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The response of healthy and diseased cartilage of the knee to the mechanics of walking is examined, with the goal of
providing insight into the relationship between the kinematics and kinetics of the knee during walking and the mainte-
nance of cartilage health. The combination of information from three-dimensional thickness models of cartilage derived
from magnetic resonance imaging and the analysis of the interaction between load at the knee and kinematic changes
during walking associated with loss of the anterior cruciate ligament demonstrated the importance of considering walking
mechanics as an important factor in the initiation and progression of osteoarthritis. In particular, this material suggests
that knee cartilage becomes conditioned to loading and to the large number of repetitive cycles of loading that occur
during walking and that healthy cartilage homeostasis is maintained as long as there are no changes to the normal
patterns of locomotion, the structure of the knee joint, or cartilage biology. Thus, there is the potential for a degenerative
pathway to be initiated when a condition such as anterior cruciate ligament injury causes the repetitive loading during
walking to shift to a new location. The sensitivity of cartilage to the kinematic changes is illustrated with the anterior
cruciate ligament-deficient knee and the regional variations in cartilage morphology. The material presented here sup-
ports the conclusion that individual variations in the range of loading and kinematics at the knee during walking can have
a profound influence on the initiation and progression of osteoarthritis of the knee.

I
t has been suggested that the mechanical environment of
the knee during walking can influence both the health and
breakdown of articular cartilage of the knee1. The impor-

tance of walking in the context of cartilage homeostasis sug-
gests that the knee cartilage becomes conditioned2 to both the
load and the number of load cycles associated with walking.
Thus, an activity like walking, the most common activity of
daily living as well as one that produces a large cyclically re-
producible pattern of loading, should be an important con-
sideration in the analysis of the maintenance of the structure,
organization, and biology of healthy knee cartilage3. Likewise,
the mechanics of walking can influence the initial breakdown
of cartilage4 if the normal patterns of loading are changed due
to injury or other conditions that would alter the normal
balance between loading and the biological maintenance of
healthy cartilage5-7.

The purpose of this review is to consolidate the results of
several studies on the response of healthy and diseased knee
cartilage to the mechanics of walking, with the goal of pro-
viding new insight into the relationship between the kine-
matics and kinetics of the knee during walking and the
maintenance of cartilage health.

Cartilage Morphology and Walking Mechanics

As noted above, it has been suggested that knee cartilage
adapts to the cyclic loading that is specific to walking1,3. An

examination of the regional variation of healthy cartilage
thickness indicates that the thickest cartilage is in the load-
bearing areas of the tibiofemoral articulation, which are in
contact during the stance phase of walking, when the knee is
near full extension. With use of three-dimensional cartilage
models (Fig. 1) segmented from magnetic resonance images8

of healthy knees, researchers have identified several common
features of articular cartilage thickness variation3,9. The carti-
lage of the tibial and femoral condyles is thicker in the pos-
terior weight-bearing regions of the lateral compartment,
which are the areas that are in contact during walking. In the
medial compartment, the tibial cartilage and femoral cartilage
were thicker in the anterior weight-bearing regions. The
thickness variation on the tibia mirrored the thickness varia-
tion on the femoral condyles in each compartment in regions
where the knee is in contact during walking. Furthermore, the
anterior-to-posterior asymmetry in cartilage thickness be-
tween the lateral and medial compartments is consistent with
typical patterns of internal-external rotation motion of the
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knee during walking. Thus, the pattern of loading during
walking has a substantial influence on the general character-
istic of the regional variation of cartilage thickness in the
thickest weight-bearing areas of the knee joint.

A closer look at the mechanics of walking indicates that
individual differences in the local load magnitude can influ-
ence variations of cartilage thickness within a specific weight-

bearing region of the joint. In particular, it has been shown
that the knee adduction moment during walking influences
the distribution of the force between the medial and lateral
compartments10 of the knee (Fig. 2-A), thus providing a useful
measure to evaluate medial-to-lateral variations in cartilage
thickness while controlling for intersubject variations. As such,
it has been shown that the magnitude of the peak adduction
moment during normal walking has been associated with the
ratio of medial-to-lateral cartilage thickness in the load-bearing
regions of the knee that are common to walking3,9. In partic-
ular, for healthy cartilage, the relative thickness of the medial
cartilage increases with the magnitude of the adduction mo-
ment (Fig. 2-B), suggesting that healthy cartilage adapts to
higher repetitive loads during walking by increasing thickness
on a regional basis.

