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INTRODUCTION

Researchers have long known pressure affects car-
tilage. Heuter recognized the effects of pressure on
the cartilage of the developing joint (1). The effects
on mature cartilage were not well recognized until well
into the 20th century, however, when the role of load-
ing on the developing joint or osteoarthrosis was clear-
ly established. Lovett in 1891 mentions a mechanical
role primarily to suggest it was not important (2). Pem-
berton and Osgood, in their classic textbook from 1934,
allude to the role of mechanics in osteoarthrosis in
suggesting the importance of “carriage of the body,”
but they do not explicitly mention overloading of car-
tilage as critical (3), while two other authors (4,5) writ-

ing about the same time explicitly noted repeated mild
trauma as causative, although neither explored this
concept in any detail. Thus, serious attention to the
role of mechanics in joint degeneration primarily arose
after the mid 20th century. We now recognize contact
stresses on articular surfaces substantially affect the
durability of joints and their responses to treatment
(6-8). Based upon epidemiological evidence, the re-
sponses appear to vary from joint to joint (9).

The hip joint appears particularly vulnerable to os-
teoarthrosis, and evidence suggests conditions which
increase contact stresses also substantially reduce its
durability (6, 10, 11). On the other hand, procedures to
reduce contact stresses may improve longevity (12-16).

We will review the literature with respect to contact
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stresses in the hip, including methods to estimate these
contact stresses, and the results. We will then dis-
cuss the aspects of contact aberrations which might
affect cartilage, and why. Finally, we will review re-
ports of conditions which alter contact stresses and
discuss the implications of treatment.

REVIEW OF LITERATURE

Methods to estimate contact stresses

The earliest methods to study joint contact stress-
es were static and semi-qualitative (17-19). Such mod-
els took into account statically estimated loads, ap-
proximate joint surface areas, determined average stress-
es, then estimated stress distribution onto a planar
projection of a joint. While these approaches illus-
trated important concepts, they did not contribute ma-
terially to a knowledge of actual stress levels or dis-
tribution.

Remarkably, an experimental approach was described
(although not used to collect data in a systematic way)
before most of the qualitative descriptions of contact
stresses. A small transducer would record pressure
in only one location in a joint where a small region
was excavated to hold the transducer (20). Later ap-
proaches ascertain contact areas, but not stresses
(7, 21). One of the earlier methods utilized a sophis-
ticated multichannel transducer at the surfaces of a
hemiarthroplasty implanted in a living patient (22-24).
Although an immense achievement for the time, these
efforts and later ones by the same group (25, 26) were
subject to a number of limitations: they could record
pressures only in a limited number of discrete areas,
the data reflected the stresses of cartilage-on-metal
(rather than cartilage-on-cartilage), and the resulting
pressure maps were questionable in the sense that
not all channels were working. They reported no “in-
tegration” of the individual readings to ensure they
could “recover” the full loads applied (and in any case,
they would not have known the hip loads in the pa-
tients during various activities). Using multiple indi-
vidual transducers conceptually similar to the one de-
scribed by Ingelmark, two groups mapped contact
stresses using an in vitro experiment in which applied
loads could be controlled (27-29). However, with in

vitro experimental methods the molecular structure
of the glycoprotein layers on both contact surfaces
in the hip joint and the lubrication of the intermedi-
ate thin fluid film are not fully preserved, therefore the
measured contact stresses may differ from the nat-
ural ones.

Pressure sensitive films provided a conceptually new
approach which had the advantage of providing spa-
tially continuous measures of pressure, yet were sub-
ject to a number of problems (30-33). First, they in-
evitably require the introduction of some material be-
tween the articular surfaces, insuring some level of
artifact; obviously, the thinner and more flexible the
material the less potential artifact. Second, they were
static in nature, so they only provided a “snapshot”
of pressures. Third, they required tricky calibration
procedures. In addition, the hemispherical nature of
the hip results in the need for special treatment of
what are essentially flat films. Semi-automated scan-
ning of such films provides a more objective way to
analyze the data (34). Furthermore, Brown et al de-
veloped special algorithms to remove crinkle artifact
from scanned images of such pressure sensitive film
used for the hip (35). 

