v

Journal of Rehabilitation Research and
Development Vol. 37 No. 2, March/April 2000
Pages 145-151

Department of
Veterans Affairs

Mechanobiology in the development, maintenance, and

degeneration of articular cartilage

Gary S. Beaupré, PhD; Sheila S. Stevens, PhD; Dennis R. Carter, PhD

Rehabilitation Research and Development Center, VA Palo Alto Health Care System, Palo Alto, CA 94304;
Biomechanical Engineering Division, Mechanical Engineering Department, Stanford University, Stanford, CA
94305, Kyphon Inc., 3110 Coronado Drive, Santa Clara, CA 95054

Abstract—During skeletal development, the establishment of a
layer of cartilage at the ends of long bones is intimately linked
to the process of endochondral ossification. Previous in vivo
studies and computer models suggest that mechanobiological
factors can play a key role in modulating cartilage growth and
ossification. Specifically, intermittent hydrostatic pressure is
thought to maintain cartilage, and shear stresses encourage car-
tilage destruction and ossification. In the present investigation
we examined the combined effects of hydrostatic pressure and
shear stress—in the form of an osteogenic index—on the devel-
opment of a layer of articular cartilage, using an idealized finite
element computer model. The results of our analyses provide
further support for the view that mechanobiological factors play
a key role in regulating the distribution of cartilage thickness
and in maintaining a stable cartilage layer at maturity. The
model predicts that joints that experience higher contact pres-
sures will have thicker cartilage layers. These predictions are
consistent with observations of cartilage thickness in both
humans and animals. Variations in articular mechanical load are
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predicted to modulate cartilage thickness. These results are con-
sistent with the view that the mechanobiological factors respon-
sible for the development of diarthrodial joints eventually lead
to cartilage degeneration and osteoarthritis (OA) with aging.

Key words: cartilage thinning, computer modeling, endochon-
dral ossification, hydrostatic stress, mechanobiology,
osteoarthritis (OA), shear stress.

INTRODUCTION

Primary or idiopathic osteoarthritis (OA) is a pro-
gressive disease characterized by the destruction of artic-
ular cartilage. The most common type of arthritis, OA,
resulting in joint pain, stiffness, and limitations in activi-
ty, affects one out of every eight Americans aged 25 and
older (1). Prevalence increases with age, resulting in one
out of every two Americans aged 65 and older having
some form of arthritis (2). Due to the aging of our soci-
ety, this prevalence is projected to increase in the future
(1). Arthritis is the leading chronic medical condition and
the leading cause of disability for individuals over the age
of 65 (2). The total cost of arthritis in the United States in
1992 was $65 billion (3), representing more than 40 per-
cent of the cost of all musculoskeletal impairments com-
bined (2).
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Osteoarthritis can be considered as the final stage in
the process of endochondral ossification during ontogeny
(4-6). During skeletal development, cartilage templates
of the future long bones change in size and shape and are
gradually replaced by bone through the process of endo-
chondral ossification. The morphogenesis of the human
femur is representative of this developmental process in
mammalian long bones. About 7 weeks after fertilization
and just prior to the first appearance of bone, a distribu-
tion of cartilage maturity exists within the cartilage
anlage, with the most mature cartilage located at the mid-
shaft and the least mature cartilage located near the bone
ends (7). Bone first appears as a perichondral bony collar
at the femoral midshaft, surrounding the most mature car-
tilage. Within the bony collar, vascular invasion of the
hypertrophic chondrocytes triggers a sequence of events
including calcification of the cartilage matrix, resorption
of the calcified matrix, transient bone deposition on the
cartilage erosion bays, and bone resorption, leading to the
development of a marrow-filled cavity surrounded by the
expanding collar of cortical bone.

