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Abstract
The regional adaptation of knee cartilage morphology to the kinematics of walking has been
suggested as an important factor in the evaluation of the consequences of alteration in normal gait
leading to osteoarthritis. The purpose of this study was to investigate the association of spatial
cartilage thickness distributions of the femur and tibia in the knee to the knee kinematics during
walking. Gait data and knee MR images were obtained from 17 healthy volunteers (age 33.2±9.8
years). Cartilage thickness maps were created for the femoral and tibial cartilage. Locations of
thickest cartilage in the medial and lateral compartments in the femur and tibia were identified
using a numerical method. The flexion-extension (FE) angle associated with the cartilage contact
regions on the femur, and the anterior-posterior (AP) translation and internal-external (IE) rotation
associated with the cartilage contact regions on the tibia at the heel strike of walking were tested
for correlation with the locations of thickest cartilage. The locations of the thickest cartilage had
relatively large variation (SD 8.9°) and was significantly associated with the FE angle at heel
strike only in the medial femoral condyle (R2=0.41, p<0.01). The natural knee kinematics and
contact surface shapes seem to affect the functional adaptation of knee articular cartilage
morphology. The sensitivity of cartilage morphology to kinematics at the knee during walking
suggests that regional cartilage thickness variations are influenced by both loading and the number
of loading cycles. Thus walking is an important consideration in the analysis of the morphological
variations of articular cartilage, since it is the dominant cyclic activity of daily living. The
sensitivity of cartilage morphology to gait kinematics is also important in understanding the
etiology and pathomechanics of osteoarthritis.
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1. Introduction
The factors influencing the phenotypic thickness variation in the articular cartilage at the
knee is an important consideration in understanding pathomechanics of degenerative disease
such as osteoarthritis. It has been suggested that the joint loading conditions during normal
activities can affect knee articular cartilage morphology (Andriacchi et al., 2004a, Jones et
al., 2000). While it has been reported that loading during activities such as walking influence
the medial-lateral variations in bone density (Hurwitz et al., 1998) and cartilage thickness
(Miyazaki et al., 2002), the kinematic factors that affect variations in cartilage thickness are
still not well understood. Yet, the regional sensitivity of cartilage morphology is important
since it has been suggested that the kinematic changes at the knee can lead to osteoarthritis
(Andriacchi et al., 2009).

The mechanics of walking offer the opportunity to test the relationship between gait
mechanics and cartilage since patterns of movement and loading are repeatable (Kadaba et
al., 1989). For example, axial knee joint loading for normal walking has three peak
amplitudes during the stance phase of gait (Schipplein and Andriacchi, 1991) with a large
force at heel strike. It has also been shown (Koo and Andriacchi, 2008) that the anterior-
posterior (AP) position of contact on the medial and lateral compartment of the knee
changes during the heel strike phase of walking and can be related to a unique combination
of knee flexion, AP position and Internal-external (IE) rotation.

The loading and kinematic conditions that occur at heel strike during walking offer a unique
opportunity to test for a relationship between regional cartilage thickness and individual
variation in the kinematics of the knee during walking. Specifically, it would be important to
know if healthy cartilage is adapted to normal kinematics during walking, since it has been
suggested that kinematic changes associated with conditions such as ACL injury can lead to
a degenerative pathway for cartilage (Chaudhari et al., 2008, Lohmander et al., 2004) by
shifting loads to regions of cartilage that are not conditioned to sustain the chronic loads
associated with the mechanics of walking (Andriacchi et al., 2009).

The observations described above suggest that if knee kinematics influence variations in
cartilage thickness then there would be correlations between the knee kinematics during heel
strike of walking and cartilage thickness.

The purpose of this study was to test the hypothesis that the AP spatial cartilage thickness
distributions in the medial and lateral compartments of the distal femur and proximal tibia
are influenced by the knee flexion angle (primary motion of the knee) as shown in Figure 1
and the AP translation and internal-external (IE) rotation (secondary motions of the knee)
that occur at heel strike during walking.