An even newer approach uses thin pressure sensi-
tive mats which can be used for dynamic measure-
ments (35-40). These have the distinct advantage of
being able to record dynamic measurements over a
period of time. While the devices have been largely
used for external measurements, they have been ap-
plied to joints (41), although to the authors’ knowl-
edge, not reported for the hip joint. They are subject
to some of the same problems as pressure sensitive
films, but are typically thicker, and thus have greater
potential to introduce measurement artifact. Further,
the spherical nature of the hip would obviously cre-
ate problems for flat sensors, while less so for es-
sentially flat joints.

An entirely different approach is analytic, either nu-
merical or using finite element models. Although com-
plete credibility of these sorts of models demands
validation against some independent standard (typi-
cally an experiment), such validation is rarely report-
ed. However, the fact that many different sorts of mod-
els result in similar contact stresses constitutes a sort
of consensual validation. 

The numerical approaches were the first to be de-
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scribed (42) and include a variety of approaches (14,
43-48). Such approaches typically involved a number
of assumptions such as geometry (two dimensions in
the earlier studies, or perfectly spherical femoral heads),
a single loading condition, and frictionless and/or rigid
surfaces. These are not, of course, inherent assumptions,
for some (10, 15, 49-51) included three dimensions.
Material properties of the cartilage can be incorpo-
rated (48) to eliminate the assumption of rigid sur-
faces, and of course multiple loading conditions can
readily be simulated (6, 43, 45, 52, 53).

The earlier finite element models were two-di-
mensional (54, 55) but later reports included three-
dimensional models (56, 57). These models can read-
ily incorporate elements to account for the prop-
erties of both bone and cartilage, as well as vary-
ing the properties of each to simulate variations
between patients. Furthermore, with contemporary
computer hardware and software, solutions are quite
tractable, even for very sophisticated meshes
(geometry) and properties, not to mention loading
(boundary) conditions.

While each approach has its own advantages and
limitations, all of these have several common limita-
tions. First, any contact stress distribution depends in-
timately upon loading conditions, which vary widely in
the literature. Experimental approaches are usually lim-
ited to only a few loading conditions, and these may
not be representative of the ranges observed in vivo.
Furthermore, the contact stress recorded is highly de-
pendent upon the constraints imposed by the loading
apparatus on the joint and the configuration of the bones.
Numerical approaches are perhaps not so limited in
numbers of loading conditions, in that stresses in new
conditions can be computed by changing a few input
conditions in a program. However, even in that case,
the numbers are limited. Second, the biological effects
of stresses on or in tissues are likely related to the load
history, not a given or even several loading conditions
(58-63). Any load history is dependent not only upon
peak magnitude, but also sub-peak magnitudes, num-
bers of cycles, timing of cycles, frequency, and dura-
tion. Which aspects of these characteristics are most
important are unknown, but it is entirely possible that
magnitude of stresses, that is the peak contact stress-
es we determine with the methods noted above, con-
stitute a relatively unimportant aspect. 

Estimates of contact stresses in activities of
daily living

Not surprisingly, estimates of contact stresses in
the literature vary considerably. One should not ex-
pect identical measures given distinct experimental
or analytic methods, differing loading conditions, and
even different reported parameters (e.g., most com-
monly spatially-averaged contact stresses or peak
stresses). Nonetheless, it is rather amazing that the
results fall with in an order of magnitude of each oth-
er (Tab. I). Most reports suggest average stresses in
the range of 0.1 to 2.0 MPa while peak stresses range
from about 2 to 10 MPa.

