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Abstract
Altered surface interactions following joint instability may apply novel, damaging loads to
articular cartilage. This study measured the velocity of the centers of closest proximity on
subchondral bone surfaces on the femur and tibia during running in normal and unstable canine
stifle (knee) joints. The purpose was to explore the relationship between the velocity of the centers
of closest proximity on subchondral bones and the severity of cartilage damage. Dynamic biplane
radiography was used to acquire serial knee kinematics (5 control, 18 CCL-deficient) during
treadmill running over two years. Custom software calculated the difference between the rate at
which the center of closest proximity on the femur translated relative to the femur bone surface
and the rate at which the center of closest proximity on the tibia translated relative to the tibia bone
surface. Comparisons were made between dogs that developed minor versus major medial
compartment cartilage damage over two years. Major damage dogs showed a significantly greater
increase in the difference between femur and tibia medial compartment closest proximity point
velocity from the instant of paw strike to peak velocity difference at 2, 4 and 6 months after CCL-
transaction. This implies increased tangential forces associated with the velocity of the
compressed cartilage region during joint movement (plowing) may be a mechanism that initiates
OA development and drives OA progression. In the future, articulating surface velocity
measurements may be useful to identify patients at risk for long term OA due to joint instability.
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Introduction
Joint instability may lead to modified and excessive mechanical stresses on the articular
surfaces. This repetitive, chronic mechanical overload is one possible source behind the
initiation and progression of osteoarthritis. However, the mechanisms by which excessive
mechanical force may lead to OA remain unknown.

It has been proposed that knee OA has an initiation phase and a progression phase1. The
initiation phase is characterized by a change in the location of load bearing regions
following joint instability. Researchers have suggested that loading regions of articular
cartilage not accustomed to load may lead to OA2,3. Theoretical models4,5 have predicted
changes in load bearing region location within unstable joints, while in vivo static
measurements have indicated a difference in cartilage contact location between intact and
ACL-deficient knees6,7.
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The progression phase of OA is purportedly driven by increased tangential shear loading1.
The increased shear loading may be due to an increased coefficient of friction between
articulating surfaces associated with surface fibrillation. This fibrillation may develop
following excessive loading of the tissues. The excessive loading may occur due to a change
in the load bearing regions, as has been previously proposed1.

In addition to altered contact locations, modifications in sliding, rolling and pivoting
contacts may impart unaccustomed and excessive load to the articular surfaces. In particular,
increasing contact velocity may increase the plowing forces applied to the articular cartilage,
as has been demonstrated using various materials and lubricants to investigate articular
cartilage mechanics8-11. Plowing friction results from the incremental sequential
compression deformation of the cartilage accompanying joint motion12,13. The current
research investigates this additional mechanism for the initiation and progression of OA--
the way in which the articulating surfaces interact may be related to the severity of long-
term articular cartilage damage.

Our group has previously published detailed kinematic measurements obtained from the
subjects in this study14. Traditional kinematic measurements (joint translations and
rotations) revealed abnormal anterior translation and abduction in cranial cruciate ligament
(CCL)-transected dogs14. Further analysis led to the observation that there was a range of
articular cartilage damage among the subjects, just as there is variation in the progression of
OA following ACL loss in humans15. The observed variability in articular cartilage damage
provided motivation for further study to attempt to identify mechanical factors that were
associated with the long-term severity of OA. If mechanical factors associated with long-
term severe OA can be identified soon after joint instability develops, perhaps steps can be
taken to impede the progression of OA (e.g. surgery, muscle strengthening, etc.). The
current study was performed to attempt to identify in vivo mechanical factors that may be
associated with OA development and progression.

The current study measured the velocity of the points in closest proximity on the
subchondral surfaces of the femur and tibia during running in stable and unstable canine
stifle (knee) joints. The goals of the study were to characterize the interaction between the
tibia and femur centers of closest proximity in the uninjured joint during running (e.g.
rolling versus sliding contacts), to discover how these interactions changed in the unstable
joint, and to determine if there was an association between subchondral closest proximity
point velocity and the severity of cartilage damage in the unstable joints. It was
hypothesized that intact joints would display a combination of sliding and rolling contact,
joint instability would significantly alter proximal subchondral point velocity on each
subchondral surface, and the severity of articular cartilage degeneration would be related to
the velocity of the proximal subchondral point in unstable joints.