In contrast to healthy cartilage, patients with osteoar-
thritis have a relative decrease in thickness3 in the load-bearing
regions of the medial compartment with a higher adduction
moment (Fig. 2-B). The relationship between the high ad-
duction moments and thinner cartilage in patients with oste-
oarthritis of the knee is consistent with the findings of clinical
studies, which suggest that the adduction moment during
walking can be predictive of the clinical outcome of treat-
ment11, disease severity12,13, and disease progression14 for medial-
compartment osteoarthritis of the knee. The contrasting
results for the healthy knee and the osteoarthritic knee suggest
that healthy cartilage responds positively to load, whereas de-
graded cartilage in osteoarthritic knees responds negatively to
load. The response of healthy cartilage to load is consistent
with the findings of experimental and theoretical studies,
which suggest that load can produce an adaptive response
(thickening and enhanced mechanical properties)5,14-16. The

Fig. 1

A typical three-dimensional color thickness map of femoral

and tibial cartilage. The thickest regions of the tibial and

femoral weight-bearing regions (the primary weight-bearing

regions during walking) are aligned when the knee is near full

extension.

Fig. 2-A

The adduction moment at the knee is associated with the medial-to-lateral load distribution at the

knee. The corresponding medial and lateral femoral cartilage load-bearing regions of interest (ROI)

are designated by rectangles on the color thickness map of the femoral cartilage.
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negative response of osteoarthritic cartilage suggests that cel-
lular response in degraded cartilage cannot adapt to the re-
petitive loads during walking and degrades at a higher rate with
higher loading during walking17.

Cartilage Health and Kinematic Changes

The variation in cartilage thickness due to the local me-
chanical environment associated with walking provides an

interesting basis to analyze the sensitivity of cartilage health to
kinematic changes of the knee during walking. Anterior cru-
ciate ligament injury is associated with premature osteoar-
thritis of the knee18-22. Kinematic changes at the knee following
anterior cruciate ligament injury have been implicated as a
factor in the cause of premature osteoarthritis in this popu-
lation23-25. The normal external rotation and anterior transla-
tion of the tibia that occurs as the knee extends during terminal
swing is reduced in the absence of the anterior cruciate liga-
ment, and the tibia maintains this offset relative to normal
throughout the stance phase of the walking cycle23.

Recent studies have reported that kinematic changes in the
anterior cruciate ligament-deficient knee were associated with
the spatial pattern of articular cartilage thinning in the knee26,27.

One study examined the possibility that early patterns of car-
tilage thinning in the anterior cruciate ligament-deficient pop-
ulation are related to changes in knee kinematics after anterior
cruciate ligament rupture26. Average anterior-posterior transla-
tion and internal-external rotation between the femur and tibia
during the stance phase of walking were calculated for both
anterior cruciate ligament-intact and deficient knees. The
anterior-posterior translational and internal-external rota-
tional offsets were calculated by subtracting the average anterior-
posterior translation and internal-external rotation of the
contralateral anterior cruciate ligament-intact knee from those
of the anterior cruciate ligament-deficient knee, respectively,
for each anterior cruciate ligament-deficient subject. As a
group, the anterior cruciate ligament-deficient knees had an
average shift toward internal tibial rotation23 during walking.
However, when the kinematic changes could be classified into
an anterior (femur on tibia) shift group and a posterior (femur
on tibia) shift group, the kinematic changes could be related to
region-specific cartilage thinning26.

Tibial articular cartilage thinning was determined from the
thickness maps of the three-dimensional tibial cartilage models
from knee magnetic resonance images26. Cartilage thickness

Fig. 2-B

The ratio of the medial thickness to lateral thickness in the load-bearing regions of healthy knees

(represented by orange circles and dashed linear regression line, R2
= 0.26) during walking is greater

for individuals who walk with a higher adduction moment (normalized by subject body weight · height

[BW · HT]), while the relative medial thickness is less in patients who have osteoarthritis of the knee

(OA) (represented by grey squares and solid linear regression line, R2
= 0.67) and a higher adduction

moment.
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maps from the injured knee were mirrored and registered to
the cartilage models from the uninjured knee with use of
surface-matching techniques. The difference between the
healthy and injured knees shows the amount of thinning or
thickening in the cartilage from the anterior cruciate ligament-
deficient knee relative to the uninjured knee. The amount of
tibial cartilage thinning was associated with the specific kine-
matic changes that caused a shift of contact to either the
posterior or anterior aspect of the tibia (Figs. 3-A and 3-B)
during walking. The subjects with a posterior tibial shift in the

anterior cruciate ligament-deficient knee relative to the ante-
rior cruciate ligament-intact knee had significantly more tibial
cartilage thinning in anterior regions than in posterior regions
(p < 0.01), and the subjects with anterior tibial shift had more
thinning in posterior regions than in anterior regions.

Interestingly, the thinning was prevalent in the region
that was unloaded after anterior cruciate ligament rupture.
This study implies that the subtle change in ambulatory knee
kinematics after knee injury may cause early cartilage thinning
by changing the load distribution. These patterns of early

Fig. 3-A

Fig. 3-B

Figs. 3-A and 3-B Patients with an anterior cruciate ligament deficiency had thinning

of tibial cartilage that was associated with specific kinematic changes26. The patients

who had a posterior tibial shift in the anterior cruciate ligament-deficient knee relative

to the intact knee had significantly greater tibial cartilage thinning in anterior regions

than in posterior regions (p < 0.01), and the subjects with anterior tibial shift had more

thinning in posterior regions than in anterior regions. The error bars in Figure 3-B

represent one standard deviation.

