cartilage contact points on the tibia surface
at different flexion angles (Freeman and Pinskerova, 2005; Karrholm et al., 2000; Koo and
Andriacchi, 2008; Li et al., 2005; Scarvell et al, 2004). The intersection of lines created by
connecting these estimated contact point locations on the medial and lateral tibia surfaces
during various angles of flexion approximates the center of rotation in the transverse plane
(Figure 1). The majority of research using this technique has concluded that the internal tibial
rotation accompanying flexion occurs about an axis passing through the medial condyle
(DeFrate et al., 2004; Freeman and Pinskerova, 2005; Komistek, et al., 2003). However these
results may be activity dependent, as recent reports concluded pivoting occurs about both the
medial and lateral sides of the knee during walking, with the average center of rotation on the
lateral side (Koo and Andriacchi and 2008). It is well-known that inaccuracies exist in
determining axial center of rotation using this and other techniques such as the helical axis
method (Reuleaux, 1875; Panjabi, 1979; Woltring et al., 1985]. These errors increase when the
rotation angle decreases (as during pure translation) and when distances between initial and
final points decrease (as occurs with high sampling frequency).

We have developed methods to precisely measure dynamic bone motion in vivo (Anderst et
al., 2009; Tashman and Anderst and 2003) and to use this precise kinematic input to reveal
articular surface interactions using three-dimensional reconstructions of subject-specific bone
models (Anderst and Tashman, 2003). An advantage of collecting precise dynamic (rather than
static) in vivo data is the ability to calculate relative velocity between subchondral bone
surfaces. Visualizing the relative velocity between femur and tibia medial and lateral bone
surfaces reveals internal/external rotation information that cannot be acquired from static data.
Specifically, instantaneous axial rotation about the medial and lateral compartments can be
visualized and quantified during functional, dynamic loading. This information cannot be
obtained with a small number of contact point measurements acquired at fixed flexion angles.

We have previously reported external rotation of the tibia relative to the femur during loaded
flexion in canine knees (Tashman, et al., 2004). The current study presents a technique to
partition the instantaneous internal/external rotation into separate rotational motions about the
medial and lateral compartments. It was hypothesized that the external rotation would occur
exclusively about an axis passing through the medial compartment.

2. Methods
Subjects were 23 foxhounds. Following IACUC approval, each dog had at least three 1.6 mm
tantalum beads implanted into both the right distal femur and right proximal tibia. Testing
consisted of running on a treadmill (1.5 m/s) within a stereoradiographic imaging system that
collected X-ray images at 250 Hz. Paw strike timing was detected using an accelerometer
attached to the right tibia for all trials. Data was collected 10 times for each dog, once with the
knees intact (pre-surgery) and 9 times following CCL-transection (or sham, for the controls)
surgery. The data presented in this study includes all 10 test dates from the control group (n=5),
and the pre-surgery data for the entire CCL-deficient group (n=18), resulting in a total of 68
test sessions. Three trials were collected at each test session, and all valid trials for each dog
were ensemble averaged for the peak loading phase of running (paw strike to 200 ms after paw
strike).

Implanted beads were identified in each stereoradiographic image and 2D bead coordinates
were input to a commercial software package for tracking and 3D reconstruction (EVa, Motion
Analysis Inc.). Three-dimensional bead coordinates were smoothed using a fourth-order zero-
lag Butterworth low-pass filter with a cutoff frequency of 20 Hz. Bead locations were also
identified in subject-specific CT scans (0.488 mm × 0.488 ×1.0 mm voxels). Subchondral bone
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surface models, composed of triangular mesh elements, were reconstructed from the 2D CT
scan slices 19. Bead motion (determined by 3D tracking of radiographic images) served as input
to drive the movement of the subject-specific bone models. Anatomical coordinate systems
were defined in the femur and tibia, as described previously (Tashman, et al., 2004). Joint
kinematics were determined using ordered rotations (Kane, 1983) of the anatomical coordinate
systems attached to each bone (Grood and Suntay, 1983). Group average internal/external
rotation versus time for all analyzed trials was calculated.

The minimum distance from each triangular mesh element centroid on the femur to the tibial
surface was calculated and vice versa (Figure 2A). The velocity of each mesh element centroid
was also calculated for each frame of data. The relative velocity between these femur and tibia
surface elements was calculated. Only mesh elements within close proximity to the opposing
subchondral bone (all elements within 3 mm of the opposing bone surface) were included in
this analysis. These relative velocity vectors were partitioned into components parallel and
perpendicular to the face of the mesh element, to determine tangent and perpendicular
velocities, respectively.