Methods
After approval from our Institutional Animal Care and Use Committee, 23 skeletally mature
female foxhounds served as subjects. At least three 1.6 mm diameter tantalum beads were
implanted into both the right distal femur and right proximal tibia at the initiation of the
study. Testing consisted of running on a treadmill set at 1.5 m/s. During treadmill running,
dogs were x-rayed using a biplane radiographic imaging system capable of tracking the
implanted beads with an accuracy of better than ± 0.10 mm16. All dogs underwent a second
surgery after the first test session. Eighteen dogs received a complete transection of the
cranial cruciate ligament (CCL) (analogous to the ACL in humans), while five dogs
underwent a sham operation in which the CCL was exposed but not cut. Dogs received
regular exercise throughout the study (30 min of treadmill running three times per week).
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Dogs were tested running on the treadmill nine more times after the second surgery (2, 4, 6,
8, 10, 12, 16, 20 and 24 months post-surgery).

X-ray images were collected at 250 frames per second from 200 ms prior to paw strike to
400 ms after paw strike. Implanted beads were identified in each radiographic image using
custom software, and two-dimensional bead coordinates were input to a commercial
software package (Eva, Motion Analysis Corp., Santa Rosa, CA) for tracking and three-
dimensional (3D) reconstruction.

Computed tomography (CT) data of the femur and tibia were collected after sacrifice and
reconstructed into 3D wireframe meshes consisting of triangular elements17. The 3D
location of each implanted bead was identified within each CT scan reconstruction.
Implanted bead locations from CT scans were combined with 3D bead coordinates acquired
during treadmill running to precisely position the femur and tibia CT reconstructions for
each frame of treadmill running. The minimum distance between articulating subchondral
bone surfaces was determined at each surface triangle for each bone for each frame of
data18. Bone surface triangles were grouped into four regions of interest (ROIs) (medial,
lateral femur; medial, lateral tibia). Surface triangles within femur ROIs were expressed in
cylindrical coordinate systems (with the long axis of the cylinder defined by a line from the
medial to lateral condyle and the arc of the cylinder following the curve of the femur
condyle in the sagittal plane), while surface triangles within tibia ROIs were expressed in
orthogonal coordinate systems (with a medial-lateral axis, anterior-posterior and proximal-
distal axis as described previously13, with the ROI rotated about the sagittal axis such that
the plane defined by the medial/lateral and anterior/posterior axes was parallel to the tibia
articulating surface). The weighted centroid on the bone surface reconstruction was
determined by each triangle's area and distance to the opposing surface for each ROI, similar
to the technique described in detail previously18. This point, called the proximal
subchondral point (PSP), defined the center of closest proximity on the subchondral bone
surface. The location of the PSP in each ROI was determined for each frame of the loading
phase (paw strike to 200 ms after paw strike). These location values were differentiated
using a four point weighted least-squares approach19 to determine velocity of each PSP
within it's respective ROI coordinate system. It should be noted that these proximal
subchondral points were located on the subchondral bone surfaces, not the articular cartilage
surfaces. Their velocity will be referred to as “proximal subchondral point velocity,”
abbreviated PSPν for clarity, throughout the remainder of this manuscript. The PSPν reflects
the velocity at which the calculated proximal subchondral point traveled on the bone surface
relative to each ROI described above.

PSPν components tangent to the femur subchondral surfaces were calculated using the

formula , where ωο was the angular velocity of the
PSP in the direction of the region of interest arc, r2 was the distance from the long axis of
the cylindrical coordinate system (the medial-lateral anatomical axis) to the PSP, and ν1 was
the velocity of the PSP tangent to the subchondral surface and perpendicular to the direction
of the region of interest arc. For the tibia, PSPν tangent to the subchondral surfaces was

calculated using the formula , where ν1 and ν2 were the velocities of
the PSP in the plane of the tibia ROI parallel to the tibia subchondral surface. The difference
between the femur and tibia PSP velocities, νDIFFERENCE, was calculated by subtracting the
tibia tangential PSPν from the femur tangential PSPν, with positive values assigned to
velocity in the anterior (cranial) direction of each ROI. Thus, νDIFFERENCE was a combined
measure of the rate at which each PSP was translating tangent to it's respective bone surface.
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At sacrifice, femur and tibia articulating surfaces were stained with India ink to identify
location, size and severity of cartilage damage. Photos of all articulating surfaces were
viewed by an anatomist/veterinarian and graded on a zero to four scale according to
cartilage damage, similar to that which has been used previously20 (0 = no damage; 1 =
visible surface damage/fibrillation; 2 = small regions of thinned cartilage, no full thickness
defects; 3 = large regions of thinned cartilage and/or small full thickness defects; 4 = large
regions of full thickness cartilage loss). Dogs were grouped for statistical tests according to
total medial compartment damage using the sum of medial femur score plus medial tibia
score, for a maximum possible score of eight. The midpoint of maximum possible damage
(4) served as the cutoff between minor and major articular cartilage damage groups.