98

TH E J O U R N A L O F B O N E & JO I N T SU R G E RY d J B J S . O R G

VO LU M E 91-A d SU P P L E M E N T 1 d 2009
GA I T ME C H A N I C S IN F LU E N C E HE A LT H Y CA R T I L AG E MO R P H O LO G Y

A N D OS T E OA RT H R I T I S O F T H E KN E E



thinning may be markers of events leading to the initiation of
premature osteoarthritis in patients following anterior cruciate
ligament injury.

The change in the rotational characteristics at the knee
could cause specific regions of the cartilage to be loaded that
were not loaded prior to the anterior cruciate ligament injury.

It has been suggested that the altered contact mechanics in the
newly loaded regions could produce local degenerative changes
in the articular cartilage3,4,27,28. As previously reported, cartilage
in highly loaded areas has mechanically adapted relative to
underused areas in which signs of fibrillation can be observed
in healthy knees in relatively young subjects29. Thus, a spatial
shift in the contact region could place loads on a region of
cartilage that may not adapt to the rapidly increased load,
thereby initiating degenerative changes.

Discussion

Taken together, the observations described above suggest
that the knee cartilage becomes conditioned to loading

and to the large number of repetitive cycles of loading that
occur during walking and that healthy cartilage homeostasis is
maintained as long as there are no changes to the normal
patterns of locomotion, the structure of the knee joint, or
cartilage biology. However, when a condition such as anterior
cruciate ligament injury causes the repetitive loading during
walking to shift to a new location, there is potential for a
degenerative pathway to be initiated. The sensitivity of carti-
lage to the kinematic changes associated with the anterior
cruciate ligament deficiency of the joint (Figs. 3-A and 3-B)
can be analyzed by combining the kinematic shifts with phe-
notypic variation in the cartilage thickness map (Fig. 4). The
kinematic changes shift the nominal contact to regions of
thinner cartilage in both the medial and lateral compartments.
The more conforming contact of the medial compartment

Fig. 4

The anterior and posterior shifts shown in Figure 3-A move

general contact regions to areas of thinner cartilage in the medial

compartment.

Fig. 5

Healthy cartilage homeostasis is maintained by the magnitude of the repetitive cyclic loads during walking, and cartilage is thicker in regions with

higher loads during walking. The initiation of osteoarthritis (OA) is associated with a change (due to injury, increased laxity, neuromuscular changes,

aging, or increased obesity) in the normal balance between the mechanics of walking and the cartilage biology or structure. Once cartilage starts to

degrade, it responds negatively to load and the rate of progression of osteoarthritis increases with loading.
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makes this compartment more sensitive to a kinematic change
in comparison with the lateral compartment27.

The regional differences in cartilage thickness have recently
been related to the collagen organization and chondrocyte mor-
phology that are present in the central (not covered by the me-
niscus) and peripheral (covered by the meniscus) regions of the
superficial zone of the tibial plateau of the articular cartilage from
porcine stifle joints30,31. The collagen organization and chon-
drocyte morphology were significantly different between regions.
The superficial zone in the peripheral region contained smaller,
flatter chondrocytes and a thicker zone of larger-diameter tan-
gential fibers, while the central region contained larger, rounder
cells and a thinner tangential fiber zone. While not specific to
local thickness variations or spatial variations in cartilage mor-
phology, biological and mechanical properties have been related
to specific regions of cartilage32-38. For healthy cartilage, it has
been shown that highly loaded regions show increased thickness
and enhanced mechanical properties, while infrequently loaded
regions show cartilage with degraded properties, including fi-
brillation, relative to loaded regions, even in relatively young
subjects29.

The causes of degenerative changes in articular cartilage
are complex and involve interrelated biological, mechanical,
and structural pathways. The interrelationship or coupling of
these pathways converges at an in vivo systems level in humans.
The analysis of in vivo ambulatory mechanics presented here
supports a basis for analyzing the influence of the mechanics of
walking on the initiation and progression of osteoarthritis of
the knee. The initiation of osteoarthritis can be associated with

a kinematic change in the patterns of walking of sufficient
magnitude (due to injury, increased laxity, neuromuscular
changes, or obesity) to shift load to regions of knee cartilage
that are not conditioned to chronic ambulatory loading. At
some point, cartilage can no longer adapt to the altered chronic
ambulatory loading and may begin to degrade. Once cartilage
starts to degrade, it responds negatively to load and the rate of
progression of osteoarthritis increases with loading (Fig. 5).
The initiation phase might be caused by abnormal kinematics,
while loading drives the progression phase. The material pre-
sented here supports the conclusion that individual variations
in the range of loading and kinematics of the knee during
walking can have a profound influence on the initiation and
progression of osteoarthritis of the knee. Thus, the mechanics
of walking can play an important role in the consideration of
new methods for prevention and treatment of osteoarthritis. n
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