Patterns of stress distribution

Perhaps more important for cartilage longevity than
the peak stresses in a given loading situation are the
distributions of the stresses. Only a few authors re-
port these patterns (27, 28, 64). These patterns are
typically isometric “contour” maps with typically only
one or perhaps two regions of high stress at a given
instant. These high stress regions are limited to rel-
atively small areas compared to the entire area, which
means the spatially-averaged contact stresses are
substantially less than the peaks. Furthermore, with
a moving joint in vivo these high stress regions would
not remain in the same region (43, 46). However, giv-
en that the resultant joint load varies its location con-
siderably on the acetabulum with motion (65, 66), but
remains in a relatively similar location on the femoral
head with motion (67-72), it is obvious the location
of the patterns of stress on the acetabulum would be
much more variable than those on the femoral head.
Normal hips have a more uniform contact stress dis-
tribution on the lateral side of the acetabular roof (45)
reflected in equal thickness of bone condensation
layer in this region of acetabular roof (42, 73). On the
other hand, nonuniform contact stress distribution in
dysplastic hips (45) leads to triangular shape of the
bone condensation layer on the lateral side of the
acetabular roof (42, 73). Several authors suggest, how-
ever, that high magnitude of the gradient of the con-
tact stress distribution could be even more impor-
tant than high magnitude of the contact stress (59,
74, 75). 
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Clinical conditions altering contact stresses

A number of clinical conditions alter the contact
stresses in joints, most often by reducing the con-
tact areas (e.g. dysplasia, malreduced acetabular frac-
tures), but also by creating non-congruent surfaces
(e.g. Legg-Calvé-Perthes disease). The degree to which
these conditions increase stress has not been studied
in great detail, and only by a few groups. However, it
does appear that dysplasia or malreduced acetabu-
lar fractures do increase contact stresses by a figure
of 2-3 times (compared to the normals given by indi-
vidual authors). 

The experimental study of Hak et al (76) predicted
quite large normal peak contact stresses compared
to others, and their experimental acetabular fracture
resulted in acute increases of peak contact stresses
of 2-3 times. Using a very different analytical approach,
Tsumura et al reported similar values (77). Increases
above normal in this range are in contrast to those
reported by others in the knee where malreductions
of a tibial fracture resulted in increases of contact

stresses by less than one times normal (78), and large
cartilage defects in the femoral condyle resulted in
increases of only about 30% (75). They suggested the
failure to have such large increases in the knee con-
tact stresses related to the compliance of the carti-
lage; that is, as cartilage in a high area is loaded its
high compliance causes it to compress, thus result-
ing in the opposing surface contacting adjacent ar-
eas for load bearing. Furthermore, in an in vivo one-
year follow-up study (79) of articular defects using
the same defects and measuring techniques (75), the
remodeling of cartilage (and likely subchondral bone)
resulted in no elevations of contact stresses over time.
Thus, the high contact stresses seen in acute mod-
els of defects or malreduced fractures are not likely
to persist over time, although the degree to which
they will be reduced is probably case-specific.

Treatments altering contact stresses

The literature contains thousands of references to var-
ious operations (e.g., pelvic or femoral osteotomies) os-

TABLE I - SPATIALLY-AVERAGED AND PEAK CONTACT STRESSES IN NORMAL HIPS

Author/Year Spatially-averaged contact stress (MPa) Peak contact stress (MPa)

Legal 1977 (97) 0.1

Rushfeld 1979 (64) 6.8*

Brown 1980 (98) 10

Brinckmann 1981 (6) 1.4-1.6 2.4-3.2

Brown 1983 (28) 2.9 8.8

Adams 1985 (29) 4.9-9.6

Hodge 1989 (26) 5.5*

Maxian 1995 (52) <2.0 6-10

Tackson 1997 (99) 5.6*

Tsumura 1998 (77) 2.5

Hak 1998 (76) 7.5-9.0

von Eisenhart 1999 (33) 7.7 

Hipp 1999 (53) 2.1

Ipavec 1999 (45) 1.6-2.7

Iglic̆ 2001 (100) 2.2 (male)

2.4 (female)