2. Methods
Participants

Seventeen healthy volunteers (10 males and 7 females) without history of significant knee
injuries enrolled in the study. Average (± One Standard Deviation) age was 33.2±9.8 years
old and average BMI was 23.0±2.4 kg/m2. The study was approved by the IRB at Stanford
University (California, USA) and an informed consent was obtained from each volunteer
prior to testing. Each volunteer underwent knee magnetic resonance imaging (MRI) and gait
testing as explained below.
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MR Imaging and 3D Modeling of Knee Cartilage
High contrast MR images optimized for articular cartilage were obtained for the left knees
of the volunteers with a General Electric 1.5T clinical scanner (GE Medical Systems,
Milwaukee, WI) with a standard transmit-receive extremity coil. We used a fat-suppressed
three-dimensional (3D) spoiled gradient recalled echo (SPGR) sequence in the sagittal
plane. MRI parameters were set to TR=60 ms, TE=5 ms, flip angle=40°, field of view
140×140 mm, slice thickness of 1.5 mm, 60 slices and matrix 256×256, and scan time 10
minutes 18 seconds.

Subjects were advised to minimize load bearing activities before coming to the MRI site and
they were required to rest in a chair to unload their knee for 15–20 minutes before starting
the MR imaging. Each subject’s knee was carefully positioned in the MRI using form pads
underneath the knee and shank to straighten the leg. The knee internal-external rotation was
also controlled using form pads to match the anatomical sagittal plane to the MRI sagittal
plane.

The SPGR MR sequence has been reported to provide high contrast cartilage images which
can be used to delineate the articular cartilage boundary and measure the morphology of the
cartilage (Disler et al., 1995, Disler, 1997). The articular cartilage on the distal femur and
proximal tibia was segmented from each slice of the MR images using our custom semi-
automatic software (Koo et al., 2005). The accuracy and repeatability of creating 3D
cartilage models from MR images were reported in our previous study (Koo et al., 2005,
Koo et al., 2009). The segmented images of the femoral and tibial cartilage were combined
and reconstructed into 3D models with fine polygonal surface meshes. Cartilage thickness
was calculated for each vertex on the articular surface meshes by calculating the distance to
the bone-cartilage interfacial surface in the surface normal direction using the custom
software.

Gait Measurements
Gait tests were performed with an optoelectronic motion capture system (Qualysis, Sweden)
using the point cluster technique (Andriacchi et al., 1998) at a self-selected normal walking
speed. Flexion-extension (FE), anterior-posterior (AP) translation and internal-external (IE)
rotation were calculated from the gait data (Andriacchi et al., 2004b) as shown in Figure
1(a). This study focused on the knee kinematics at heel strike when the contact force is
highest during walking. The heel strike for each trial was identified using force plate data
and the FE angle, AP translation and IE rotation at the knee were calculated for this time
point.

The FE angle of the knee at heel strike is associated with the tibiofemoral contact locations
on the femoral cartilage at heel strike in both the medial and lateral condyles (Figure 1(b)).
However, for the tibial cartilage, the secondary motions of the knee - AP translation and IE
rotation between the femur and tibia - are associated with the tibiofemoral contact regions as
described in our previous study (Andriacchi et al., 2009) and as shown in Figure 1(c).

Cartilage Thickness Analysis
The femoral and tibial cartilage models created in the previous step were utilized to identify
the location of the thickest cartilage in each compartment as explained below.

Firstly, the cartilage thickness maps were projected onto surfaces to flatten their profiles.
The central axis of the femoral cartilage from the sagittal view of the MRI was calculated by
fitting a cylinder whose axis is vertical to the sagittal view (pseudo-transepicondylar line) to
the points on the surface of the femoral cartilage model (Chaudhuri, 1990). The cartilage
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thickness map on the femoral cartilage model was projected onto the surface of the fitted
cylinder to create a two-dimensional (2D) femoral cartilage thickness map as shown in
Figure 2(b). The long axis of the femur in our data was very closely aligned with the
superior-inferior direction of the MRI in the sagittal view with an average±one standard
deviation of 4.5±1.9 degrees. Thus the coordinate system on the femoral cartilage was set by
placing the long axis of the femur in the sagittal view of the MRI along the superior-inferior
direction of the MRI and through the center of the fitted cylinder. The rotational location on
the distal femoral surface in the sagittal view of the MRI was determined as anterior
direction negative and the posterior direction positive values (Figure 2(c)).

The thickness map of the tibial cartilage was projected onto the transverse plane of the MRI
to generate a 2D tibial cartilage thickness map. Anterior and posterior ends of each
compartment of tibial cartilage were set to 0 percent and 100 percent, respectively, to
represent the relative location of the thickest cartilage in the AP direction as shown in Figure
3.