Average PSPν tangent to the surface of each ROI was determined for each of the three
groups (control, minor damage, major damage) on each test date. Significant differences in
PSPν curves were identified using a two-sample Kolmogorov-Smirnov test (p < 0.05) to
compare 20 ms segments of each curve. Kolmogorov-Smirnov compares cumulative
distribution functions for two groups to detect differences in shapes and locations (SPSS
V15). This test is more reliable than the Pearson r and ANOVA in detecting differences
between curves of data21. Medial compartment PSPν difference (νDIFFERENCE, from above)
at paw strike, peak νDIFFERENCE, and the change in νDIFFERENCE between these two instants
were compared among the three groups using repeated measures analysis of variance
(ANOVA) with test day as the repeated measure. Significance level was set to p < 0.05 with
the Bonferroni correction applied to post hoc comparisons.

Results
The controls dogs all had cartilage damage scores less than two (n = 5; mean score = 0.40 ±
0.55), the minor damage group had damage scores from two to four (n = 9; mean score =
3.22 ± 0.83), and the major damage group had damage scores from five to eight (n = 9;
mean score = 6.22 ± 0.97).

The average PSPv curve within each ROI was consistent over the ten test sessions for the
control group (Figure 1). The average standard deviations (SD) over the entire test protocol
for the control dogs (error bars in Figure 1) were 8.7 mm/s, 5.8 mm/s, 9.4 mm/s and 9.1 mm/
s for the lateral femur, lateral tibia, medial femur and medial tibia, respectively.

PSPv in the control group was significantly different between the lateral femur and tibia for
the first 40 ms following paw strike, and again from 80 ms to 180 ms after paw strike
(Figure 1A). Medial femur PSPv and medial tibia PSPv, on the other hand, were
significantly different for the first 100 ms following paw strike and from 140 to 200 ms after
paw strike (Figure 1B).

The velocity difference between the proximal subchondral points in the control group was
positive and not significantly different between the medial and lateral compartments the first
40 ms after paw strike (Figure 2). The velocity difference was significantly higher on the
medial side than on the lateral side from 40 ms to 140 ms after paw strike, which included
the end of extension and beginning of flexion. The peaks of the velocity difference curves
occurred at paw strike in both the medial and lateral compartments, and in general the
curves showed small variations between maximum and minimum velocity difference in
either compartment. Control group velocity difference curves were repeatable, with average
standard deviations of 8.6 mm/s in both the lateral and medial compartments (error bars in
Figure 2).

Following CCL-transection, significant differences between femur and tibia PSP velocities
on both the medial and lateral side persisted throughout extension and well into the flexion
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phase, up to 140 ms after paw strike (Figure 3A and Figure 3B). Lateral compartment PSPν
near the transition from extension to flexion did not exhibit equal or nearly equal velocity on
the femur and tibia as in the CCL-intact condition. The combination of more negative
(posterior) PSP velocity within each tibia compartment and extended duration of positive
(anterior) PSP velocity on the femur changed both the magnitude and the shape of the
velocity difference curves for the minor and major damage groups (Figure 4A and Figure
4B). Following CCL transection, the peaks in the velocity difference curves occurred near
the initiation of flexion, not at paw strike as in the CCL-intact condition. Peak velocity
difference occurred when the PSPν was large and positive (anterior) on the femur and large
and negative (posterior) on the tibia.

Following paw strike, there was a rapid increase in velocity difference between the proximal
subchondral points in the medial compartment in the unstable joint, most notably in the
major damage group. The increase in the PSPν difference curve from paw strike to curve
peak (circles in Figure 5) was significantly larger in the major damage group than in the
minor damage group 2, 4 and 6 months after CCL transection (Figure 6). This variation in
velocity difference curves between minor and major damage groups resulted from the
following combination of velocity changes: 1) a smaller decrease in tibia PSP velocity at
paw strike in the major damage group (compared to the minor damage group), resulting in a
smaller velocity difference between the femur and tibia at paw strike; 2) an increase in
anterior (more positive) velocity of the PSP on the femur and larger posterior (more
negative) velocity of the PSP on the tibia near the initiation of flexion in the major damage
group (compared to the minor damage group), resulting in a larger peak velocity difference
between the femur and tibia proximal subchondral points just after flexion began.

Kinematic results implied the joint was more unloaded following CCL-transection, however,
the flexion curves were not different between CCL-deficient groups (Figure 7).