The estimates from the various authors involve a number of differing methods (see descriptions in text) and assumptions which
readily influence the results; these numbers often reflect only a representative figure from a number reported. Thus, one should
not attempt to directly compare the results, but rather get a sense of the range of pressures. Remarkably, despite widely varying
methods and assumptions, most of the estimates are within an order of magnitude of each other. The references marked with an
asterisk (*) arise from studies using an instrumented hemiarthroplasty; thus, they reflect peak pressures of a metal-implant against
cartilage, which may not be representative of a situation with cartilage against cartilage.
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tensibly reducing articular contact stresses. There
is little doubt many of these operations in fact achieve
at least a redistribution of loads and contact stress-
es, if not reduction in loads and stresses. Howev-
er, relatively few authors substantively address the
reductions in a quantitative manner (15, 42, 51, 53,
73, 80, 81). 

After triple pelvic osteotomy the estimated peak
contact stress can be reduced from an initial 3.0 MPa
to less than 2.0 MPa by acetabular rotation over the
femoral head in lateral direction without any shift of
the femoral head center (14). The main reason for
the reduction of peak contact stress is the increase
of the weight bearing area on the lateral and medi-
al portions of the acetabulum. A triple pelvic osteotomy
that additionally displaces the femoral head centre
medially reduces the peak contact stress to less than
1.5 MPa (14) due to the decrease of the hip joint re-
sultant force (15). The initial location of the peak con-
tact stress at the lateral acetabular rim in dysplas-
tic hips is moved after the triple pelvic osteotomy
away from the lateral acetabular rim in the medial
direction (14). This is favorable since most of the de-
generative changes in dysplastic hips usually occur
at the lateral acetabular rim (18). The reported re-
duction of the contact stress after the acetabular re-
orientation in triple pelvic osteotomy is consistent
with the results of other studies (42, 53, 73) which
also demonstrated the potential of acetabular reori-

entation osteotomies to reduce the contact stress in
dysplastic hips. However, the change in the pattern
of the contact stress distribution (i.e. contact stress
gradients) after different osteotomies could be even
more important than the reduction of the contact stress
itself. After triple pelvic osteotomy the initial preop-
erative nonuniform contact stress distribution on the
lateral side of the acetabular roof becomes much
more uniform (i.e. the stress gradient is reduced in
this region) (51) which may be considered as a pos-
itive effect (42, 73).

Pauwels demonstrated certain varus-valgus po-
sitions of the osteoarthritic hip resulted in an in-
crease in the radiographic joint shadow and pre-
sumed these increases would result in a reduced
contact stress. He then advocated performing 
either a varus (PI) or valgus (PII) osteotomy that
would result in “enlarging the area of the weight-
bearing surface” (18). Using this qualitative approach,
he reported many good results. In an effort to quan-
titatively explore that notion Miller et al, using a
planar numerical model, demonstrated femoral os-
teotomies could increase the effective “joint
space” and that the long term clinical outcome cor-
related with an increase in that joint space (81).
While neither of these studies document actual re-
ductions in hip contact pressures, they do indicate
that methods designed to do so are clinically ef-
fective in many cases.

TABLE II - PEAK CONTACT STRESSES IN ABNORMAL HIPS

Author/Year Normal Dysplastic Dysplastic Slipped Malreduced
hips hips hips after capital acetabular
Peak Peak contact osteotomy femoral fractures

contact stress (MPa) (MPa) epiphysis after Peak contact
stress (MPa) osteotomy (MPa) stress (MPa)

Iglic̆ 1993 (14) 1.2-2.7 3-6 1.2-2.0
Michaeli 1997 (101) 5-8* 1-2.5*
Hak 1998 (76) 7.5-9.0 6.0-20.5
Tsumura 1998 (77) 2.5 5.3
Hipp 1999 (53) 2.1-5.0 2.6-6.5
Zupanc 2001 (102) 1.1-4.3
Mavcic 2000 (46, 103) 2.3 4.6

The reader should again note these values reflect the methods and assumptions of the study in question, and more emphasis
should be placed on relative, rather than absolute values. The higher values reported by Michaeli et al (indicated by asterisk) ca-
me from pressure sensitive films in a cadaveric pelvis, while the lower values for a “dysplastic” hip came from a plastic model in
which the lateral lip was resected to simulate dysplasia.
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What aspects of joint contact affect durability?