The locations (centroids) of the thickest cartilage were identified in the medial and lateral
condyles of the femoral cartilage and the medial and lateral plateaus of the tibial cartilage.
To calculate the locations objectively, an optimization algorithm was used to fit a 2D
Gaussian distribution of thickness to the local region on the 2D cartilage thickness map
(Figure 2(d)). This optimization algorithm was implemented using MATLAB (Mathworks,
USA). The centroids were represented using the axis determined on the femoral cartilage in
the sagittal view and tibial cartilage in the transverse view.

Statistical Analysis
The association between the FE angle at heel strike and the locations of thickest cartilage in
the medial and lateral condyles of femoral cartilage were tested by calculating Pearson’s
correlation coefficients. Additionally, the associations of the AP translation and IE rotation
with the locations of the thickest cartilage in the medial and lateral plateaus of tibial
cartilage were also tested with multivariate correlation analysis.

3. Results
Femoral Cartilage Thickness

The verage FE angle at heel strike for the left knee of 17 volunteers was −2.1±3.3°
(hyperextension); 25th and 75th percentiles were −4.8° and 0.3°, respectively.

Angular locations of the thickest cartilage on the femoral cartilage were identified in both
medial and lateral condyles. The locations of the thickest cartilage in the medial condyles
were significantly correlated (R2=0.41, p<0.01) with the knee FE angle at heel strike, while
the locations in the lateral condyles were not associated with the FE angle (Figure 4).

Further analysis of the angular locations of the thickest cartilage on the medial and lateral
condyles showed that the locations on the lateral condyles had smaller variations (one
standard deviation 5.3° vs. 8.9°) and were located in more posterior regions (median
location 29.1° vs. 16.9°) as shown in Figure 5.

Tibial Cartilage Thickness
Anterior-posterior locations of the thickest cartilage on the tibial cartilage were not
associated with AP translation, IE rotation or a combination of the AP and IE according to
the multivariate correlation analysis. The thickest locations on both medial and lateral
plateaus were located posterior to the mid-line of the tibial cartilage (59.4% and 63.6%,
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respectively, from the anterior end with 100% representing the AP length of each plateau
and 50% representing the mid-line) and had a relatively small variation in both plateaus (one
standard deviation 5.2% and 7.5%, respectively) as shown in Figure 6.

4. Discussion
The results suggest that the cartilage thickness distribution of the distal femoral cartilage
was influenced by the knee flexion angle during walking only in the medial compartment.
The medial and lateral compartments in the knee have different contact situations according
to the shape of the contacting surfaces (Koo and Andriacchi, 2007). The tibiofemoral contact
surfaces in the medial compartment are more conforming (convex-concave), so the contact
location is sensitive to small differences in knee joint kinematics as described in Figure 7(a).
Thus the relatively large variation of the contact locations in the medial condyle could
influence the variation of the centroids of thick cartilage.

Conversely, the contact regions in the lateral compartment may not vary as much as in the
medial compartment because of the shape of the contact surfaces and the knee joint
kinematics. The lateral compartment femoral and tibial surfaces are both convex in shape
(Koo and Andriacchi, 2007) so the contact locations are less sensitive to knee joint
kinematics than in the medial compartment as described in Figure 7(b). Also the center of
rotation of the knee in the transverse plane is predominantly in the lateral compartment of
the knee during walking (Koo and Andriacchi, 2008) and produces less contact movement
on the lateral side during walking and greater movement in the medial compartment during
walking. These kinematical conditions during waking are consistent with the relatively small
variation of the centroids of thick femoral cartilage in the lateral compartment as compared
to the medial side.

The variation of centroids of thick cartilage region in the tibial cartilage was relatively small
for both medial and lateral plateaus (Koo et al., 2005). In our previous study, the average
contact location during walking on the tibial cartilage was associated with regional cartilage
thickness in anterior cruciate ligament injured subjects (Andriacchi et al., 2009). The
cartilage thickness on the tibial plateaus does not change sharply so it is possible that the
location of thickest cartilage on the tibia may not represent the functional cartilage
adaptation as well as the regional cartilage thickness variation in the femur.