Discussion
Measurements from the control dogs over ten test sessions spanning a two-year period
showed low variability and suggest that the velocity curves are a good representation of the
behavior of intact knee joints in this population. PSPν curves in intact knee joints revealed
the following: First, the PSPν on the femur and tibia was positive (anterior) from paw strike
to maximum extension. As expected, PSPν was generally negative (posterior) on the femur
and tibia during flexion; second, the PSPν was generally larger in magnitude on the femur
than the tibia, implying the tibia slid on the femur for the majority of early stance; third, on
the lateral side, for about 25 ms, the PSPν difference was near zero. This occurred as the
knee transitioned from extension to flexion. Simultaneously, on the medial side there was
positive PSPν on the femur and negative velocity on the tibia. This suggests that while a
slow rolling or pivoting was occurring in the lateral compartment, sliding was occurring in
the medial compartment, with the PSP moving in the anterior direction on the medial femur
and posterior direction on the medial tibia. These motions are consistent with previously
reported external rotation of the tibia relative to the femur following foot strike in these
subjects14. Additionally, the present results imply that the pivot for the external rotation
occurred near the PSP between the lateral femur and lateral tibia; and fourth, the maximum
velocity difference between proximal suchondral points occurred at paw strike, and velocity
difference curves covered a small range of values.

The PSPν on the femur and tibia following CCL transection indicated a rapid sliding motion
occurred between the femur and tibia the first 140 ms after paw strike. The primarily
positive PSPν on the femur and primarily negative PSPν on the tibia reveal a sliding of the
femur backward on the tibia and a sliding of the tibia forward on the femur in both
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compartments. Approximately 140 ms after paw strike, the rapid translation between the
femur and tibia terminated, likely due to the restraints of intact tendons and ligaments.

ACL loss in humans (and CCL loss in canines) has been associated with an increase in
anterior translation of the tibia relative to the femur14,22-25 and a modification in rotation
of the tibia relative to the femur3,22,23,25. Figures 4A and 4B, when compared to Figure 2,
provide additional information beyond joint kinematics regarding the interactions between
articulating surfaces following CCL loss. The near-zero velocity difference between PSPs in
the lateral compartment at the initiation of flexion in the intact joint no longer existed after
CCL loss, indicating there was no rolling or pivot about the lateral compartment.
Additionally, the velocity difference between the PSPs was up to 2.5 times larger following
CCL transection in both the medial and lateral compartments. This peak velocity difference
tangent to the subchondral bone surfaces occurred near the time of peak ground reaction
force26.

The current in vivo dynamic loading results show subjects that developed severe medial
compartment cartilage damage following joint instability displayed a significantly greater
increase in the medial compartment PSPν difference than subjects that developed minor
cartilage damage (Figure 6). It is possible this modified the loading pattern beyond the
tolerance of the articular cartilage, thus increasing the severity of OA. A mechanism that can
explain theses results has been referred to as plowing9-13 in the literature. Plowing forces
have been reported to be at least an order of magnitude greater than the classic frictional
forces when analyzing compression area velocity in the temporomandibular joint (TMJ)
disc9. Furthermore, studies have found that the coefficient of friction9,10, contact stress27,
shear stress28 and the friction force28 increase with sliding velocity. These studies attribute
the increase in tractional forces (the sum of classic friction and plowing forces) to plowing.
Interestingly, this increase in tractional force with increasing velocity has been reported
when instantaneous velocity and coefficient of friction were collected8-11 but not during
constant velocity tests13,29. Therefore, it may be that the increase in the velocity of the PSP
is the quantity that is most closely related to the plowing forces the cartilage experiences.
This view supports the results of the current study, as it was the increase in velocity
difference between PSPs following paw strike that was related to the severity of cartilage
damage.

The results of this study provide quantitative data to support the theory that a change in the
way articulating surfaces move relative to each other may initiate the breakdown of
collagen, leading to increased fibrillation, increased friction between surfaces and increased
tangential shear. The mechanism for this increased friction and shear is the increase in
velocity difference between PSPs on each subchondral bone surface. This increased velocity
gradient may increase shear stress and influence OA development and progression, as shear
stress is one mechanical factor that may influence articular cartilage degeneration30-32. It is
possible that subjects that were able to make the proper neuromuscular adaptation following
joint instability minimized the altered surface interactions and were able to lessen long-term
cartilage damage, akin to ACL-deficient subjects who display kinematics33 and
neuromuscular function34 similar to ACL-intact controls. The results of this study suggest
the techniques presented here can be applied shortly after instability develops to identify
subjects most likely to develop severe OA. It may be possible to train these subjects to
modify their loading patterns and minimize cartilage damage due to mechanical factors,
specifically shear stresses35.