The advance of the primary ossification front toward
the epiphysis at each end of the femur proceeds at the
same rate as the longitudinal advance of the perichondral
bone collar. In long bones such as the femur, humerus,
tibia, radius, and ulna, one or more secondary ossification
centers form postnatally in each chondroepiphysis as the
primary growth front approaches the chondroepiphysis.
The region of cartilage between the primary and sec-
ondary ossification fronts delineates the growth plate and
is responsible for the majority of longitudinal growth
throughout skeletal development. The cartilage surround-
ing the secondary ossification center has a radial distrib-
ution of maturity, with the most mature cartilage adjacent
to the ossific nucleus and the least mature cartilage near
the periphery of the epiphysis (8). Growth of the cartilage
and spherical ossification front surrounding the sec-
ondary epiphyseal bone center leads to expansion of the
epiphysis. Advancement of the spherical ossification sur-
face toward the bone end progressively defines a layer of
articular cartilage at the joint surface. Thickness of the
articular cartilage in the mature joint is determined by the
distance from the joint surface at which endochondral
ossification stabilizes.

Despite the relative stabilization of articular carti-
lage thickness at skeletal maturity, endochondral ossifica-
tion within the cartilage layer does not entirely cease.
Several studies have shown that the interface between
articular cartilage and subchondral bone remains active

throughout life and is responsible for the gradual changes
in joint shape that occur with aging (9,10). In an experi-
mental study in mature rabbits, Haynes (11) has shown
that the tidemark separating unmineralized cartilage from
calcified cartilage continually advances toward the artic-
ular surface and that the advancement is greatest in non-
weightbearing areas. Lane and Bullough (10) have shown
that in human femoral and humeral heads, the number of
tidemarks increases markedly after the age of 60, indicat-
ing a reactivation of endochondral ossification with
aging. The exact cause of this increased rate of endo-
chondral ossification remains unknown,

Epigenetic Regulation of Endochondral Ossification

Clinical observations (12,13), in vivo studies (13),
and computer modeling (4,14-18) indicate that mechani-
cal loading is a potent epigenetic regulator of endochon-
dral ossification. Mechanical regulation may act in part
through changes in biosynthesis and/or catabolism of
angiogenic and antiangiogenic factors.

The observation that mechanical stimuli can modu-
late cartilage growth and ossification is not new. In 1862,
Hueter (19) and Volkmann (20) proposed that cartilage
growth is regulated by compressive stress. In spite of its
somewhat simplistic uniaxial representation of stress, the
Hueter-Volkmann law remains as one of the guiding
tenets in the treatment of orthopedic growth abnormali-
ties today. Simon (21) and Frost (22) have introduced
alternative formulations of chondral mechanoregulation,
both of which are based on uniaxial stress approaches.

Carter and colleagues (14,17,23,24) developed an
approach for the regulation of cartilage growth and ossifi-
cation based on the concept that intermittent hydrostatic
pressure will maintain cartilage and that shear stresses will
encourage cartilage destruction and ossification. These
investigators introduced a scalar parameter called the
osteogenic index to integrate the competing effects of
hydrostatic and shear stresses. When combined with a
stress analysis, the osteogenic index can be used to predict
which regions of a cartilaginous skeletal element are like-
ly to ossify first and which regions are likely to remain
cartilaginous. Using the osteogenic index formulation,
Carter and Wong (14) performed a computer simulation of
the chondroepiphysis at the end of an idealized long bone,
focusing on the appearance and development of the sec-
ondary center of ossification. The predicted appearance,
location, and shape of the secondary ossification center in
the developing chondroepiphyses in their model were
consistent with clinical observations (Figure 1).
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Figure 1.

Left: Radiograph of the hand of a 32-month-old child, showing a
round secondary ossification center in the distal metacarpal and a flat-
tened ossification center in the proximal end of the proximal phalanx.
(From Radiographic Atlas of Skeletal Development of The Hand and
Wrist, Second Edition, by William Walter Greulich and S. Idell Pyle.
Used with permission of the publishers, Stanford University Press.
Copyright 1950, 1959 by the Board of Trustees of the Leland Stanford
Junior University; reference 25). Right: Distribution of osteogenic
index in an idealized model of a diarthrodial joint. The predicted
appearance, location, and shape of the secondary ossification centers
in the developing chondroepiphyses are consistent with clinical obser-
vations. (Adapted with permission from 5.)