The finding in this study that cartilage thickness adapts to the walking kinematics is
consistent with other studies that report that physical activity was positively associated with
cartilage volume in a cross-sectional study (Jones et al., 2000) and a longitudinal study
(Jones et al., 2003) for healthy children, implying that loading and number of cycles
influences cartilage thickness. Similarly Hudelmaier et al. (Hudelmaier et al., 2003) showed
that muscle cross-sectional areas were positively associated with knee articular cartilage
volumes in healthy subjects. The fact that Eckstein et al. (Eckstein et al., 1998) reported that
height, weight and BMI were not significantly correlated with cartilage volume could be
related to the fact that activity level was not considered.

Li et al. showed that generally the thick cartilage regions on the femur matched those on the
tibia for the tibiofemoral positions taken from the supine position MRI, concluding that “the
cartilage was thicker in regions where cartilage-to-cartilage contact was present” (Li et al.,
2005). While the study found the associations of thick cartilage locations between the
femoral and tibial cartilage, they could not explain the variation of the location depending on
the individual knee function.

Taken together, these observations suggest that regional cartilage thickness variations are
influenced by both loading and the number of loading cycles. Thus, the mechanics of
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walking is an important consideration in the analysis of the morphological variations of
articular cartilage since it is the dominant cyclic activity of daily living. This observation is
also consistent with a previous study that reported that the medial and lateral cartilage
thickness variations in the knee are influenced by the peak knee adduction moment during
normal walking for healthy and osteoarthritic subjects (Andriacchi et al., 2004a, Andriacchi
et al., 2009). It was also reported that the secondary motions, AP translation and IE rotation,
in the knee during walking influenced the regional thinning patterns in the subjects with
anterior cruciate ligament injuries (Andriacchi et al., 2009).

While the study focused on a healthy population and tested 17 subjects, the statistical result
should be accepted carefully. The correlation coefficient for the medial femoral cartilage
(R2=0.41) is in the range that can be well accepted in human research, especially with the
data from two different modalities – gait and imaging, but this still requires a larger
population test to confirm the conclusion statistically.

Results from the current study help explain the mechanism leading to a higher incidence of
medial rather than lateral compartment osteoarthritis in the knee in two high risk groups –
ACL injured and obese groups. Findings from this study suggest that abnormal knee
kinematics at heel strike during walking for ACL injured subjects (Daniel et al., 1994), and
knee hyperextension at heel strike during walking for obese subjects (DeVita and
Hortobágyi, 2003, Spyropoulos et al., 1991) may influence the tibiofemoral contact regions
more in the medial than lateral compartment. The study may contribute to understand the
kinematic pathways of knee osteoarthritis suggested in our previous studies (Andriacchi et
al., 2004a, Chaudhari et al., 2008, Koo et al., 2007).

Understanding the factors that influence cartilage morphology is important not only to help
maintain thicker cartilage, but also to understand the etiology and pathomechanics of
osteoarthritis. Biomechanical factors such as kinetic and kinematic conditions during
walking should be carefully considered for the treatment of cartilage disease in weight
bearing joints.
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Fig 1.
(a) Primary (FE) and secondary (AP and IE) kinematics in the knee during walking, (b)
femoral contact location (dotted arrow) predicted from FE angle (solid arrow), (c) tibial
contact location (solid line) predicted from AP translation and IE rotation
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Fig 2.
(a) Femoral cartilage thickness map, (b) a fitted cylinder to project the thickness map, (c)
rotational AP location represented as degree relative to the long axis of the femur, (d)
rectangular search region on each condyle to find the location of thickest cartilage in the
flattened cartilage thickness map
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Fig 3.
Tibial cartilage thickness map projected on to a plane and representation of AP location of
the thickest cartilage in each compartment
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Fig 4.
Knee flexion angle at heel strike was significantly associated the rotational AP location of
the thickest cartilage only in the medial femoral condyle.
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Fig 5.
Comparisons of the average and standard deviation of the locations of thickest cartilage
between the medial and lateral femoral condyles
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Fig 6.
(a) Locations of the thickest cartilage in the medial and lateral tibial plateaus, (b) box plots
for the thickest cartilage locations
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Fig 7.
Movement of tibiofemoral contact points during walking; (a) the medial compartment has
larger movement of the contact points than (b) the lateral compartment due to the contacting
surface shapes and knee kinematics during walking. Arrows represent the range of contact
movement during walking, conceptually.
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