Several limitations apply to the present study. First, the results were obtained in a canine
model of OA, and may not necessarily apply to the development and progression of OA in
humans. Second, force plate data was not collected, and it is possible that the minor damage

Anderst and Tashman Page 6

J Orthop Res. Author manuscript; available in PMC 2010 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



group unloaded the CCL-deficient leg more than the major damage group. However,
kinematic evidence for unloading was not apparent, as differences in flexion/extension
curves were not observed (Figure 7). Third, PSP location was determined on subchondral
bone surfaces obtained from CT. Including soft tissue such as the meniscus and articular
cartilage in the proximal point calculations may have altered the proximal point locations36.
However, canine femur and tibia articular cartilage is less than 2 mm in combined
thickness37, and the effect of including articular cartilage would have likely been minimal.
In addition, meniscal deterioration was not quantified serially throughout the study, and the
sequencing between meniscus failure, cartilage damage and increased velocity difference
between subchondral surfaces is unknown. It is likely that modified surface interactions,
such as the increased velocity difference reported here, subjected the articular cartilage and
meniscus to forces beyond those to which they were accustomed, leading to cartilage
damage, meniscal destruction and OA. Finally, the CT scan data was collected only at the
end of the study, and changes in bone morphology may have occurred over the duration of
the study.

The present analysis and previously published results of the dynamic joint space between the
femur and tibia38 both presented variables to help identify subjects that developed long-
term major and minor articular surface damage. While dynamic joint space measurements
reveal thickness and mechanical properties of cartilage during functional loading, they do
not provide a mechanical explanation for cartilage degradation. PSPν differences, on the
other hand, provide a mechanical mechanism that may drive OA development and
progression. In addition, these techniques are site-specific, which may make them more
effective in identifying adaptations and degeneration observed in osteoarthritic joints, which
are also typically site-specific39,40.

Measurements related to articular surface mechanics may provide useful information
regarding the need for surgical or rehabilitative interventions intended to prevent or slow the
progression of osteoarthritis due to mechanical factors. In the future, these methods will be
applied to investigate the relationship between compartment-specific articular surface
interactions and OA development in human knees during dynamic in vivo loading.
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Figure 1.
Proximal subchondral point velocity in each ROI for control dogs. Averages were obtained
over 10 test sessions for five dogs. Paw strike occurred at t = 0.00 s. Flexion occurred the
first 60 ms after paw strike, followed by extension. Error bars are ± 1 SD. Solid line below
indicates 20 ms intervals where the two curves were significantly different (KS test, p <
0.05).
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Figure 2.
Difference in proximal subchondral point velocity within each compartment for the five
control dogs. Mean curves ± 1 SD for the ten test sessions were significantly different (KS
test, p < 0.05) from 40 ms after paw strike to 140 ms after paw strike, and again from 160
ms to 200 ms after paw strike.
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Figure 3.
Proximal subchondral point velocity in each ROI for minor damage dogs. Averages were
obtained over nine post CCL-transection test sessions. Paw strike occurred at t = 0.00 s.
Flexion occurred the first 60 ms after paw strike, followed by extension. Error bars are ± 1
SD and are larger than in control dog group (Figure 1) due to changes over days in CCL-
deficient dogs. Solid line below indicates 20 ms intervals where the two curves were
significantly different (KS test, p < 0.05). Major damage group curves were similar.
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Figure 4.
Difference in proximal subchondral point velocity within each compartment for the minor
damage (A) and major damage (B) dogs. Mean medial and lateral compartment curves for
the nine CCL-deficient sessions were significantly different during time periods indicated by
solid black bar (KS test, p < 0.05). Error bars are ± 1 SD.
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Figure 5.
Difference in proximal subchondral point velocity in the medial compartment for the
control, minor damage and major damage groups on the first test session following CCL-
transection. The change in proximal subchondral point velocity difference from paw strike
to curve peak (noted by circles and arrows) was calculated for each test date.
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Figure 6.
Increase in medial compartment proximal subchondral point velocity difference from paw
strike to velocity difference peak (arrows in Figure 5) during early stance. ● = major damage
> minor damage (p = 0.003 to p = 0.013), * = major damage > control (p < 0.001 to p =
0.017), # = minor damage > control (p = 0.036). Error bars are one SD.
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Figure 7.
Mean flexion angle for each of the three groups. Error bars are ± one standard deviation.
Means for control group include all 10 test sessions. Means for minor and major damage
groups are for ccl-deficient test sessions (sessions 2-10).
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