In a reexamination of the chondroepiphysis model
of Carter and Wong (14), Stevens et al. (15) introduced a
modification to the definition of the original osteogenic
index (23), with the modified osteogenic index, OI -
defined as:
OL, Maxc; +k Ming,,

maxmin ]n 1—|n [1]

where Maxa; is the maximum value of shear stress and
MinG,; is the minimum (most compressive) value of
hydrostatic stress for a series of discrete load cases, i=1 to
n. According to our theory, the more positive the value of
the osteogenic index, the higher the stimulus for ossifica-
tion; the more negative the value, the greater the stimulus
for cartilage maintenance. We should note that the octa-
hedral shear stress is a positive quantity, while hydrostat-
ic stress is negative for compression and positive for
tension. Thus, shear stress and tensile hydrostatic stress
increase the value of the osteogenic index but compres-
sive hydrostatic stress decreases its value. One advantage
of the OL,,, ., formulation is that its value does not
change, for example, simply by doubling the number of
loading cycles for each load case, whereas the original
osteogenic index (17) would double in value for this sce-
nario. In Equation 1, the parameter k is an empirical con-
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stant that weights the relative importance of hydrostatic
and shear stress. Previous studies have shown that the
best correspondence between model predictions and clin-
ical observations is obtained by choosing k in the range
of 0.35 to 1.0 (14-18).

In our previous studies of the developing chon-
droepiphysis, the region of highest osteogenic index cor-
responds to the location of the secondary ossification
center. As the secondary ossification center expands radi-
ally toward the joint surface, we hypothesize that endo-
chondral ossification stabilizes in response to the tissue’s
mechanical stress state and that a layer of articular carti-
lage is progressively defined. In the present study we will
use the osteogenic index to examine this process more
closely and to suggest new insights into the role of
mechanobiology in the development, maintenance, and
degeneration of articular cartilage.

METHODS

To examine the role of mechanobiology in the
development of articular cartilage, we created a series of
finite element models of a simplified joint (15). A typi-
cal model consisted of three material layers correspond-
ing to articular cartilage, subchondral bone, and a
cancellous bone bed, with a combined thickness of 20
mm (Figure 2). The calcified cartilage at the base of the
articular cartilage was not explicitly modeled. The thick-
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Figure 2.

Finite element model of a simplified joint. The model consists of three
material layers corresponding to articular cartilage, subchondral bone,
and a cancellous bone bed, with a combined thickness of 20 mm.
(Adapted with permission from 26.)
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ness, h, of the cartilage layer was varied from 0.5 to 20
mm in order to examine the changes that occur as the
cartilage layer decreases in thickness during develop-
ment. The model that had a 20-mm-thick layer of carti-
lage had no subchondral bone or cancellous bone. All
other models had a 1-mm-thick layer of subchondral
bone and a layer of cancellous bone, the thickness of
which made up the balance of the 20-mm total thickness.
The linear elastic material properties for the three layers
are given in Table 1.

Table 1.
Elastic properties.
Elastic
Modulus Poisson’s

Material {MPa) Ratio
Cartilage 6 0.49
Subchondral bone 2,000 0.30
Cancellous Bone 600 0.30

The applied loading consisted of a Hertzian-shaped
pressure distribution (27) with a peak magnitude, p,, which
varied between 1.0 and 10.0 MPa, and a contact radius, a,
equal to 5.0, 10.0, or 20.0 mm. The pressure loading was
swept across the entire extent of the cartilage surface to sim-
ulate cyclic joint motion, such as the distal femoral condyle
sweeping back and forth across the tibial condyle.

For each location within the cartilage layer, we cal-
culated the minimum hydrostatic stress, maximum octa-
hedral shear stress, and the osteogenic index, normalized
in each case by the peak value of the applied pressure
loading. The value of the weighting parameter, k, was
chosen to be 0.35.

Final cartilage thickness was predicted as a function
of peak applied pressure and contact radius. Final carti-
lage thickness was defined as that value of thickness for
which the maximum value of the ossification stimulus
was located at the cartilage/subchondral bone interface
and the magnitude of the osteogenic index was below a
critical value, assumed to be -500 KPa.