As noted earlier, the load history and mechanical
environment for all tissue consists in complex time-
and spatially-varying loads (and contact stresses),
dependent upon activity levels and choices of ac-
tivities. We do not know which aspects of the load
history result in tissue maintenance, formation, or
destruction, although we do know some “physiological”
loading is essential for normal tissue maintenance
and other levels (below or above) result in tissue de-
struction or formation. Rubin and his colleagues in
several papers have demonstrated that normal bone
can be maintained or resorbed, or new bone can be
formed depending upon the choice of load history
under otherwise identical experimental conditions (82,
84). Robling et al have further shown that the amount
of new bone formed in a different experimental mod-
el depends upon the “partitioning” of the loads giv-
en identical magnitudes and numbers of cycles (85).
The analogous concept that dose, timing, and num-
bers of exposures to radiation – termed “dose-frac-
tionation” – determine the tissue response has been
well known in radiation since the mid 20th century (86).
Thus, tissue responsiveness clearly relates to a vari-
ety of aspects of the mechanical environment over time. 

Numerous studies document that the durability and
tolerance of articular cartilage depends upon loading
(87-93). Specific studies document the atrophy of car-
tilage under reduced loading (94), atrophy under ex-
cessive loading (95) and the maintenance under non-
normal (moderate running) but presumably physiological
conditions (89). Thus, there is probably some range
of combinations of magnitude, frequency, duration,
and partitioning (“duty cycle”) of loads to which car-
tilage responds in one way or another, and some com-
bination which defines “levels of tolerance.” We do
not know these levels. Until and unless we know which
levels are not tolerable, it is impossible to ascertain
whether manipulations which alter articular cartilage
stresses are beneficial or deleterious.

Repo and Finlay suggested cartilage would toler-
ate only about 25 MPa of impact load, but most joints
would never receive this level of loading except un-
der conditions of an accident (96). We are aware of
only one group that has addressed the tolerance of
cartilage to elevated contact stresses over decades

(10, 52). That group found the tolerance of cartilage
under presumed high contact stress conditions (dys-
plasia) related not simply to some peak stress, but
rather to a spatially-averaged stress over time (i.e.,
MPa-years). Specifically, they identified a level of
spatially-averaged stress-time of 10 MPa-years as
being likely to predict secondary hip degeneration.
(The study implicitly assumed equal activity levels.)
While at first glance that figure might be low (par-
ticularly given the estimates of static magnitude in
Tab. I), one must keep in mind that during any ac-
tivity, much of the cartilage experiences relatively
low stresses (see section on Patterns of Loading),
and thus a spatially-averaged stress accounts for
both low and high regions. In other words, a spa-
tial average will be much less than the peaks not-
ed in the tables above. A more definitive identifi-
cation of articular cartilage tolerance will need to
await further studies, accounting for factors such
as activity types and levels.

SUMMARY

Hip contact stresses have been studied using many
experimental and numerical methods, and remark-
ably, the results are typically within an order of mag-
nitude of each other, suggesting peak contact
stresses are normally in the range of 2-10 MPa. Patho-
logical conditions raise those levels to the range of
5-20 MPa. We do not know which specific aspect
of the load or contact stress history affects the longevi-
ty of cartilage, nor do we have a clear idea of the
tolerance of cartilage to stress over time. The only
available estimates of tolerance are 10 MPa-years
for spatially average (not peak) contact stresses. If
these estimates are correct, and if a static contact
stress measure (rather than some aspect of the con-
tact stress history) is a surrogate for mechanical tol-
erance over time, then the difference between the
anticipated and tolerated levels of stress and those
which are deleterious is only 2-3 times, a relatively
small “safety factor.” However, it is premature to make
that conclusion. We do not know which aspects of
the mechanical history affect tissue responses and
are uncertain as to the ranges of tolerable mechanical
histories of the hip.
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