Velocity data was reduced by grouping adjacent mesh elements to define subregions on each
articulating surface, with surface areas of approximately 3 to 5 mm2 (Figure 2B). The average
tangential relative velocities were calculated for each subregion, and visualized on the
subchondral bone surfaces (Figure 2C). The average angle between these relative velocity
vectors was calculated within each compartment (medial and lateral) as follows. First, for each
subregion within the compartment, the average angle between the relative velocity vector and
the relative velocity vectors for all other subregions in the same compartment were calculated.
The mean of all of these average angles was then determined, representing the mean angle
between all of the relative velocity vectors for that compartment. In this way, an “inter-velocity
vector angle” was determined for each instant within each compartment. Small inter-velocity
vector angles (parallel velocity vectors) indicated relative linear translation between opposing
surfaces, while large inter-velocity vector angles indicated a rotation or pivot between opposing
surfaces. Among-day variability was determined by calculating the control group standard
deviation in inter-velocity vector angle at each instant in time over the 10 test sessions. All
calculations were performed on femur relative velocity vectors for the present analysis. Time-
synchronized average inter-velocity vector angles at each instant were determined using data
from all dogs on all 68 test sessions.

3. Results
Approximately 60 ms after paw strike, relative velocity vectors indicated a pivot about the
lateral compartment (Figure 3A). A pivot about the medial compartment followed,
approximately 100 ms after paw strike (Figure 3B). This pattern of a changing axis of external
rotation of the tibia relative to femur was evident in the group average curves (Figure 4). The
average variability in inter-velocity vector angle was 8.1° and 8.8° for the lateral and medial
femur, respectively.

4. Discussion
Following paw strike, the external rotation of the tibia relative to the femur occurred by pivoting
in sequence about the lateral then the medial compartment. Therefore, the hypothesis that
rotation occurs exclusively about an axis passing through the medial compartment was not
supported. Visualizing velocity vectors tangent to articulating bone surfaces provides
information regarding internal/external rotation beyond that which can be obtained through
traditional joint kinematics or helical axis measurements. For instance, traditional kinematic
measurements may reveal tibial internal rotation of 15 degrees following foot strike. However,
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this information alone does not indicate whether this rotation occurred about the medial
compartment, lateral compartment, the geometric center of the joint, or a combination of these.
Additionally, traditional joint kinematics do not reveal information specific to the interactions
between articulating surfaces. Because pathological joint degeneration is focal (Radin, 1982),
and analysis of joint arthrokinematics reveals information regarding the interaction between
articulating surfaces, it may be more advantageous to investigate joint arthrokinematics, rather
than kinematics, to identify mechanisms leading to cartilage deterioration. Arthrokinematic
analysis of dynamic loading may be particularly informative when applied to joint models that
include subject-specific soft tissue in addition to the bones. The lack of soft tissue in the canine
knee models is a limitation of the study. However, with the femur and tibia cartilage less than
2 mm in thickness combined (Kiviranta, et al., 1987), inclusion of cartilage in the models would
likely result in minimal change in magnitude and direction of the relative velocity between
femur and tibia closest contact points. In any case, the method presented here can be easily
applied using relative velocity between cartilage models in addition to or in place of bone
models when the cartilage geometry is known. An additional benefit of the technique described
here is that it does not restrict analysis to large movements between instants of analysis, as is
the case when performing finite helical axis measurements (Sheehan, 2007).

It is not yet known if this sequential rotation about the lateral then medial compartment exists
in human knees during dynamic loading activities such as walking and running. Future research
applying the technique described above will address this question. This information may be
beneficial when investigating the etiology of knee osteoarthritis, evaluating recovery from
surgical procedures, and in designing artificial joints.
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Figure 1.
Calculating center of rotation about the transverse plane using contact point locations. The
center of rotation (CR) is determined by the intersection of the lines connecting the medial and
lateral contact points at 0° and 30° of knee flexion.
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Figure 2. Calculating relative velocity between subchondral bone surfaces
A) Subchondral bone surfaces were reconstructed using a fine triangular mesh (< 1 mm2 per
triangle). The minimum distance from each mesh element on the femur to the tibia was
calculated and vice versa every 0.004 s (indicated by red lines).
B) Adjacent mesh elements were grouped into subregions on each articulating surface with
areas approximately 3 to 5 mm2.
C) The velocity of each subchondral bone surface mesh element was calculated for each frame
of data. The relative velocity between each mesh element and its nearest neighbor on the
opposing surface was calculated if the surfaces were within 3 mm of each other. The relative
velocity vector was partitioned into components parallel (tangent velocity) and perpendicular
(perpendicular velocity) to the mesh element. The average tangential relative velocity of mesh
elements within each subregion was calculated (green arrows).
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Figure 3.
Femur articulating surface 60 ms (A) and 100 ms (B) after paw strike. Bone surfaces are color-
coded to indicate distance from femur to tibia (0–6 mm scale from red to blue). Green arrows
represent relative velocity vectors tangent to each subregion. Relative velocity vectors indicate
an initial rotation about the lateral condyle (A) followed by rotation about the medial condyle
(B). Average angle between relative velocity vectors within each compartment at this instant
is indicated below the bone surface. In each case, the center of rotation is near the center of
closest contact (black circle).
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Figure 4.
Relationship between average angle between tangent velocity vectors within each
compartment and tibia external rotation for 23 dogs over 68 test sessions. Larger values on the
left vertical axis indicate more rotation about the lateral (blue) and medial (red) compartment.
Right vertical axis indicates tibia external rotation (green). Paw-strike occurred at time 0.00s
and maximum extension occurred at time 0.06s. This figure reveals how rotations about the
lateral and medial compartments combine to produce the total tibial rotation.
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