RESULTS

For the thickest cartilage layer (h/a=2.0), the hydro-
static pressure is greatest (most negative) at the articulat-
ing surface (Figure 3, bottom). In all cases, the pressure
varies nonlinearly through the layer thickness. As the car-

tilage layer becomes thinner, the hydrostatic pressure
through the layer becomes more uniform (Figure 3, top)
and closer in magnitude to the value of the peak applied
pressure. For the thinnest cartilage layer (h/a=0.2), the
hydrostatic pressure varies by less than 5 percent from the
top to the bottom of the cartilage layer and is similar in
magnitude to the peak applied pressure.

Min(Sn)/po
~~~~~~ Po -
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na=2.0

Figure 3.

The predicted distribution of hydrostatic stress is shown for each of four
models having progressively thinner cartilage layers. For the thinnest car-
tilage layer (h/a=0.2), the distribution of hydrostatic pressure through the
layer becomes more uniform and the magnitude approaches the value of
the peak applied pressure. (Adapted with permission from 26.)

For the thickest cartilage layer (h/a=2.0), the octahe-
dral shear stress has a maximum value located approxi-
mately 1/3 of the distance down from the surface (Figure 4,
bottom). This finding is consistent with the classic Hertz
solution describing contact between a spherical indentor

Max(Gs)/po

hia =02 B ==

hia = 1.

Wa = 2.0

Figure 4.

The predicted distribution of octahedral shear stress is shown for each
of four models having progressively thinner cartilage layers. For the
thinnest cartilage layer (h/a=0.2), the location of maximum shear
stress shifts to the cartilage/subchondral bone interface at the base of
the cartilage layer. (Adapted with permission from 26.)
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and an elastic substrate (27). For the Hertz problem, the
maximum shear stress occurs at a subsurface location with-
in the substrate. As the cartilage layer becomes thinner
(h/a=0.2), the solution less resembles the Hertz situation,
and the location of maximum shear stress shifts to the car-
tilage/subchondral bone interface at the base of the cartilage
layer (Figure 4, top).

The distribution of osteogenic index for the different
cartilage thicknesses is shown in Figure 5. For the thick-
est cartilage layer (h/a=2.0), the osteogenic index has its
most positive value (ossification promoting) located
approximately 40 percent down from the surface and its
most negative value (cartilage preserving) at the articu-
lating surface (Figure 5, bottom). For the thinnest carti-
lage layer (h/a=0.2), the osteogenic index distribution
indicates that the articulating surface is exposed to the
most cartilage-preserving stimuli and the cartilage/sub-
chondral bone interface is exposed to the most ossifica-
tion-promoting stimuli (Figure 5, top). The predicted
distribution of osteogenic index for the thickest cartilage
layer model is nearly identical to that predicted for the
developing chondroepiphysis (Figure 6).

Figure 7 is a graph of final cartilage thickness as a
function of the peak applied pressure magnitude and con-
tact radius. For a given contact radius, cartilage thickness
is predicted to increase with increasing applied joint pres-
sure. For a given peak applied pressure, cartilage thick-
ness is predicted to increase with increasing contact
radius.

O‘maxm(n/po
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Figure 5.

The predicted distribution of osteogenic index is shown for each of
four models having progressively thinner cartilage layers. For the
thinnest cartilage layer (h/a=0.2), the distribution of osteogenic index
indicates that the articulating surface is exposed to the most cartilage-
preserving stimuli, while the cartilage/subchondral bone interface is
exposed to the most ossification-promoting stimuli. (Adapted with
permission from 26.)
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Figure 6.

The predicted distribution of osteogenic index within the developing
chondroepiphysis in comparison with the predicted distribution of
osteogenic index for the thickest cartilage layer model. These two
models show nearly identical distributions of the osteogenic index.
(Adapted with permission from 26.)
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Figure 7.

The predicted cartilage thickness is plotted as a function of the mag-
nitude of the peak cyclic joint pressure (p,) for three different values
of the joint contact radius (a). Increased cartilage thickness is predict-
ed with increased joint pressures. (Adapted with permission from 26.)

DISCUSSION

In the course of endochondral growth and ossifica-
tion, cartilage undergoes the normal sequence of prolifera-
tion, maturation, hypertrophy, calcification, and
ossification. Biochemical factors play important roles in
this sequence of events. The avascularity of normal adult
hyaline cartilage provides one such example. Maintenance
of an avascular environment surrounding resting and pro-
liferating chondrocytes is due in part to synthesis, by the
chondrocytes, of multiple antiangiogenic factors (28).
Cartilage-derived inhibitor (29), chondromodulin-1 (30),
and troponin I (31) have been isolated from normal carti-
lage and shown to inhibit neovascularization, typically by
limiting endothelial cell development. The presence of
these factors may be critical for preventing angiogenesis,
thereby slowing endochondral ossification and maintain-
ing healthy cartilage. The treatment of OA via the admin-
istration of antiangiogenic compounds was suggested in
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anticipation of the pharmacological use of such com-
pounds (32).

Although resting and proliferating chondrocytes
produce antiangiogenic factors, hypertrophic chondro-
cytes and degenerating cartilage produce factors known
to promote angiogenesis and neovascularization (33),
prerequisites for ossification. Angiogenesis is achieved
by the growth of endothelial sprouts that migrate into new
tissue regions. The magnitude and direction of the new
vascular ingrowth is regulated by local concentrations of
angiogenic factors. One angiogenic factor associated with
endochondral ossification is transferrin (34), a molecule
released by hypertrophic chondrocytes. Other substances,
such as the breakdown products of the cartilage extracel-
lular matrix constituent, hyaluronic acid, are also known
to be angiogenic (35). Although the angiogenic properties
of cartilage proteoglycans such as aggrecan are unknown,
there is evidence that proteoglycan degradation is per-
missive for cartilage calcification (36,37).

The results of our computer models suggest that the
mechanobiological stimulus for endochondral ossifica-
tion decreases as the articular cartilage thins, and when
the stimulus falls below a critical level, endochondral
ossification ceases and the distribution of mature carti-
lage thickness is established. For higher joint contact
pressures, our models predict that cartilage thickness will
increase. This is consistent with observations in human
joints that cartilage thickness tends to be greatest in joints
that experience high forces and high joint contact pres-
sures. During life, changes in customary use of joints will
induce concomitant changes in cartilage thickness. For
example, increases in physical activity in young beagle
dogs have been shown to increase both the thickness and
proteoglycan content of articular cartilage (38).
Reductions in physical activity from immobilization lead
to cartilage thinning in rabbits (39). Increased cartilage
thickness with increased joint pressure is also consistent
with correlations between animal size and cartilage thick-
ness (40) showing that larger animals with higher joint
pressures (41) have thicker cartilage.

Changes in daily physical activity with aging typi-
cally lead to alterations and reductions in joint loading.
These changes, in turn, can alter the mechanobiology at
the cartilage/subchondral bone interface, reactivating
endochondral ossification, resulting in cartilage thinning
and degeneration. Although it is clear that the resulting
changes in chondrocyte synthesis of matrix proteins may
occur either as a direct result of aging or as a result of
changes in loading history, the cellular mechanisms by

which this process is orchestrated remain the topic of
intense research.

CONCLUSION

The results of this study suggest that primary or idio-
pathic OA is the final stage of skeletal ontogeny. The regu-
lation of endochondral ossification by mechanical stimuli
results in the gradual replacement of cartilage by bone
throughout life. Although this process is slowed dramati-
cally at the articular surfaces throughout most of adulthood,
the gradual destruction of cartilage and its replacement by
bone accelerates with advancing age, particularly after the
age of 60. The mechanobiology that is responsible for the
efficient design of diarthrodial joints during development
eventually leads to OA with aging. In the future, the devel-
opment of new pharmacological agents used in combina-
tion with specific exercise regimens may slow or stop the
reactivation of the endochondral ossification process and
preserve healthy cartilage throughout life.
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